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FOREWORD 

The 1994 International Atomic Energy Agency Conference on Plasma Physics 
and Controlled Nuclear Fusion Research was characterized by a multitude of 
excellent scientific results on virtually all aspects of controlled fusion and fusion tech
nology. Taken together, these results lay a solid foundation for continued progress 
and future steps. 

The conference was the 15th in a series of meetings which began in 1961 and 
which, since 1974, have been held on a biennial basis. The conference was organized 
by the IAEA in co-operation with the Centro de Investigaciones Energéticas, 
Medioambientales y Tecnológicas, Asociación Euratom-CIEMAT para Fusión, 
Madrid, Spain, to which the IAEA wishes to express its gratitude. The conference 
was attended by some five hundred participants from over thirty countries and from 
two international organizations. 

In the technical sessions, which included seven poster sessions, more than 
240 papers were presented. Contributions were made on magnetic and inertial con
finement systems, fusion technology, magnetic confinement theory and modelling, 
alternative confinement approaches and next step concepts (ITER, TPX, etc.). The 
traditional Artsimovich Memorial Lecture was given at the beginning of the 
conference. 

These proceedings include all the technical papers and five conference sum
maries. For the second time, the summaries are being published as a separate volume 
before the rest of the proceedings. 

The IAEA contributes to international collaboration and exchange of informa
tion in the field of plasma physics and controlled nuclear fusion research by 
organizing these biennial conferences as well as co-ordinated research projects, 
technical committee meetings, workshops, consultants meetings and advisory group 
meetings on relevant topics. Through these activities, the IAEA hopes to contribute 
significantly to the attainment of controlled fusion power as one of the world's most 
important future energy resources. 
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IAEA-CN-60/A-0 

ARTSIMOVICH MEMORIAL LECTURE 

THE ROLE OF INNOVATIONS IN FUSION RESEARCH 

D.D. Ryutov 

Budker Institute of Nuclear Physics, 
Novosibirsk, Russian Federation 

and 
Lawrence Livermore National Laboratory, 

Livermore, California, United States of America 

Mr. Chairman, ladies and gentlemen, 

It is a great honour for me to give the Artsimovich Memorial Lecture at the 
IAEA Conference on Plasma Physics and Controlled Nuclear Fusion Research. This 
is already the 15th conference in this series and the ninth lecture devoted to the 
memory of Academician Lev Andreevich Artsimovich. Just this fact by itself already 
gives us some impression of the time-scale of research on controlled thermonuclear 
fusion, a problem of unprecedented complexity but also a problem whose eventual 
solution will have a tremendous impact on the future of humankind. 

I have also a more personal appreciation for this time-scale: in September 1960, 
just 34 years ago, I first entered the gate of the Kurchatov Institute. Though during 
the subsequent years I had many opportunities to meet Lev Andreevich (let me refer 
to him in this traditional Russian way, with a patronymic) personally, I and the people 
of my generation were, of course, relatively distant from him. None the less, what 
we could immediately feel at the institute was the vast effect of his personality on 
everything going on there. His brilliant scientific talks, the sharpness of his spontane
ous remarks on scientific and non-scientific subjects, the touch of artistic insight that 
he brought to whatever he did, the devotion to him by his close colleagues — all that 
clearly showed us the dimension of this unique personality. The experience of talking 
to him, for us young people, despite the harsh criticism we might sometimes hear, 
was always inspiring and elevating. 

I am going to devote my talk to the role of innovations in fusion research. More 
specifically, I am going to discuss the role of technology breakthroughs, in their 
interplay with new physical ideas and in the progress of fusion research. I shall also 
make a few broader remarks on the role of creative inventiveness in our endeavour. 
At the end of my talk I shall take some time to discuss the problem of resource limita
tions. My talk today echoes the following remark made by Lev Andreevich in 1962: 

"The problem of controlled thermonuclear fusion belongs to the border region 
between science and technology which can be called 'scientific invention'. 

3 



4 RYUTOV 

When we survey the work on nuclear fusion as a whole we find that new ideas 
born in the creative imagination of inventors are intermingled with the results 
of theoretical and experimental research on plasma physics . . ." 

Indeed, the interaction between physics and technology in fusion research has 
always been very strong. Quite often our activity was a stimulus for major technolog
ical developments. A good example is the tokamak concept. When Sakharov and 
Tamm put forward this idea in the early 1950s, they conceived a device with a 
deuterium plasma, water cooled copper magnets and, of course, without neutral beam 
or radiofrequency heating or current drive. 

As a principal means of avoiding the loss of toroidal equilibrium, they 
considered a current in a levitating coil. A plasma current was considered as a secon
dary option. Let me quote from Sakharov's 1951 (then highly classified) paper on 
that issue1: 

"A second method of antidrift stabilization, which is technically much more 
admissible and which it is therefore necessary to examine carefully, is the 
formation of an axial current directly in the plasma by the method of induction. 
It is not clear if, in using this method, the high temperature plasma is not 
destroyed at the moment when the induction current vanishes."2 

From the present viewpoint, this device looks absolutely impossible — there are 
so many ingredients missing without which the ITER type tokamak just cannot work! 
Like many other concepts, this one was really born as an 'ugly duckling', a metaphor 
already used once in this context by Academician Velikhov. But still, the work 
began, and gradually researchers came to recognize the desirability of non-ohmic 
heating and, later, of current drive systems. They also recognized the necessity, on 
the one hand, and the feasibility, on the other, of superconducting windings. And, 
with a certain pressure from and direct involvement on the part of the fusion commu
nity, all these technologies have been developed at the industrial level. The tritium 
breeding blanket is yet to come. 

One of the lessons which we can learn from this example is that, even if the 
technologies that are required for the realization of some sound physical idea do not 
exist at the moment when the idea is born, it does not mean that this idea is not worth 
pursuing (at least at a modest experimental level). 

I have given examples of situations in which some new technologies were 
developed directly in response to the needs of the fusion community. In other cases 
the sequence of events was the opposite: the development of certain technologies ini
tially unrelated to fusion research prompted the invention of new fusion schemes. 

I should note parenthetically that the word 'tokamak' itself was invented a few years later by 
I.N. Golovin. 

2 What is meant here by antidrift stabilization is a compensation of the toroidal drift and thereby 
an assurance of toroidal equilibrium. 
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Examples are laser fusion, light ion beam fusion and heavy ion beam fusion. The last 
two examples are particularly characteristic: these fusion schemes were absolutely 
unthinkable as late as the mid-1970s, but then, with the remarkable technology break
throughs that occurred in just two or three years, they became a focal point of large 
research groups and institutions. 

We should not forget the possible appearance of new ideas in physics itself, 
ideas whose realization does not require the development of any new technologies. 
In the past this was not a rare event. Remember the advent of non-circular tokamaks, 
the invention of tandem mirrors, with their further improvement by means of thermal 
barriers, or the recognition of the feasibility of a continuous mode for the reversed 
field pinch, based either on helicity injection or on self-sustained field reversal. This 
list could easily be extended. Though the extent to which these inventions affected 
the fusion programme was very different, I would say that, conceptually, they were 
of a comparable level. What is interesting and important here is that these improve
ments occurred decades after the emergence of the initial basic concept. 

Why should we then think that nothing of a similar kind will happen in the next 
40 or 50 years, the time which will be required, as is commonly recognized, for the 
broad commercialization of fusion energy? In fact, we can expect breakthroughs in 
any of three directions: the development of the technologies related to existing fusion 
concepts, the appearance of new technologies outside the domain of present day 
fusion research but prompting new approaches in that research and, last but not least, 
the invention of new concepts and/or conceptual improvement of the existing ones. 

Let us consider just a few arbitrarily chosen (and highly speculative) examples 
illustrating the possible impact of new technology developments. 

What if in the coming decades a new generation of robots were to be developed 
that were more intelligent and more resistant to radiation? This would probably allow 
a more frequent replacement of the reactor core and would raise the chances for 
compact, high power density devices, including compact tokamaks. A more frequent 
(say, once every two months) replacement of the reactor core would also consider
ably broaden the choice of candidate materials (as they would not have to withstand 
a fluence of 30 MW-a-m-2) and increase the probability of finding materials that 
become only weakly activated. 

Development of small bore (10-15 cm), very high field choke coils would con
siderably improve the performance of some modern types of mirror device, in 
particular those that are being studied at the University of Tsukuba (Japan) and in 
my home institute at Novosibirsk. 

If materials with improved thermomechanical properties appear, we might 
witness a new surge of interest in pulsed fusion devices, intermediate between mag
netic and inertial confinement, with a plasma density in the range 1017-1019 cm"3, 
a concept which at the moment looks like a lost child in our research programme. 

It is impossible to confidently predict the form of the new ideas in physics, but 
why should we think that they will not appear? And we should remember that most 
new concepts at the beginning do not look fully self-consistent and sometimes imply 
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the use of non-existent technologies (remember the proposal by Sakharov and 
Tamm!). 

In order to fully employ the potential amenability of fusion research to all kinds 
of innovation, it is very important to maintain the spirit of creativity and openness 
to these innovations within the fusion community. Otherwise the people who are 
willing (and able) to adapt the new techniques to the existing schemes and to invent 
new schemes prompted by technology advances will soon disappear from its ranks. 
One should recognize that fusion will remain a scientific research endeavour for at 
least three or four decades to come. Every possible effort should be made to pursue, 
along with the undoubtedly necessary and promising ITER project, some smaller 
scale activities on the non-tokamak magnetic confinement concepts and unconven
tional tokamaks. Continuation and expansion of the inertial confinement programme 
are also very desirable in this respect. This atmosphere of openness will make our 
activity more attractive for creative young people. 

We should resist the temptation of eliminating prematurely one or another non-
tokamak fusion concept. A good example in this sense is Lev Andreevich's attitude 
to the problem of whether to continue or abandon stellarator research, a question that 
was the focus of heated debates in 1969-1970. As is well known, stellarators were 
not doing very well in those days, and Lev Andreevich himself was strongly 
committed to tokamak research, which had received a big boost from the temperature 
measurements made by the British group of fusion researchers on the T-3 tokamak 
at the Kurchatov Institute. However, as he was a broad-minded person, with a clear 
understanding of the time-scales and uncertainties to be faced by the fusion 
programme, he acted in favour of continuing stellarator research. In order to raise 
the spirit of stellarator researchers (at least in the Soviet Union), he even made a 
comment that the issue of understanding the reasons for poor stellarator performance 
and possible ways for its improvement was an issue of their "scientific honour". He 
gave his support to the project of the Liven stellarator at Lebedev Institute. The 
25 years that have passed since these discussions have clearly shown, especially in 
the recent experiments of our German colleagues, the interesting potential of the 
stellarators as fusion devices and the rightness of Lev Andreevich's vision. 

I believe we should recognize that still existing non-conventional devices, espe
cially if they are operated by qualified and experienced groups, are a very valuable 
asset of the fusion programme. They could quickly accommodate new ideas related 
to their physics and thereby save considerable resources that would otherwise be 
required to start from the very beginning. Maybe the time has come to prepare a 
'Red Book of Fusion' that would include the experimental facilities representing 
endangered and nearly extinct species and provide them the necessary protection. 

The feeling that we should look for something better than what we have at hand 
now is rather widespread among fusion physicists and engineers. And it would be a 
challenging (but rewarding) task for our administrative leaders to find the forms of 
organization which would allow the great potential of these groups and individuals 
to be fully and peacefully realized in the interests of the fusion programme. 
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I would think that some organizational framework could and should be created 
at both the national and international levels. This could be done on the basis of the 
large national research centres. Concrete forms are yet to be developed. I have found 
very encouraging the initiative of the Lawrence Livermore National Laboratory 
(which I am currently visiting) in this direction. 

Creative spirit and fantasy are required in administrative activity, probably not 
less than in physics itself. And Lev Andreevich, who was a very successful adminis
trator, liked to emphasize the importance of this component for successful manage
ment. I am sure that, as has happened many times in the past, this part of the problem 
will also be solved to the benefit of fusion. 

If anyone perceives any 'antitokamak' stance in my talk, this is a gross misun
derstanding. I think that it would be suicidal for the fusion programme to do anything 
that would undermine the ITER project or slow down the research on the conven
tional tokamaks and large inertial fusion devices. I just think that a reasonable breadth 
of our research is equally important. 

Here we come to the problem of resource limitations. What makes our task of 
raising funds for our research more difficult is the remoteness of the final goal. 
However painful it might be, we have to recognize that the first commercial fusion 
reactors will not appear earlier than in 2030-2040. But in fact, 30-40 years is not 
a time-scale in which the present generation is uninterested. When people of the age 
of 20-30 make investments in their homes, in the education of their children, and in 
health and retirement programmes, they clearly show that they are seriously 
interested in what will happen 50 years from now. So we just should work more 
actively, more creatively, on the education of the public and the policy makers. This 
will not be mere propaganda: there are so few alternatives to the burning of carbon 
based fuels! We just should make our case more clear. And this is a task not only 
for the management of the programme but for every one of us who feels that he or 
she can contribute to this process. The results will not appear immediately — educa
tion is a slow process. And we should understand that this effort is as important to 
us as doing our everyday experimental or theoretical work. Those who are working 
on or are going to build large fusion devices should be particularly concerned with 
this problem, as their facilities are very expensive. 

In this sense, a better education of the fusion community itself in the related 
environmental issues, the potentials and the hazards of the competing energy technol
ogies, the views of the utilities, etc., is highly desirable. Probably, large national 
research centres could again take the lead, providing some compact lecture courses 
for their fusion scientists and engineers to give them the necessary initial information. 

Before I finish, let me give one more quotation from Lev Andreevich: 

"The tremendous importance of the ultimate goal and the enormous difficulties 
that lie in the way combine to stamp the problem of thermonuclear fusion with 
a quite distinctive character. For the time being we find ourselves as it were on 
the dividing line between dream and reality. It is this that brings an element of 
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emotionalism into the study of this problem — the succession of hope and 
despair, the searching doubts followed by assurance of success." 

I think these words very precisely describe the spirit of our work. Let me finish 
with my best wishes for the success of this conference and of your future research. 
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Abstract 

REVIEW OF RECENT D-T EXPERIMENTS FROM TFTR. 
An extensive set of D-T experiments has been carried out on the Tokamak Fusion Test Reactor 

(TFTR), using nearly equal concentrations of deuterium and tritium. The fusion power has been 
increased to 9.3 MW, using 34 MW of neutral-beam heating, in a supershot discharge, and to 6.7 MW 
in a high-j8p discharge following a current rampdown. Extensive lithium pellet injection has increased 
the confinement time to 0.27 s and allowed higher current operation in both supershot and high-/8p dis
charges. The energy confinement time, TE, was observed to increase in D-T, relative to deuterium 
plasmas, by 20%, and the n¡(0)T¡(0)TE product by 55%. The improvement in thermal confinement was 
caused primarily by a decrease in ion heat conductivity in both supershot and limiter H-mode discharges. 
ICRF heating of a D-T plasma, using the second harmonic of tritium, has been demonstrated. First 
measurements of the confined alpha particles have been performed and found to be in good agreement 
with TRANSP simulations. Initial measurements of the alpha ash profile have been compared with 
simulations using particle transport coefficients from helium gas puffing experiments. The loss of alpha 
particles to a detector at the bottom of the vessel is well described by the first-orbit loss mechanism. 
No loss due to alpha-particle-driven instabilities has yet been observed. The TFTR experiments were 
able to challenge and confirm several of the underlying assumptions of the ITER design. 
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1. INTRODUCTION 

The design of a next-generation fusion reactor is predicated on the use of 
deuterium-tritium (D-T) fuel due to larger nuclear reaction cross-sections than 
in deuterium (D) and correspondingly larger fusion power. The available 
experimental database, however, is based almost entirely on deuterium 
operation. Only recently, on TFTR, has it become possible to do an extensive 
systematic study of the difference between D and D-T fuels which is needed, 
not only to verify the design-assumptions of ITER, but also to examine some 
of the physics issues associated with an advanced tokamak reactor. During 
the past year, TFTR has performed 253 D-T experiments with tritium 
concentrations up to 60%, ion temperatures (TO up to 44 keV, electron 
temperatures (Te) up to 13 keV, fusion-power up to 9.3 MW, central fusion 
power densities to 2.0 MWm~3, fusion-energy per pulse to 6.5 MJ, and ni(0) 

TÍ(0)TE* values of 5.5 x 10^0 m'^keVsec. The experimental D-T program 
on TFTR has significantly extended the limited-objective D-T experiments 
previously performed on JET which achieved 1.7 MW of fusion power with ~ 
10% tritium fuel admixtures [1]. 

The fusion power density of 2 MWm~3 in the core of TFTR is shown in 
Fig. 1 to be comparable to fusion power densities projected for ITER, 

Normalized Major Radius R/Ro 

FIG. 1. D-T fusion power density profiles for ITER and the TFTR supershot and high-f}p discharges 
described in Table II. The D-T fusion power density in TFTR is based on neutron emission profile 
measurements with an uncertainty of ±15% in the core. 
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TABLE I. COMPARISON OF ACHIEVED ALPHA 
PARAMETERS IN TFTR WITH PROJECTED ITER 
PARAMETERS 

TFTR ITER 

na(0)/ne(0) 0.3% 0.1-0.2% 

</VJ3> 003 0.09 

RV/3„ 0.02 0.06 

Va/VA(0) 1.6 1.3 

P«/Pioss 0.04 ~ 1 

demonstrating that TFTR is able to study the effects of tritium on the 
confinement and heating of a reactor core plasma. As shown in Table I, the 
high fusion reactivity results in alpha particle parameters that are comparable 
to those in ITER and makes possible direct experimental study of the effect of 
alpha particles on the stability of the discharge. One significant difference 
between ITER and TFTR is that alpha-particle heating is projected to be more 
important in the plasma energy balance in ITER, on the basis of greater size 
and plasma current. Only the next generation of toroidal confinement devices 
will attain the full potential to verify the predicted behavior of self-sustaining 
"burning plasmas." 

2. D-T SYSTEMS 

In preparation for deuterium-tritium operation, substantial modifications to 
the machine were made and the tritium systems were commissioned [2-7]. A 
relatively low in-process tritium limit of 50 kCi has been successfully 
accommodated resulting in reduced consequences from a potential accident. 
The U.S. Department of Energy classifies TFTR as a category 3 (low level) 
nuclear facility. TFTR underwent an extensive, rigorous series of internal and 
external safety reviews prior to being designated a nuclear facility and 
permitted to begin tritium operation [5]. System testing and initial tokamak 
experiments at low tritium concentration were conducted in November 1993 
and experiments at high tritium concentration began on December 9, 1993. 

The tritium system on TFTR not only provides tritium fuel but also 
processes all of the effluent from the various vacuum pumping systems. 
Tritium is brought on-site as a gas in specially designed containers and 
transferred to a uranium storage bed. The bed is subsequently heated to 
desorb the tritium to the tritium delivery system which is used to fuel the 
neutral beam injectors or the tokamak plasma directly by gas puffing. Neutral 
beam injection using D and T is the primary means used to heat and fuel the 
plasma. Nearly all of the D and T (>95%) used in support of neutral beam 
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injection is pumped by the cryopanels in the beamline. The cryopanels of the 
beamlines are regenerated, typically overnight, into gas holding tanks and the 
gas, composed of deuterium and a small concentration of tritium, is processed 
by the tritium cleanup system. The gas is subsequently oxidized and 
transferred to a molecular sieve bed and shipped off-site for reprocessing. 
During the first ten months of operation, 200 kCi of tritium has been 
processed. Because the tritium system is an integral part of the neutral beam 
and torus vacuum system it is operated and staffed continuously. Despite the 
major increase in system complexity and greater formality in operations, the 
number of plasma shots during the past ten months of tritium operations has 
been more than 5,000. 

Since the start of D-T operation, 1.2 x 102 0 D-T neutrons (340 MJ) have 
been produced. The activation of the vacuum vessel (~2 weeks after D-T 
operation) is in the range of 1 mSv/hr (100 mrem/hr) at the vacuum vessel 
flange. Strict control of work on TFTR has to date resulted in lower worker 
exposure during D-T than in prior D operation despite the increased activation 
and much larger concentration of tritium. 

The TFTR neutron shielding was found to be more effective than 
conservative simplified calculations used in the design phase and would allow 
TFTR to produce ~4 x 10^1 D-T neutrons per year (-10 GJ) annually without 
exceeding the site boundary limit of 100 (iSv/year (10 mrem/year). The dose 
at the site boundary from both direct dose and activated air and tritium release 
during the ten months of D-T operations and maintenance has been ~1 [LSV 
(0.1 mrem). 

3. MACHINE STATUS 

The experiments described in this paper were conducted at a major radius 
of 2.45 to 2.62 m, B t < 5.2 T at R = 2.48 m, plasma current from 0.6 to 2.5 
MA. D and T neutral beams with energies up to 115 keV were injected to 
heat and fuel the plasma with up to 34 MW. ICRF power up to 8 MW has 
also been used. The plasma boundary is defined by a toroidal limiter 
composed of carbon-composite tiles in high heat flux regions as well as 
graphite tiles. Lithium pellet injection has proven to be an effective technique 
to condition the limiters and improve plasma performance resulting in 
enhanced energy confinement and neutron emission [8,9]. As a result of Li 
wall conditioning, the energy confinement time in high performance D-T 
supershots has reached values of 270 ms [10]. 

The experimental program on TFTR has focused on operating conditions 
which produce substantial fusion power and hence can be used to study alpha 
and other D-T related issues in reactor relevant conditions. Thus, nearly all 
experiments have been conducted in either the supershot regime [11,12] or in 
the high-pp regime [13]. The high-Pp regime is achieved by rapidly 
decreasing the plasma current (rampdown) to peak the current profile and 
obtain higher values of the normalized beta, Pn = Pt/(Ip/aBt). Table II 
summarizes a set of parameters for the highest performance D-T discharges in 
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TABLE n. COMPARISON OF THE PREVIOUS HIGHEST 
PERFORMANCE D SUPERSHOT OBTAINED DURING 
THE 1992 EXPERIMENTAL CAMPAIGN WITH THE 
HIGHEST PERFORMANCE D-T SUPERSHOT AND 
HIGH-/3p SHOT FROM THE PRESENT EXPERIMENTAL 
CAMPAIGN (nHyd = nH + nD + nT) 

D D-T D-T 
supershot supershot high-/3p 

Ip (MA) 

B t(T) 

PNB (MW) 

nT(0)/[nD(0) + MO)] 

ne(0) (1019 m"3) 

nHyd(0) (1019 m"3) 

Zeff 

Te(0) (keV) 

T¡(0) (keV) 

W (MJ) 

dW/dt (MW) 

rE = W/(Ptot - dW/dt) (s) 

T*E = W/Ptot (s) 

T E / T ^ E R - 8 9 P 

Pfusion ( M W ) 

Pfusion'PNBI 

nHyd(0)TÉTi(0)(1020m-3.s-keV) 

/3„ 

Pi 
q* 

2.0 

5.0 

30.8 

-
9.6 

6.8 

2.6 

11.7 

29 

5.4 

2.1 

0.19 

0.18 

2.4 

0.065 

0.0021 

3.6 

2.1 

3.4 

3.8 

2.5 

5.1 

33.7 

0.50 

8.5 

6.3 

2.2 

11.5 

44 

6.5 

7.5 

0.24 

0.20 

2.4 

9.3 

0.27 

5.5 

2.0 

3.0 

3.2 

1.5 

5.1 

30.9 

0.48 

8.0 

5.8 

2.3 

10.0 

30 

5.4 

0 

0.21 

0.21 

3.2 

6.7 

0.22 

3.7 

3.0 

4.2 

4.7 

these two operating regimes and compares them with the highest performance 
D discharge obtained during the previous D operating campaign in 1992. The 
performance of D-T supershot plasmas in terms of the stored energy, ni(0) 

Ti(0)tE product, Ti(0) and TE has exceeded the performance of previous 
deuterium plasmas due to a favorable isotope effect, extensive Li wall 
conditioning, and operation at or beyond the highest operating conditions (Ip 
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and PNBI)- In the high-Pp experiments, H-mode transitions are frequently 
observed enabling the study of tritium effects on H-mode physics. 
Experiments in L-mode discharges have been very limited to date but will be 
conducted in the future to establish a baseline for the ITER design. 

TFTR diagnostics have successfully operated in a high radiation 
environment. Shielding modifications and diagnostic relocations have 
provided a comprehensive set of diagnostic measurements of plasma 
parameters during D-T. The first spectroscopic observations of the tritium 
Balmer-alpha line have shown excellent sensitivity and revealed tritium 
recycling from the limiter at levels of up to 9% of the total hydrogenic influx. 
These measurements provide a unique opportunity to study tritium edge 
physics and are being used to benchmark current models of neutral energy 
spectra, limiter erosion, and redeposition [14]. A set of alpha-diagnostics has 
been developed and installed on TFTR. A 10 channel neutron collimator 
measures the neutron production profile and hence the alpha birth-profile. 
Momentum and energy sensitive detectors mounted on the inside of the 
vacuum vessel measure the escaping alpha particles. Two diagnostic 
techniques are used to measure the density and profile of the confined alphas. 
A lithium pellet injected into the plasma neutralizes the energetic alpha 
particles by double charge-exchange and allows the energetic (0.5 to 3.5 
MeV) alpha distribution to be measured by neutral atom detection techniques. 
Charge-exchange-recombination spectroscopy has been used to measure alpha 
particles with energies from 100 to 600 keV and alpha ash at -35 keV. A 
diagnostic based on collective scattering of microwaves to measure the alpha 
particle energy distribution has been installed and is being tested. 

4. FUSION POWER 

TFTR has an extensive set of fusion neutron detectors (5 fission detectors, 
2 surface barrier detectors, 4 activation foil stations and a 10 channel neutron 
collimator with 25 detectors) to provide time resolution as well as energy 
discrimination of the D-T and D-D neutron fluxes [15]. The systems were 
calibrated in situ by positioning an intense neutron source at many locations 
within the vacuum vessel. The yield measured by the fission, surface barrier 
and 4He recoil detectors is linear with the yield measured by activation foils 
over 6 orders of magnitude. The system of multiple measurements has 

allowed a high accuracy, ± 7%, determination of the fusion energy production. 
The neutron collimator measures the neutron-emission profile which is peaked 
in the center of the plasma in quantitative agreement with TRANSP [15,16] 
calculations based on measured plasma profiles. 

As shown in Fig. 2, the highest fusion power of 9.3 MW is achieved in the 
supershot discharge at Ip = 2.5 MA. This discharge was characterized by 
exceptionally good confinement which resulted in a high-p disruption. For 
comparison, the highest fusion power in a current rampdown (high-Pp) 
experiment was 6.7 MW achieved in a 1.47 MA discharge. 

The measured neutron emission tracks the neutron emission calculated by 
TRANSP from measured plasma parameters as shown in Fig. 3. The neutron 
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emission is due to beam-thermal, beam-beam and thermonuclear reactions. 
For the supershot discharge shown in Table II and Fig. 3, beam-thermal 
reactions contributed 53%, beam-beam 14% and thermonuclear 33% of the 
total roughly in agreement with the original TFTR design assumptions. 

As a result of extensive Li wall conditioning, the fusion power is no longer 
limited by either the energy confinement time or the available neutral beam 
heating power but by MHD stability of the plasma. In supershot discharges 

with a highly peaked pressure profile, p n is limited to 2.0 at Ip = 2.5 MA. The 
parameter of relevance for fusion yield from the thermonuclear reactions, 
pn*= 2|i0 <p2>1 / 2 a (m)/[Ip (MA) *BT (T)], where <p2>1 /2 is the root-mean-
square plasma pressure, reaches 3.0. One potentially promising approach is to 
alter the current profile to improve plasma stability. With this approach, 
values of p n = 3.0 with p n =4.2 were achieved in high fusion power 
discharges in which the current was ramped down from 2.5 to 1.5 MA as 
shown in Table II. Although this approach has not been fully optimized and 
the p-limit not reached, fusion power of 6.7 MW has been achieved. Another 
approach is to increase the toroidal field from 5.2 T to ~6 T which would 
increase the plasma energy at the [3-limit and, hence, the fusion power at fixed 
q by about a factor of -1.7. Evaluation of coil stresses is under analysis. 

5. CONFINEMENT IN D-T 

A number of auxiliary-heating L-mode studies in both small and large 
tokamaks have demonstrated improved global energy confinement in 
deuterium versus hydrogen plasmas [17]. Part of the improvement can be 
attributed to purely classical differences in the beam stored energy, in addition 
to an increase in the thermal confinement time of 10 ± 10%. A consistent 
observation throughout these studies is a higher central electron temperature 
in D plasmas. A consensus among the various tokamaks has not emerged 
regarding improvements in ion heat and momentum confinement in this 
regime. TFTR L-mode experiments in H and D [18] observed weak isotopic 
scaling of thermal energy confinement time, TE, small improvements in Te(0), 
and no apparent improvement in thermal ion heat or momentum transport. 
There is a consensus that stronger isotope scaling of global TE prevails in 
enhanced-confinement H-mode plasmas. 

The first D-T experiments in the supershot regime indicated an increase of 
up to 20% in TE between D and 50:50 D-T under identical external conditions 
(R, Bt, Ip, Pb held constant) [19]. The increase of global energy confinement 
time, TE, with average ion mass is illustrated in Fig. 4. Up to 60% of the 
increase in Wtot between D and D-T plasmas is due to changes in the thermal 
plasma. An improvement in thermal energy confinement with ion mass is 
observed for both supershots [20,21] and limiter H-modes [13] in TFTR. 

Ion temperature measurements by charge exchange recombination 
spectroscopy show that the central ion temperature increased from 30 to 37 
keV in going from D to -50:50 D-T. Correcting for the energy dependence of 
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the charge-exchange process raises both these temperatures by ~ 4 keV and 
does not affect the temperature difference between D and D-T. The 
hydrogenic temperature is calculated to be ~2 keV less than the measured 
carbon temperature under these conditions, assuming classical collisional 
beam power distribution to impurities and thermal hydrogenic ions and equal 
thermal diffusivities for all ion species. Since the central electron and ion 
densities remained approximately constant, ni(0) Ti(0) TE increased by about 
55% between D and ~ 50:50 D-T plasmas. Detailed profile measurements 
show that the effective ion thermal diffusivity (including conduction and 
convection) improves throughout the confinement region (r/a < 0.75) in a 
50:50 D-T plasma relative to a D plasma as shown in Fig. 4(b). Recent 
studies [21] comparing pure D° injection to pure T° injection, which 
measured the isotopic mass profile, indicate a stronger improvement in both 
global energy confinement and local ion thermal diffusivity. 

The H-modes produced on TFTR in high-|3p D-T plasmas have energy 
confinement enhancements > 4 relative to the ITER-89P scaling while 
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corresponding D plasmas had enhancements of -3.2. The confinement was 
improved across the plasma during the H-mode. In particular, the ion heat 
conductivity was observed to decrease as shown in Fig. 5. The edge localized 
modes (ELMs) are much larger during the D-T H-modes and may suggest that 
ITER D-T plasmas are more susceptible to giant ELMs than inferred from D 
only experiments. The power threshold for the transition to an H-mode is 
similar in D and D-T discharges. 

The electron heating in D-T supershot plasmas has been analyzed for 
evidence of heating by fusion-produced alpha particles. During the NB-
heated phase of the discharge, the alpha heating contributes ~ 1 MW out of ~ 
10 MW of heating power to the electrons, making its detection difficult. 

Simulations using the measured plasma parameters (except Te), and the Xe 
experimentally inferred from the deuterium-comparison discharge indicate 
that alpha heating may be responsible for about half of the observed 2 keV 
increase in Te going from D to D-T plasmas as shown in Fig. 6. 

6. HEATING IN D-T 

Both neutral beam and ICRF heating have been applied and studied in D-T 
plasmas. Technically both systems have performed well in D-T. The neutral 
beam physics is better established and the extrapolation from D to D-T was 
much smaller. The confinement of tritium beam ions was studied by 
measuring the evolution of the 14 MeV neutron emission following a short 
tritium beam pulse. The tritium beam ions were found to be well confined (D 
< O.lm^/s) as was previously observed with deuterium beam ions, thus 
validating the assumptions used in TRANSP to analyze the neutral beam 
heating experiments. 

ICRF wave physics in D-T plasmas is complicated by the possibility of 
multiple, spatially separated resonances and by alpha particle damping which 
can compete with electron absorption in the fast-wave current-drive regime. 
A promising scenario for heating D-T plasmas is fast wave absorption at the 
second harmonic of the tritium cyclotron frequency, which is degenerate with 
the ^He fundamental. By selectively heating a majority ion species rather 
than a minority ion species, potential difficulties with ICRF driven fast-ion 
excitation of instabilities, such as Toroidal Alfvén Eigenmodes (TAE) 
instabilities, may be avoided. Though core damping is predicted to be 
acceptable, off-axis absorption near the deuterium fundamental and n||2 = S 

layers is predicted to compete with the second harmonic tritium core damping 
in tokamaks with moderate aspect ratio. In TFTR supershot plasmas, with the 
second harmonic tritium (2Qj) layer coincident with the Shafranov-shifted 
axis at 2.82 m, the 2 Q D ^ H layer is out of the plasma on the low field side, 
but the Q-D layer is in the plasma on the high field side at 5.66 T, or R ~2.1 m. 
Experiments have been performed utilizing combined ICRF heating and 
neutral beam injection in D-T plasmas. These experiments have focused on 
the RF wave coupling and damping physics associated with D-T plasmas 
[22,23]. Second harmonic tritium heating with -5.5 MW (with a 2% He3 
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minority) in a plasma with 23.5 MW of neutral beam injection (60% in T) has 
resulted in an increase of the ion temperature from 26 to 36 keV. The electron 
temperature increased from 8.5 to 10.5 keV due to direct electron damping 
and ^He minority tail heating. Similar results were obtained in discharges in 
which no 3He was added. Because of significant D (and minimal T) wall 
recycling, nx/ne was only -25% in these plasmas. Despite this relatively low 
T concentration as much as 80% of the RF power was absorbed by the ions. 
Initial comparisons with two independent full wave codes show relatively 
good agreement with the observed ratio of ion to electron absorption as 
deduced by power modulation techniques. 

Majeski gt al. [24] have suggested that the mode-converted ion Bernstein 
wave excited at the n||2 = S mode conversion layer in a multiple ion species 
plasma (such as D-T) could be used for electron heating or to drive localized 
electron currents. Recent experiments in TFTR have demonstrated strong 
electron heating in multiple ion species plasmas, with >80% of the ICRF 
power coupled to electrons near the mode conversion surface [23]. Efficient 
heating has been demonstrated at radii over the range 0 < r/a < 0.5, by 
changing either the toroidal field or ion species mix to move the mode 
conversion layer. 

The experimentally observed single-pass absorption efficiency for mode 
conversion heating can exceed the single pass absorption for direct fast wave 
electron heating by more than an order of magnitude. Single pass absorption 
efficiency for mode conversion is estimated to exceed 50%. Experiments to 
demonstrate off-axis mode conversion current drive are underway. This 
current drive technique could play a crucial role in developing advanced 
tokamak operating regimes for TPX and ITER. 

7. EFFECTS OF ALPHA PARTICLES 

The behavior of alpha particles from D-T reactions is a fundamental 
consideration for the performance of a future D-T reactor. The confinement 
and loss of alpha particles are very important for two reasons. First, if a 
significant fraction of the alpha particles is not confined, then the nTr 
requirements for ignition would increase. Second, if a small unanticipated 
fraction (a few percent) of the alpha particles is lost in ITER and the resulting 
heat flux is localized, damage to first-wall components could result. 

Two of the new diagnostics to study the confined alphas have obtained the 
first measurements of confined alphas from D-T reactions. The alpha charge 
exchange diagnostic has obtained data when a Li pellet has been fired into 2.5 
MA D-T shots, after the neutral beams have been turned off. The measured 
shape of the energy spectrum of the alphas in the range from 2 MeV down to 
0.5 MeV is in good agreement with a TRANSP calculation of the predicted 
spectrum as shown in Fig. 7 where the data has been normalized to the 
TRANSP calculations. Charge-exchange-recombination-spectroscopy has 
been used to measure the alpha particles with energies up to 600 keV in a D-T 
pulse soon after the T-beams have been turned off, but with D-beams 
remaining on to allow the measurement. As shown in Fig. 8, the signal from 
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these intermediate energy alpha particles is observed to be smaller in a 
discharge where a sawtooth occurred prior to the observation compared to one 
with a sawtooth after the observation period. Also shown is the signal 
predicted from the alpha distribution function calculated by the TRANSP 
code; it is in excellent agreement with the measured absolute intensity, 
demonstrating that this technique can be used to make absolute measurements 
of the alpha density. Further work is in progress to evaluate the effects of 
stochastic ripple diffusion and sawtooth oscillations on the alpha energy and 
radial distributions and quantitatively compare them with theory. 

An extensive study of fusion product losses in deuterium experiments was 
conducted prior to beginning D-T experiments [25]. During the D-T 
experiments the scintillator probes located at 90°, 60°, 45°, and 20° below the 
outer midplane detected alpha particle losses. The results from the 90° 
detector during D-T (shown in Fig. 9) match the first orbit loss model in 
magnitude, Ip dependence, and pitch angle distribution. For 2.5 MA 
discharges, the first orbit loss is « 3%. For detectors closer to the midplane, 
the first orbit loss model does not adequately fit the losses from D or D-T 
plasmas. Collisional and stochastic toroidal field ripple losses are being 
investigated to explain the pitch angle distribution and magnitude of the 
losses observed there. 

In both D and D-T experiments, MHD activity with low toroidal and 
poloidal mode numbers is observed to increase the loss of fusion products. 
Both minor and major disruptions produce substantial losses of alpha 
particles. In a major disruption, ~ 20% of the alpha stored energy is observed 
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to be lost in ~2 msec during the thermal quench phase, while the plasma 
current is unchanged. The loss is preferentially to the bottom of the vessel 
which is in the ion VB drift direction. The design of in-vessel components in 
a reactor will have to accommodate the localized heat flux from alpha 
particles during a disruption. 

Experiments on TFTR [26] and DIII-D [27] have also demonstrated that it 
is possible to destabilize the TAE with neutral beams and ICRF accelerated 
tail ions, resulting in some loss of energetic particles. One of the important 
physics questions for ITER and a fusion reactor is whether alpha-induced 
instabilities are present, and whether the predicted thresholds are in agreement 
with the experiment. In general, alpha-induced Alfvén wave instabilities have 
not been observed in D-T plasmas on TFTR except perhaps in one shot [28]. 
This shot produced a peak fusion power of 7.5 MW with the power sustained 
above 6 MW for nearly 0.5 sec, thus allowing the alpha particles to build up to 
2 x 10l7m-3 in this case, there was an increase in the Mirnov coil signal at a 
frequency which is approximately appropriate for an alpha-driven TAE [28]. 
Theoretical analysis of this shot indicates that the TAE should have been 
unstable with a core-localized radial mode structure [29]. This low amplitude 
activity did not measurably increase the loss of alpha particles. Experiments 
are underway to evaluate in more detail the prediction of the theory both by 
increasing the drive term and by decreasing the instability threshold by 
modifying the q(r) profile [30]. 

The production, transport, and removal of helium ash are issues that have 
a large impact in determining both the size and cost of ITER. In previous L-
mode and supershot deuterium experiments, helium transport has been studied 
using gas puffing and particle diffusivities and convection velocities 
determined [31,32]. These results have been compared with transport of trace 
quantities of tritium in supershot discharges fueled by deuterium [14]. The 
quantitative results are that the helium and tritium particle confinement times 
(ignoring recycling) are comparable to the energy confinement time, and that 
the helium and tritium particle and heat diffusivities are comparable across the 
profile. While helium recycling is high, the well-conditioned bumper limiter 
serves as a particle pump in a supershot. The resultant effective helium 
particle confinement time in previous gas puffing experiments is 5 - 7 times 
the energy confinement time, well within the acceptable limits for ITER [33]. 

D-T operation provides a unique opportunity to measure alpha ash 
production. Initial measurements of radial ash profiles have been made using 
charge-exchange recombination spectroscopy. Differences between similar 
D-D and D-T supershots in the time history and amplitude of the thermal 
helium spectrum enables the alpha ash profile to be deduced. These 
measurements have been compared to predictions from the TRANSP code, 
using transport coefficients from earlier gas puffing experiments in deuterium 
plasmas and the TRANSP calculation of alpha particle slowing-down and 
transport upon thermalization. The ash profiles are consistent with the 
TRANSP modeling, indicating that the ash readily transports from the central 
source region to the plasma edge. These measurements provide evidence that, 
in the presence of central helium ash source, the ash transport and 
confinement time are roughly consistent with gas puffing measurements, and 
indicate that helium transport in the plasma core will not be a fundamental 
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limiting factor for helium exhaust in a reactor with supershot-like transport. 
Further dedicated experiments will be performed to determine the alpha ash 
particle transport coefficients in D-T plasmas. 

8. ADVANCED TOKAMAK OPERATION IN D-T 

Experiments on TFTR have demonstrated the benefits of advanced 
tokamak operating regimes characterized by a strongly peaked electron 
density profile, ne(0)/<ne> ^ 3.4, and by large ratios of x^/xE^~mo^ ^ 4.5 
along with Ti/Te < 4 — resulting in high fusion power. As shown in Fig. 2, 
the 2.0 MA L-mode discharges produce much lower fusion power than 
comparable supershots or high-pp discharges. Both the supershot and high-Pp 
regimes have large bootstrap current fractions (values ranging up to 70-80% 
have already been achieved in deuterium plasmas) thus reducing the 
requirements for current drive. To take full advantage of these advanced-
tokamak features calls for control of the current and pressure profiles so as to 
optimize the plasma reactivity while also maintaining plasma stability. For 
example, in both the high-Pp experiments and in experiments that produce a 
region of reversed shear near the plasma core, the current profile was 
modified, resulting in favorable global and central confinement. These 
experiments also result in increased values of q(0), which could destabilize the 
TAE in D-T experiments [30]; however, at sufficiently high values of P the 
TAE instabilities are expected to become stable again [34]. Thus, the path to 
a desirable D-T tokamak reactor regime may turn out to be rather complex; 
not only must the plasma maintain overall stability but also stability against 
TAE in particular. 

The highest fusion powers on TFTR, JET, JT-60U and DIII-D have been 
achieved in hot-ion mode experiments, with Ti > Te. For reactor plasmas, 

John Clarke [35] has shown that the hot-ion mode could be achieved if %i « 

Xe or the alpha energy were transferred directly to the ions. In TFTR L-mode 

experiments, X{ > Xe; however in supershots and in high-Pp experiments with 

H-mode transitions, TFTR obtains X{ < Xe in its reacting plasma core. 
Recently, Fisch and Rax [36] have pointed out that by coupling the a-power 
to a plasma wave that is damped by thermal ions, it may be possible to 
channel a significant fraction of the alpha energy to the ion channel. Such an 
approach would serve also to decrease the energy stored in the electrons and 
alphas — thus permitting an increase in the ion stored energy and thereby 
potentially doubling the plasma reactivity at fixed Pt- By appropriately 
choosing the wave, it may also be possible to drive the plasma seed current. 
D-T operation in advanced tokamak regimes introduces both new 
experimental challenges associated with coupling the free alpha particle 
energy to plasma instabilities as well as opportunities to harness the alpha-
energy for the improvement of the tokamak reactor concept. 
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9. SUMMARY 

The past year of D-T experiments on TFTR has allowed the direct 
examination of many critical issues of physics and technology for ITER, and 
has clarified what new technical features could be most helpful to an advanced 
tokamak reactor. Tritium and neutron activation is being handled safely, 
allowing TFTR to operate on a full research schedule and be maintained. The 
thermal confinement of a D-T plasma in TFTR is better than that of a D 
plasma resulting in significantly improved overall fusion performance. The 
alpha particles are found to be well confined as expected; however, the 
localized loss during a tokamak disruption may impose special design 
requirements for in-vessel components. Initial measurements of alpha ash 
suggest that helium transport in the plasma core will not be a fundamental 
limiting factor for helium exhaust in a reactor with supershot-like transport. 
ICRF heating of both electrons and ions, without excitation of undesirable 
damping mechanisms, has been demonstrated. However, some potentially 
harmful phenomena have been observed that will require further investigation. 
A limiter H-mode in a D-T plasma has better confinement than a limiter Hi-
mode in D, but has larger ELMs. The presence of more virulent ELMs may 
turn out to increase the challenge of plasma-wall interactions and divertor 
problems on ITER. 
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DISCUSSION 

D.E. POST: You showed that ICRH was able to increase the electron tempera
ture by about 2 keV. This could lead to an increase in the beam-target reaction rate 
because the beam slowing down time is longer for a higher Te. Did you observe an 
increase in fusion power during the ICRF experiments? 

RJ . HAWRYLUK: A small increase in the fusion power (~10%) was 
observed in the DT ICRF experiments. Data on this are presented in Paper A3-3 by 
Taylor et al. Owing to the high electron temperatures in these experiments, further 
increasing the electron temperature does not result in a significant increase in the 
slowing down time. 

Ya.I. KOLESNICHENKO: Do you have any theoretical description of a trans
port during minor and major disruptions? 

R.J. HAWRYLUK: We have not performed detailed modelling of a transport 
during major or minor disruptions. 
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K. LACKNER: When you compared the fusion ash density with predictions 
based on the V, D values derived from the He puff experiments, did the renormali-
zation of the nHe density which you applied correspond to a change in the V, D 
magnitude leaving just the ratio V/D and profile forms constant? 

R.J. HAWRYLUK: At this time, the a ash measurements are not absolutely 
calibrated. The data were normalized to give agreement with the volume integrated 
prediction of the number of a ash particles in the discharge. A further discussion of 
the experiment can be found in Paper A2-11 by Efthimion et al. 

H.L. BERK: In your graph, I was surprised to see that the oc density was larger 
with sawteeth than without. What is the explanation? 

R.J. HAWRYLUK: In the discharge with sawteeth, prior to the sawtooth oscil
lation the predicted a density at r = 0.3a was somewhat higher. However, after the 
sawtooth collapse the density decreases, and the a density in the sawtoothing dis
charge at the time of the measurements was less than in the non-sawtoothing 
discharge. 

B. COPPI: Did you analyse the effects of low frequency modes for which there 
is experimental evidence (fishbones, 4/3 modes, etc.) on scattering of a particles? 
These should play an important role in igniting plasmas. 

R.J. HAWRYLUK: We have no evidence that a particles are affecting the 
stability of the fishbone or 4/3 modes. There is no evidence of strongly increased a 
particle loss due to these modes. Changes in the confined a particles due to these 
modes will be studied further. 

K. ITOH: The fusion power you obtain and the elaborate measurements you 
perform on the DT plasma are impressive and reflect the long experience of your 
laboratory. You are to be highly congratulated. 

What fusion power do you judge will be achievable? If I have understood you 
correctly, the figure of 9 MW you give is limited by the occurrence of minor disrup
tive phenomena (0 limiting events). If this is so, performance could be improved by 
properly controlling the current and pressure profiles (or the heating profile). How 
much do you think the plasma performance could be improved in the future? 

R.J. HAWRYLUK: We are conducting a study to increase the toroidal field 
from 5.2 to ~ 6 T , which should increase the fusion power by a factor of ~ 1.7. 
Furthermore, the experiments by Sabbagh et al. (Paper A5-6) have shown that 
current profile modification can result in increased values of /3N. Extensions of this 
work will be performed. 
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Abstract 

RECENT JT-60U RESULTS TOWARDS STEADY STATE OPERATION OF TOKAMAKS. 
High performance operation in a high q and high 0p regime has been demonstrated in JT-60U 

to realize steady state operation of tokamak reactors such as SSTR. High fusion performance such as 
the highest fusion triple product, nD(0)T¡(0)rE = 1.2 x 1021 keV-s-m"3; a DT equivalent energy gain, 
QDT = 0-6; DD neutron rate, Sn = 5.6 x 1016/s; central ion and electron temperatures, T¡(0) = 
41 keV, Te(0) = 13 keV; and the H factor, TE/T£TER"89P = 3.7, were obtained in the high 0p H mode 
regime. The bootstrap current fraction reached ~50% in a series of high performance discharges with 
Ip < 2.3 MA and Bt = 4.4 T, with an aspect ratio of A = R/a = 4.4. Other features for the high q 
and high /3p regimes such as divertor characteristics, beta limit improvement, disruption avoidance and 
profile controllability were shown to be better than those for the conventional low q and low 
/3p regimes. 

1. INTRODUCTION 

JT-60U is a single null divertor tokamak with a high toroidal magnetic field 
Bt = 4.4 T with moderate aspect ratio (A = 3.2-4.5) and shape parameters 
(ô < 0.3, K < 1.8) [1]. The main objectives of the JT-60U are to develop high con
finement regimes capable of efficient steady state operation with a large bootstrap 
current fraction [2] and to conduct the physics R&D urgently needed for the 
ITER-EDA [3]. 

After the IAEA Würzburg Conference, the boronization system using decabo-
rane vapour was modified to allow uniform boronization. This boronization was 
effective in reducing the hydrogen recycling flux. Two toroidal rows of CFC divertor 
tiles were replaced with B4C coated (thickness of 100 and 300 /¿m) CFC tiles which 
suppressed the oxygen impurity level in the main plasma to below 1 % during high 
power NB heating. In the recent JT-60U experiments, the NB injection power was 
increased up to 36 MW with a beam energy of 95 keV. An LHCD power of 7 MW 
and an ICRF power of 6.4 MW were also achieved. With these improved machine 
conditions, significant progress was made in the plasma performance of JT-60U. The 
major parameters achieved in JT-60U are listed in Table I. 

31 
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TABLE I. MAJOR PARAMETERS ACHIEVED 

Parameter 

nD^T^TEtkeV-s-m- 3 ) 

T;(0) (keV) 

Te(0) (keV) 

ne(O) (m"3) 

Sneu,(DD) (s'1) 

rE (s) 

Tp/rE(H mode) 

T*HJTE(H mode) 

u _ T / ITER-89P 

H (ELMy) 

Wtot (MJ) 

/3N (Troyon coefficient) 

Maximum 

1.2 x 1021 

41 

13 

7.5 x 1019 

5.6 x 1016 

0.68 

1-2 

6-8 

3.7 

2.5 

8.7 

4.8 

Parameter 

H/3N 

IpBt/apiMA-T-nT1) 

<P> (MPa) 

0P 

Ip(bootstrap) (MA) 

Ip(LHCD) (MA) 

ijCD(LHCD) ( A-W-'-nT2) 

Ip (NBCD) (MA) 

ijCD (NBCD) (A-W'-nT2) 
pdiv/p 

Te
div (eV) 

Ip(MA) 

Maximum 

12.2 

20 

0.12 

1.2 

1 

3.6 

3.5 X 1019 

0.6 

0.75 X 1019 

0.7 

20(L)-200(H) 

5 

In this paper, we report on the present status of confinement, MHD, current 
drive and divertor studies in JT-60U from the viewpoint of steady state tokamak 
research. In the next section, research results concerning the core plasma are dis
cussed. Divertor and edge physics are discussed in Section 3. Urgent ITER issues 
are discussed in Section 4. A summary and future plans are given in Section 5. 

2. PROGRESS OF CORE PLASMA TOWARDS STEADY STATE 

In order to realize steady state tokamak reactors, the core plasma should 
simultaneously satisfy (1) high energy confinement, (2) stable high ¡3N and (3) non-
inductive current drive with a high bootstrap current fraction. Various approaches 
were made to demonstrate the simultaneous achievement of these conditions in 
JT-60U. 

At the IAEA Würzburg Conference, we reported on two types of enhanced con
finement regime, i.e the hot ion H mode [4] and the high /3p mode [5]. The hot ion 
H mode is an edge improved confinement regime with high T¡(0.95a) < 6 keV. 
The high /3p mode is a core improved confinement regime with a peaked density 
profile, ne(0)/<ne> ~ 3, and with relatively low ^ to suppress sawteeth. These 
modes were successfully combined into a high /3p H mode with highest fusion 
performance [6]. Furthermore, an H mode confinement regime with high normalized 
beta j3N was achieved with current profile tailoring and broader heating profile 
(high /3N H mode) [7]. 



IAEA-CN-60/A1-2 33 

(6/9t0l) 
(e-WoiOl.) 

•=• S «g "6 

(SO 

•S ^ 
7« ^ 

?f 

F? "o1 -I 

.s; <i¿ o 
T s 5 
S s g 
s * s 

5; 'u -s: 
Ci, j*> .«O 
K a -S 
.* •? r\ 
,3 S G 
**. 

8t 

( iu.s.A9>|) 3l(0)!l(0)Pu 



34 JT-60 TEAM 

2.1. Fusion performance with large bootstrap current fraction 

Maximum utilization of the bootstrap current is essential for an efficient steady 
state operation of tokamaks. Significant progress has been made in the fusion 
performance of a plasma carrying a large bootstrap current fraction in JT-60 and 
JT-60U as shown in Fig. 1. 

In 1989, up to 80% of the plasma current was driven by the bootstrap 
current in JT-60U [8] with lower fusion performance (nD(0)T¡(0)TE = 1.2 X 
1019 keV-s-m"3, T¡(0) = 8 keV). Since then, major experimental efforts have been 
placed on the demonstration of the high performance plasma carrying a large 
bootstrap current. 

TABLE II. MAJOR PARAMETER LIST OF HIGH PERFORMANCE SHOTS 

E17110 E21262 E21140 E21895 
ELM free ELM free ELMy ELMy 

Ip (MA) 

B t(T) 

qeff 

PNB (MW) 

^ e f f 

ne(0) (1019 m"3) 

nD(0) (1019 m"3) 

ne(0)/<ne> 

Te(0) (keV) 

T¡(0) (keV) 

Wtot (MJ) 

0P 

T? (s) 

nD(0)T?Tt(0) 
(1021 keV-s-m""3) 
T bootstrap ;T 

Sn (1016 s"1) 

s„X 
QDD 

QDT 

ELM frequency (Hz) 

2.0 

4.4 

5.0 

27.2 

2.3 

5.7 

4.2 

2.1 

12 

39 

8.2 

1.65 

0.68 

1.1 

50% 

5.1 

0.49 

4 X 10"3 

0.6 

2.35 

4.3 

4.2 

27.7 

2.3 

6.5 

4.8 

2.4 

10 

38 

8.7 

1.27 

0.66 

1.2 

4.9 

0.27 

0.46 

2.2 1.0 

4.4 3.06 

4.6 7.1 

24.8 22.7 

2.2 2.8 

7.5 2.8 

5.5 1.9 

2.4 1.4 

10 9 

30 25 

7.5 3.8 

1.2 2.6 

0.30 0.18 

0.5 0.08 

- 74% 

4.0 0.9 

0.33 0.11 

0.34 -

39 100 
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The fusion product achieved was increased year by year, and a record value of 
1.1 x 1021 keV-s-m"3 with a bootstrap current fraction of 50% was attained 
in 1993. More recently, the maximum fusion product was increased to 1.2 x 
1021 keV-s-m"3 [6]. The fusion triple product in the SSTR operation proposed 
(nD(0)T¡(0)TE = 8 x 1021 keV-s-m"3, T¡(0) = 34 keV) is less than ten times that of 
the best JT-60U result ((a) in Fig. 1). 

The high /5p H mode can be maintained in quasi-steady state with continuous 
ELM activity [7]. A high fusion triple product of 4.4 x 1020 keV-s-m-3 was kept 
for 1.5 s with an H factor of 2.1 ((b) in Fig. 1). 

More recently, a high fusion performance discharge with a fusion triple product 
of nD(0)Ti(0)rE = 0.8 x 1020 keV-s-m"3, /3N = 2.9, H factor = 2.5, fb00tstrap = 
74% with j3p = 2.6 and q95 = 5.2 was achieved for a 1 MA full current drive (CD) 
discharge with NBCD (fNBcD = 37%) [9] (c) in Fig. 1). This plasma condition is 
fairly close to the condition of the proposed SSTR operation. 

We expect that this high performance full CD discharge can be extended to 
(0.5-1) x 1021 keV-s-nr3 at 2-2.5 MA full CD discharges using the 10 MW, 
0.5 MeV N-NBCD system in 1996 [10]. 

The major parameters of these high performance shots are given in Table II. 

2.2. Enhanced confinement in high q and high /?p regime 

Since the bootstrap current fraction is proportional to the poloidal beta jSp, 
enhanced confinement in the high j8p regime becomes a central issue for steady state 
tokamak research. This condition with a moderate Troy on factor j8N sets the reactor 
operation at moderately high qeff ~ 5-7. 

In the ELM free hot ion H mode, the H factor incresed with qeff and reached 
2.5 at qeff = 5.5 [11]. In the combined high j3p H mode, both core and edge confine
ment was improved and a high H factor of 3.6 was achieved in an ELM free phase 
a t Qeff = 5.0. Figure 2 shows the H factor of the ELM free high j8p H mode as a 
function of /3p and qeff. The maximum H factor of the ELMy high /3p H mode and 
the ELMy high j8N H mode was 2.5 for qeff > 5. A higher H factor was obtained 
in a high q and high ¡3p regime, which is promising for the proposed steady state 
operation. 

2.3. Performance limitation of high j8p and H modes 

Enhanced confinement in the high /3p and H modes was limited by a sudden 
occurrence of fast MHD events, such as '(3p collapse' [12] in high /5p mode and 
giant ELMs in the H mode. The /3p collapse is a central MHD activity; it occurred 
at ]8N ~ 2 during intense central heating. The observed mode growth time was 
~O(10 ¡JLS) and the Te fluctuations, ATe, showed strong in-out asymmetry; these 
features were consistent with an infernal mode with a low toroidal mode number [13]. 
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FIG. 2. H factor (TE/T{[ER-89P) versus qeffand 0pfor ELM free high $p H mode. 

On the other hand, giant ELM activity limited enhanced confinement in the 
H mode at /3N = 1.3-1.8 with steep edge temperature pedestals and was consistent 
with an edge high n ideal ballooning mode [7, 11]. The edge temperature dramaticaly 
increases with the density during the hot ion H mode (T¡(0.95a) increased from 1 to 
6 keV by changing He from 0.5 to 2.3 x 1019 m-3) and the depth of the edge 
pedestal becomes thinner at higher Bp(a) [14]. The giant ELM occurred at a fixed 
density n£nt associated with sharp buildup of the edge transport barrier with increas
ing rig. This ELM onset density n£rit depends on the plasma current [4] and the cur
rent profile. The extension of this H mode regime to higher density (ñg > 4 X 
1019 m-3) was difficult. In the high &, H mode, high core density was obtained 
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FIG. 3. (a) Average plasma pressure <P> as a junction ofIpBt/ap; (b) experimental normalized beta 
0N as a Junction ofqeff with ideal MHD stability limit without wall stabilization (solid line); A: P0/(P) 
= 5.4, q95/q0 = 4; B: P0/(P) = 2.6, q95/q0 = 4; C: P0/<P> = 2.6, q95/q0 = 6. 
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without increasing the edge density since a peaked density profile was formed during 
the high jSp mode phase. This might be a reason for the relatively high H factor for 
the high /3p ELMy H mode discharges. The ELM frequency fELM increases with the 
heating power, and the H factor decreases with fELM [7]. Further understanding and 
control of edge ballooning stability and edge transport barrier are of particular 
importance. 

2.4. High pressure and high |8N operation 

The steady state operation proposed requires a high normalized beta, /5N 

~ 3.5, to achieve a high average plasma pressure <P> of ~ 1 MPa. High pressure 
operation becomes possible in the high IpBt/ap device according to Troyon's 
relation. The JT-60U tokamak is capable of operating at high IpBt/ap up to 
20 MA-T-m"1 [1], which is one third of that required for SSTR. In spite of perfor
mance limitations associated with the j8p collapse and ELMs, the maximum pressure 
was increased in the high /3p H mode. A maximum <P> ~ 0.12 MPa was achieved 
in the high |SP H mode at IpBt/ap — 10 MA-T-m"1, as is shown in Fig. 3(a). A nor
malized beta j(3N ~ 2.3 was obtained in the high /3p H mode. This beta value was 
higher than the values obtained in the H mode and the high (3p mode. It was, 
however, still lower than the reactor requirement j8N ~ 3.5 and the MHD stability 
limit /3N ~ 5 at qeff ~ 5 without wall stabilization for optimized pressure and cur
rent profiles [15]. 

The high beta regime in excess of the Troy on limit, /3N ~ 2.8, was examined 
in the high /3p regime with careful current and heating profile control at low field 
(Bt ~ 1.5 T) [7]. In this experiment, a 0N value of 4.8 was achieved transiently at 
high q (qeff ~ 9), as is shown in Fig. 3(b). This high /3N(>3.5) value was sustained 
for 0.6 s with a distant resistive vacuum vessel (awan/ap ~ 1.3, Tskin ~ 10 ms) and 
was consistent with an ideal MHD stability calculation without wall stabilization [15]. 

2.5. Non-inductive current drive with LH and NB 

The proposed steady state operation also requires a non-inductive CD of 
Ip

CD ~ 3 M A and the CD product Ip
CDRp<ne> ~ 300 MA-m"2 with a CD efficiency 

of7/cD ~ 0.5 X HPA-W- ' -n r 2 . 
High power (PLH ~ 7 MW) LHCD experiments were carried out with two 

multijunction launchers. A driven current of 3.6 MA was achieved at (rig) ~ 
1 x 1019 nr3 . A maximum CD efficiency of r¡CD ~ 0.35 X 1020 A-W^-m"2 was 
obtained in Ip = 3 MA full CD experiments. A maximum CD product of Ip

CDRp<ne> 
= 17 MA-m"2 was achieved as shown in Fig. 4 [16]. 

The NBCD was also tested with tangential injectors (5 MW co and 5 MW 
counter). The driven current and its efficiency were 0.6 MA and 0.075 X 
1020 A-W"1 -m"2, respectively, since the beam energy and Te were not high enough. 
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These results were consistent with the theoretical calculation. An efficient NBCD 
with 0.2 x 1020 A-W"1 -nr2 will be tested by using a 500 keV, 10 MW D° beam 
injector which is under installation on JT-60U. 

2.6. Current profile control 

The condition of a high bootstrap current fraction places an important constraint 
on the current profile in a steady state tokamak. The ideal kink and ballooning mode 
stability calculation shows the central safety factor q(0) above 2, or a hollow q profile 
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FIG. 5. (a) Current profile ((¡) control with NBCD with on-axis and off-axis NBCD; arrow indicates 
theoretical t¡ difference between on-axis and off-axis CD; (b) current profile control with LHCD with 
Nt control. 
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is required to match a large fraction of the bootstrap current [2]. There was a stable 
i- band for a given qeff whose bandwidth is an increasing function of qeff. The opera
tion point of the steady state tokamak lies in a lower bound (locked mode limit) at 
4 ~ 0.8. Such a low 4 operation tends to induce a /3p collapse in the high /3p mode, 
and the reactor relevant current and pressure profiles have not been achieved yet. 
Current profile control was demonstrated by LHCD and NBCD. Figure 5 shows the 
current profile control with NBCD and LHCD. Both methods can effectively control 
the current profile [17]. 

2.7. Confinement physics related to L, H and high j8p modes 

The scaling laws of the energy confinement time for the thermal component of 
the ohmic and beam heated L mode plasmas were integrated into a single scaling. 
The result was expressed as Wth(L) = 0.026 A ^ V ^ ^ ' V ^ X * 1 ^ - This 
scaling gives stronger rig and weaker Ip dependences and suggests that xeff has strong 
iS and weak pja. (between Bohm and gyro-Bohm) dependences, and the required 
confinement enhancement factor for SSTR was 1.8. Comparison of the transport 
coefficients Xeff for different p¡/a while keeeping ¡3, v* and q profiles indicated that 
the transport is of the weak gyro-Bohm type [18]. 

In the high /3p H mode, an internal transport barrier was formed at the q = 3 
rational surface associated with a strong sheared toroidal rotation [7, 19]. This steep 
internal transport barrier was relaxed by a fast MHD event dominated by the 
m/n = 3/1 mode as expected from the location of the transport barrier. This relaxa
tion produced a large heat pulse to the plasma surface and triggers an edge transport 
barrier of the H mode. 

Pth(Scaling)=0.34R1 -4a°-4BV5 

FIG. 6. Comparison of H mode power threshold scaling with experimental data and extrapolation to 
ITER, SSTR. 
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In the hot ion H mode, an edge transport barrier was formed without clear tran
sition on the Da trace, and was named 'transition free H mode' [14]. Reflectometer 
measurements showed a longer decorrelation time ( ~ 100 /¿s of the turbulent density 
fluctuations) than that of the L mode. The scaling laws of the power threshold for 
the L-H transition were proposed as 

Pth = 0.34R14a04Bt
15 

or 

Pth = 0.39RL5a°-5Bt
L25, 

which was consistent with the results of JT-60U and JFT-2M and also with published 
data from ASDEX, DIII-D and JET. These scalings predict high threshold powers 
to achieve an H mode in a reactor as shown in Fig. 6. 

3. DIVERTOR AND EDGE PHYSICS 

The development of reactor relevant cold and dense divertor plasmas is the most 
challenging subject of tokamak research. A highly radiative pumped divertor is 
required in a reactor by which the heat flux to the divertor plate is reduced to one 
tenth of the total heating power. 

3.1. Enhanced confinement and low recycling divertor 

Enhanced confinement regimes such as H mode and high j3p H mode were 
produced when the particle recycling flux near the divertor plate, $Da , was reduced 
to a level of 1021 s"1. It was very difficult to realize a cold and dense divertor 
plasma in such a condition and the electron temperature of the divertor plasma 
increased by more than 100 eV [20]. A simple relation $Dce ~ q ^ T T ^ (y is the 
heat transmission coefficient) also tells us that a particle recycling flux of more than 
1023 s"1 is required to achieve a cold and dense divertor plasma. In such a high 
recycling divertor, no enhanced confinement was obtained, and the discharge was in 
the L mode. However, the DEGAS calculation showed that the neutral particle influx 
inside the separatrix does not increase substantially over that in the H mode, because 
of the efficient neutral shielding in the SOL in the L mode. Furthermore, the energy 
losses associated with the neutral ionization in the main plasma were not the cause 
of L mode confinement [21]. Furthermore, the cause of the loss of enhanced confine
ment is still an open question. 

Another important issue in achieving cold and dense divertor plasmas with 
enhanced confinement was the difficulty of achieving the high density H mode due 
to the onset of frequent ELMs, as discussed in Section 2.3. 



IAEA-CN-60/A1-2 43 

3.2. Particle confiment and He ash exhaust 

The particle confinement time of a core plasma is one of the important unknown 
parameters in a tokamak. The deuterium particle confinement time 7™m in the main 
plasma was evaluated with DEGAS consistent with the measured divertor plasma 
parameters and a set of Da array data [22]. The r™ain value of the H mode was not 
so large compared with the L mode value and was 0.2-0.8 s; it increased with 
ñg [11]. The ratio T™ain/7E was 1-2 for the H mode, as is shown in Fig. 7(a). 
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Extrapolation to the reactor relevant high density regime was, however, difficult 
because of the narrow ne range (He = (1-3) X 1019 m"3) free of giant ELMs. 

Helium confinement and transport were also studied with He beam injec
tion [23]. A particle diffusion coefficient D of ~ 1 m2/s and an inward pinch 
parameter Cv of 1-1.5 were observed during the ELMy H mode. An effective He 
particle confinement time TH6 as low as 0.95 s with a ratio T^JTE of 6-8 was 
observed in low recycling discharges with solid target boronization from the B4C 
divertor tile. The core He density was kept at 5% of the total electron density during 
the high power He beam injection (0.76 Pa-m3-s_1), which is equivalent to an alpha 
power of 125 MW as is shown in Fig. 7(b). This low value of He ash concentration 
is quite promising for the SSTR design assumption of nHe/ne = 5-10% [2, 9]. 

3.3. High recycling and radiative divertor 

The high recycling divertor (3>Da ~ 3 X 1023-s_1) with Te
div < 20 eV was 

achieved with intense gas puff in the L mode. The particle recycling flux increased 
with n^13'" and qeff(a = 0.5-1) (Fig. 8(a)). Particle recycling was enhanced espe
cially near the inboard leg in the case of the ion VB drift towards the divertor. Such 
in-out asymmetries of T*v and nglv were reduced for the ion VB drift away from 
the divertor, associated with the enhanced deuterium and impurity recycling in the 
outboard leg. 

The divertor radiation fraction also increased with n™"1 and q°¿f (Fig. 8(b)). A 
divertor radiation fraction of up to 70% was achieved for a few seconds and eventu
ally triggered a M ARFE near the X point in the case of the ion VB drift towards 
the divertor. An X point MARFE was never observed for the ion VB away from the 
divertor, even at a similar radiative fraction. The major part of the divertor radiation 
loss came from C IV radiation. 

The heat flux to the divertor plate was studied in the ELMy H mode as well as 
in the L mode. The peak heat flux was reduced with high qeff operation in both 
L mode and ELMy H mode (Fig. 8(c)). But the qeff dependence was lost for the 
ELM free H mode, possibly because of the reduction of the flux multiplication near 
the divertor plate. The heat flux density during the ELMs reached several hundreds 
MW-m"2 in 250 ¿is and decayed within 1 ms. About 80% of the ELM heat flux was 
deposited to the inboard side, irrespective of the ion VB drift direction. 

All these results favour the high q and high density operation for reactors. 
However, the achievement of the high confinement with high recycling is a remaining 
issue. 

4. URGENT ITER ISSUES 

For the demonstration of ignition and long burn in ITER [4], alpha particle loss 
due to TAE and the toroidal field ripple should be minimized. In addition, the damage 
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associated with a disruption should be avoided. These issues are also taken as critical 
R&D items in JT-60U for ITER and future reactors. 

4.1. TAE mode and ripple loss 

The TAE mode was excited during the high power second harmonic minority 
ICRF heating [24]. Production of ~ 4 MeV protons (Vproton/VA ~ 1) was confirmed 
by 7 ray measurements. The observed frequency was consistent with a theoretical 
value given by fTAE — VA/(4fl-Rq). The threshold beta value of the tail ions, <|3taii>, 
was 0.05% for the destabilization of the TAE mode. This threshold is fairly low, pos
sibly owing to the highly localized fast ion pressure produced by ICRF. 

The ripple loss of fast ions was studied more quantitatively for both ripple 
trapped and banana drift losses with a short pulse NB injection [25]. The observed 
time evolution was consistent with a combination of the slowing down and the ripple 
loss of fast ions. 

4.2. Disruption softening 

Disruption studies in JT-60U clarified many features of density limit disruption, 
vertical disruption and locked mode disruption [26]. Excessive plasma cooling 
(Te <K 200 eV) due to the impurity generation from the divertor tile after the ther
mal quench was found to be the primary cause of the rapid current quench. It was 
proposed that the plasma stored energy just before the energy quench should be lower 
than a threshold stored energy, Wcrit, to suppress impurity generation from the 
divertor tiles. Current quench avoidance in a high q regime (qeff > 7) was attributed 
to the longer connection length from the tiles. 

5. SUMMARY AND FUTURE PLANS 

JT-60U research has now covered most of the important physics issues for reac
tors as discussed in Sections 2, 3 and 4. It was shown that the tokamak operation con
dition suitable for the steady state has many advantages over the conventional low q 
and low j3p regime. A negative ion based NBI system (10 MW, 500 keV) is being 
installed, and the advanced radiative pumped divertor will be installed in JT-60U to 
demonstrate the high core plasma performance with full current drive and to improve 
the divertor performance. However, we found that there are still some issues in 
steady state tokamak operation which are not understood well in JT-60U. Continued 
research efforts with a device such as JT-60SU [27] are thus needed for the integrated 
demonstration of the reactor relevant plasmas. 
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DISCUSSION 

D. MOREAU: You have proposed a new confinement scaling for ohmic and 
L mode discharges. Do you have a dependence for the confinement improvement 
factor (H) and poloidal beta, in particular for the high /3P discharges? How would it 
appear in your scaling law? 

M. KIKUCHI: Our thermal kinetic database is insufficient to evaluate the 
H factor over the Wth scaling at the moment. This has been left over for future 
investigations. 

J.D. CALLEN: Where there is a high fraction of equilibrium bootstrap current, 
concomitant neoclassical MHD bootstrap or Vp driven instability modes have been 
predicted. Such modes have been observed in TFTR supershots as m/n = 3/2 or 4/3 
magnetic islands which degrade confinement somewhat. Do you observe such MHD 
modes and confinement degradation effects in your high bootstrap current fraction 
discharges? 

M. KIKUCHI: In the high bootstrap discharges in JT-60U, confinement is very 
good — the H factor is —2.5. We do not observe any serious MHD modes either 
which degrade confinement. We do, however, see some small MHD modes (m/n = 
3/2, 5/2). We do not know whether these are neoclassical MHD modes driven by Vp 
or conventional pressure driven modes. 

R.R. PARKER: What changes in the ITER design would you recommend in 
order to permit the possibility of exploring high j8N, high H and steady state regimes 
in ITER? 

M. KIKUCHI: That is a difficult question to answer since the ITER programme 
has a high inertia level. I would say that ITER should allow for a good current drive 
capability (say, NBCD) and flexible operational capabilities (aspect ratio, elongation, 
triangularity, etc.), even if the present outline design is retained. 

R.J. GOLDSTON: Could you give us the absolute /3, q95 and aspect ratio of 
the mini SSTR high /3N demonstration discharge? 

M. KIKUCHI: The parameters are as follows: |8N = 2.9; </3> = 1.2%; 
q95 = 5.2; A = 3.257/0.814 = 4.0. 
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Abstract 

THE NEW EXPERIMENTAL PHASE OF JET AND PROSPECTS FOR FUTURE OPERATION. 
The upgrade of the Joint European Torus (JET) to install the Pumped Divertor (PD) machine con

figuration has recently been completed. The initial results from the JET-PD device are reviewed with 
emphasis on divertor issues; confinement and power threshold in H-mode; high /3p plasmas; steady-
state H-modes; high performance results and non-inductive current drive. Consequences for the future 
operation of JET are described. Finally, the JET programme in the near, medium and longer terms is 
discussed. 

1. INTRODUCTION - A NEW MACHINE 

The shutdown of the JET experimental device to perform the upgrade to the 'Pumped 
Divertor (PD)' configuration was completed successfully at the end of January 1994. 
During this shutdown, an exceptionally large number of new components and 
facilities were installed in the Tokamak vessel and its associated power and control 
systems. Taken as a whole, these modifications comprise in essence a completely 
new machine and this paper overviews the first experimental results from this new 
machine. 

The cross section of the JET-PD configuration is shown in fig 1. The principal 
in-vessel modifications include: internal divertor coils to enable a wide range of 
plasma equilibria and divertor geometries to be investigated; a new toroidally 
continuous array of Carbon Fibre Composite (CFC) divertor tiles for improved 
power handling; a toroidally continuous cryopump to allow the study of fuelling 
strategies and impurity control mechanisms; the replacement of the previous 'belt' 
limiters with poloidal limiters at discrete locations on the toroidal circumference; a 
new Lower Hybrid Current Drive (LHCD) launcher connected to 24 klystrons giving 
an eventual launch capability of 10MW; and a new set of Ion Cyclotron Radio 
Frequency (ICRF) antennae arranged in four current strap modules to allow phased 
operation for Fast Wave Current Drive (FWCD) and designed to couple to the 
plasma at larger distances. In addition, the power supply and position control 
systems have been modified substantially to give the capability of sweeping the X-
point and divertor strike points at 4Hz to increase the wetted area of the target for 
long pulse high-power heating studies, a facility designed to complement the 
improved, carefully aligned tiles. The Neutral Beam Injection (NBI) system has also 
been modified slightly to incorporate a facility for vertical steering on some of the 
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Fig. 1 Cross section of the JET-PD vessel configuration. 

ion sources, to allow central power deposition in plasma equilibria displaced above 
the vessel midplane. The NBI system is now a mixed energy (80keV/140keV) 
system, and will have an eventual injection capability of 22MW. The fuelling and 
conditioning systems of the machine have also been upgraded; featuring new glow 
discharge electrodes; new beryllium evaporator heads (4 in number); and toroidally-
symmetric gas fuelling in the divertor region. Finally, an extensive range of new 
diagnostics, specifically designed to provide a detailed analysis of the divertor 
region, have been installed. Most of the existing diagnostics had also to be modified 
for compatibility with the PD configuration and several were completely upgraded. 

The operation of the JET-PD device was commissioned in the period February to 
end-April 1994, and the experimental campaign began in May 1994. The programme 
to date has been divided between evaluating the methods of running the new 
machine; benchmarking conditions to be expected in the 'Mark II1 divertor 
configuration, due to be installed in 1995 (see section 7), so that assumptions in the 
design could be verified; and a programme of experiments, covered in detail 
elsewhere in these proceedings, grouped under the broad headings of Divertor 
Physics [1],[2], High performance studies [3], and Tokamak concept improvement 
[4]. 
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This paper initially reviews the general features of JET-PD operation. The technical 
aspects of the programme for Divertor Physics are then briefly described. The 
confinement properties of the H-mode in various regimes are discussed. The 
development of long-pulse steady-state H-modes outlined and the High Performance 
work overviewed. The non-inductive current drive studies are also covered in brief. 
Finally, the future JET programmes in the short, medium and long term are outlined. 

2. GENERAL OVERVIEW OF JET-PD OPERATION 

2.1 Vacuum and vessel conditions 

The JET-PD vacuum vessel is baked at 250°C during operations. This is a 
lower temperature than JET used up to 1992 (300°C) and has been constrained 
to date by the need to remain prudent during the first few months of operation. 
Vacuum integrity has been maintained at this temperature, the value of which 
has been limited until safety analyses could establish that, in the event of an air 
leak, the increased heat transfer to the divertor coils by conduction and 
convection could be overcome by cooling the vessel fast enough before over-
ageing of the coil epoxy occurs. This has now been verified [5], and baking of 
the machine to 300-320°C should commence at the end of September 1994. 
The divertor tiles are carried on water-cooled supports and these keep the tiles 
at around 40°C between pulses. The surface conditions are thus different from 
those in the original JET machine. In addition, the inner wall has much less 
area covered with carbon tiles than in the 1991-2 JET configuration. 

These significant changes have not altered the basic high quality vacuum 
obtained in JET. Table 1 shows that the quality of the vacuum after the initial 
glow discharge is very similar to that in previous campaigns, and that the 
important partial pressures are significantly reduced when the Pumped 
Divertor cryopump is cooled to liquid nitrogen and liquid helium 
temperatures. 

TABLE 1 
Vacuum conditions in JET-PD (vessel at 250 °C) 

Typical values of —> 
after -l 

He GDC only 

Fresh beryllium 
evaporation 

Cryopump with LN2 
+ LHe (No Be evap) 

Mass 18 
(mbar) 

2.10-8 

4.10-9 

1.10-9 

Mass 20 
(mbar) 

1.5 10-8 

3.5 IO-9 

6.5 10"10 

Mass 28 
(mbar) 

1.10-8 

3.10-9 

2.10-9 

Mass 44 
(mbar) 

3-5.10-10 

5.10-10 

Below 
detection limit 

12 Operating space 

During the initial 4 months of the Experimental Campaign the JET-PD device 
has been operated at 1.0 < Ip < 4.0MA and 1.0 < B T < 3.4T in a variety of 
configurations. These range from small volume, high aspect ratio (A ~ 3.7) 
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Fig. 2 Sample equilibria as used in JET-PD experiments, 
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plasma at IMA through 2MA slim high clearance plasmas for Divertor 
physics studies to fat plasmas at 4 MA. An example of six of these 
configurations is shown in fig.2, indicating the flexibility of the coil set. 

In all these configurations, the measured error fields are much lower than 
obtained in the old JET configuration, being around 0.2-0.4 gauss compared to 
1.7 gauss in the 1991-2 High Performance configuration [6]. This is a result of 
highly accurate installation of the divertor coils, since a displacement of 
± 2mm in these coils would lead to an error field ~ 0.2 gauss. These lower 
error fields have already opened up a possibility of low density operation 
((ne> ~ 1 1019nr3) at low q (q95 < 2.5) without the risk of locked modes. This 
regime remains to be properly exploited. The range at low q is especially 
important as the plasma volume in the JET-PD configuration is lower (by ~ 
30 %), leading to a lower q(a) for similar plasma current. 

Initial investigations have covered several operating regimes including low 
density 'Hot Ion' discharges [3], medium density steady-state H-modes and 
detached plasmas [2], In all regimes, the striking difference from previous JET 
operation is the significantly increased recycling. This high edge fuelling has 
led to the ubiquitous appearance of ELMy behaviour in the JET H-modes. 
Investigation of ELMs, which is still continuing, is covered in section 4 and 
alsoinref,[3]. 

Impurities do not seem to be a significant problem in the new JET operation, 
however. Radiated powers remain relatively low (20-30% of input power) and 
Zgff is usually < 2-2.5 except in certain unusual circumstances. The 
contamination of nickel is low, in spite of the larger area of plasma-facing 
metal wall. 

3. DIVERTOR PHYSICS STUDIES 

3.1 Power handling of the JET-PD target 

The power handling of the JET-PD target tiles has been evaluated in 
comprehensive initial studies. The horizontal target tiles have excellent 
alignment (maximum error ~ ± 0.3mm) and are carefully designed to avoid the 
incidence of power on tile edges. Infrared thermography of the strike zones on 
the tiles shows that, even without plasma sweeping, a total conducted energy 
of 40MJ to the tiles brings the peak temperature of the strike zones to only 
~ 1000°C. This is shown for a series of 14MW NBI heated plasmas in fig 3. 
The performance achieved is a considerable improvement over the 10-15MJ of 
conducted power at which carbon bloom temperatures were previously 
reached on the JET X-point tiles even in ELMy H-modes [7]. This has resulted 
in improved access to longer pulse lengths at high power. 

The situation is even better when divertor sweeping is applied. In these cases, 
even at high input powers, a quasi-stationary tile temperature can be achieved. 
Fig. 4 shows traces from a discharge with 25MW of combined heating power 
in a typical JET-PD ELMy H-mode regime. The application of divertor 
sweeping at 13s brings the maximum temperatures at inner and outer zones 
into a cyclic pattern with peak temperatures in the range of 550-650°C even 
after 3 seconds and a total of ~ 72MJ energy conducted to the tiles. This 
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Infrared thermographic measurements of the divertor target outer 
strike zone for successively longer pulses with 14MW NBI heating. 
The target strike zones were unswept in this case. 

behaviour has been exploited in the development of the long pulse ELMy H-
modes (section 5). The application of the sweeping has not so far been found 
to be correlated with, or a cause of, ELM behaviour. 

3.1.1 Operation with reverse fields 
The imbalance between the power conducted to the inner and outer 
strike zones in the normal direction of the ion VB drift (towards the X-
point) can be up to 40% in the ELMy H-modes, with more power 
conducted to the outer zone. In previous JET campaigns it has been 
observed [8] that the power conducted to the strike zones was more 
equal in the case of ion VB drift away from the X-point ('reversed' VB 
operation). This has been coupled with the observation of more equal 
densities at the strike zones in the reversed VB case, giving higher 
radiated power at the inner zone; a more favourable carbon bloom 
behaviour; and the possibility of having both zones in the same 
divertor regime [9]. 

A series of experiments in the JET-PD have been carried out to 
compare the characteristics of 'normal' and 'reversed' VB divertors. 
The results are covered in detail in [1] and are still under investigation. 
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discharge with 25MW of combined heating and divertor sweeping 
applied at 13s. 

The clearest trend is seen by comparing L mode discharges where the 
imbalance in power loading between the strike zones can be seen to be 
strongly dependent on B T and q ^ . Results in line with the previous 
JET findings are produced at low q and low Bt, where the power 
conducted to the strike zones is more equal for the reversed VB case. 
On the other hand.at higher q and BT, the power loading asymmetries 
are worse in the reversed V B case. The conclusion from D a 
asymmetries is that the BT reversal affects directly the density 
redistribution between the two strike zones rather than the power 
distribution into the two divertor channels. The conclusion for JET-PD 
operation is that the choice of best operating regime (normal or 
reversed VB) will depend on factors other than a straightforward 
power equalisation criterion. The data were taken with the equilibrium 
shown in fig,2(c). 
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Time (s) 

Particle removal rate and line density in an OH plasma where the 
divertor strike zones were swept close to the cryopump entrance 
(inset). The cryopump was cooled to liquid He temperatures. The 
improvement in pumping as the discharge moves from equilibrium I 
to equilibrium II can be clearly seen. 
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Operation with the PD cryopump 

Previous JET operation with near steady-state in the ELMy H-mode has 
avoided the carbon bloom by using ELMs partly to transport impurities out of 
the edge plasma [7], and partly to spread the power loading on the tiles and 
reduce temperatures [10]. The 18 sec ELMy H-modes described in ref. [10] 
suffered from steadily rising density and falling confinement as the edge 
recycling increased. One of the missions of the JET-PD divertor cryopump 
work is to overcome this and the pump has been used extensively in recent 
operation. 

The speed is the pump for molecular deuterium is ~ HOm^s"1, including the 
input conductances. The particle removal rate has been measured as high as 
81021 D-s1 in Ohmic plasmas with <ne> ~ 4-1019nr3 when the X-point strike 
zone is near the pump entrance. The variation of this removal rate with strike 
zone position is illustrated in fig. 5 which exhibits an increasing particle 
removal rate as the strike zones are swept nearer to the entrance of the pump. 
In this case the approximately constant gas feed is unable to maintain the 
requested plasma density. 
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6 Existence diagram for 1994 JET-PD H-modes compared to the 
199112 data for carbon target, plotted for +ve and -ve VB (see text 
for definition) against total input power in the discharge. 
The lines for the +ve VB data represent the scaling Pth ~ 0.004 
neBjS with S (surface area of plasma) values as shown. 

¿u 

& 10 

0_ 

5 



JET TEAM 

The particle removal rate is still sufficient, even when the strike zone is 
~ 20cm from the pump entrance, to cope adequately with the particle input 
from 10MW of NBI heating (~ 1021 D s 1 ) with a factor ~ 3 in hand at 
moderate densities (ne ~ 6'1019nr3). The experience with the pump is 
described in more detail in [1]. An additional facility of the cryopump, which 
has not yet been commissioned, is the use of argon frosting of the liquid 
helium-cooled surfaces to permit the study of helium exhaust in the divertor of 
a high performance plasma. 

CONFINEMENT IN THE JET-PD H-MODE REGIMES 

L-H transition power threshold behaviour 

The power threshold for transition from L-H mode has been measured in the 
new machine in both the normal (towards the X-point) VB drift direction (+ve 
VB) and the reversed (away from X-point) VB drift direction (-ve VB). The 
results show, when plotted against neBx sign (VB), that the thresholds are 
roughly unchanged from the 1991-2 carbon tile data with the +ve VB 
configuration, but slightly lower than the 1991-2 carbon tile data with -ve VB 
(see fig.6). The data are consistent with the ASDEX-U scaling for positive VB 
[11] if a plasma surface area of 150-180 m2 is taken. The possibility of a 
separate density scaling has been investigated and is described in [12] where 
definite evidence for scaling is presented. 

Energy confinement in ELMy and ELM-free H-modes 

4.2.1 ELM behaviour and density profiles 
In previous JET operation, ELMs were rarely encountered in the H-
mode [10], only being present either just above the L-H transition 
threshold; with extremely strong gas puffing; at high p or with 
hydrogen plasmas. In the present high recycling conditions of JET-
PD, the ELMy H-mode (as shown in fig.4) is the norm. Long ELM-
free periods (> 1 second) can only be obtained with some specialised 
preparation. The ELMs have the characteristics of the 'giant' ELMs 
identified on other machines such as DIIID [13] and ASDEX-U [14]. 
These include an ELM frequency which increases with input power 
and tends to reduce with plasma current. 

During the ELM free period, the edge density builds up very quickly 
in the high recycling conditions. An edge pressure limit very similar to 
previous high performance JET plasmas (Hot Ion and high fip VH 
modes [15], [16]) is rapidly achieved but with a hollow density profile 
and a lower edge temperature. The appearance of the ELMs then sheds 
the edge density and clamps the edge pressure. At present, the 
resolution of edge Te and ne measurements, which comes from LIDAR 
analysis, is not sufficient to establish unequivocally whether the edge 
pressure is ballooning limited. The ELM free period does have some 
of the right systematic dependencies however. ELM stability (as 
measured by the period to the first ELM following the L-H transition) 
is improved by increasing the shear at the edge or by increasing the 
triangularity of the equilibrium. These effects, typical of the 
stabilisation of ballooning modes, are discussed in detail in [3]. 
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Fig. 7 fa) Power and £>a traces and (b) Density profiles for three JOMW 
input 2-2.5MA plasmas. The three plasmas are ELM-free with no 
cryopump in operation; ELMy with cryopump and without 
cryopump in operation. 
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8 (a) Power and Da traces and (b) Density profiles for a 2.5MA Hot 
Ion plasma and a 4M A high density plasma with J7-18MW of input 
power. The cryopump was operational for both discharges. 
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2xT E | T E R 8 9 P (s) 

Fig. 9 Measured diamagnetic energy confinement time (rE¡DIA) for the 
JET-PD ELMy H-mode dataset plotted against 2x the prediction 
from the ITER89-P scaling law (XEJTERS9P)- The data selected for 
the plot are in quasi steady state,dWdialdt < 0.1 Pin. 

An example of the density profiles is shown in fig. 7. In figs 7(a) and 
(b) one can see the measure of the density control which can be 
achieved with the cryopump. Density profiles in 2 discharges with 
10MW NBI heating, one with cryopump, one without, are compared 
in the steady ELMy phase. A 30% reduction in density and a factor 
~ 3 reduction in D a recycling light is seen with the pump on. The 
reduced density and improved heating profile give a slightly better 
confinement enhancement, in the opposite direction to scaling 
predictions such as the ITER93HP law, which have favourable scaling 
with density [17]. The profiles of density contrast strongly with those 
achieved at the end of a long ELM-free period (fig .7(b)) at the same 
power level. These are unfavourable for NBI heating and the 
achievement of good central parameters. The ELM-free discharge, one 
of a series of double null plasmas [4], did not reach a higher 
confinement enhancement in steady state, probably due to a 
combination of poor power deposition profile and high edge recycling. 
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2 .0 X XE|TER89P (S) 

As Fig 9 but for ELM-free H-modes with tELMFREE > 0.5 sec. The 
data selected have dWdia/dt < 0.4 Pin. 

The density build-up in an ELM-free period can be controlled by 
careful programming and this is being achieved in the JET-PD Hot Ion 
H-mode development (section 6 and ref [3]). Fig. 8 shows comparison 
of profiles in two discharges with 17-18MW input power, a 4MA high 
density H-mode and a 2.5MA Hot Ion H-mode. The cryopump was in 
operation for both discharges. The production of slightly peaked 
density profiles at low densities can be seen in the Hot Ion shot which 
maintains low edge density even with intense heating. In the 4MA 
high density discharge, the increased ELM-free period obtained with 
higher current results in an initially unfavourable density profile which 
then flattens with the onset of ELMs. The better beam penetration in 
the Hot Ion discharge leads to improved central temperatures and 
neutron yields (see section 6). 

2 Confinement overview 
An overview of the confinement enhancement in JET-PD ELMy and 
ELM-free H-modes is shown in figs 9 and 10. The data are plotted 
against the predictions of the ITER89-P L-mode scaling law [18], as 
they are measurements for the total stored energy. The fast particle 
content of the diamagnetic energy (Wdia) ranges from ~ 20% for the 
high power discharges at 1.5 MA to < 5% for the high power 4 MA 
plasmas. The dataset average is around 10%. 
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In figs 9 and 10, the measured diamagnetic energy confinement time 
(TE,dia) is plotted against the prediction from the ITER89-P law 
(XEJTER89P)- It m a y be seen that the bulk of the data lies in the ranges 

and 

1 -6- XE>ITER89P < tE,dia < 2.2 -XEjTERggp (ELMy) 

2.0-TEJTER89P < *E,dia < 2.4xE)ITER89P (ELM free) 

The ELMy dataset is dominated by steady-state and quasi-steady-state 
discharges (dWdia/dt ~ 0). The ELM-free dataset is not in steady state, 
but a limit of dWd¡a/dt < 0.4 P¡n has been applied. The confinement is 
generally maintained up to high values of loss power. 

The small confinement advantage of the ELM-free over the ELMy H-
mode is still under investigation, but may be due to a combination of 
poor deposition profiles and high recycling which are encountered, in 
this dataset. The exception to this is the good performance of the Hot 
Ion H-modes, predominantly at 2.5 MA. These are covered in more 
detail in section 6.1. 
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Fig. 11 Confinement enhancement relative to JETIDIIID H-mode scaling 
as a function of fi/ia for ELMy JET-PD plasmas and ELM-free 
plasmas from the JET dataset [16]. 
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Confinement at high P 

Confinement at high values of poloidal beta (0p) and normalised toroidal beta 
(PN) have been studied in a campaign aimed at investigating the development 
of 'Advanced Tokamak! scenarios with high fraction of bootstrap current. 
These are described in detail in [4]. The plasmas with high bootstrap current 
fraction obtained in the 1991-2 JET campaign at 1 MA (70% bootstrap 
current) and 1.5 MA (50% bootstrap current) were generated at high q(a) 
(> 10) and low values of PN [16]. The present experiments have aimed to bring 
these plasmas into a more reactor-relevant regime of medium q and high PN. 

As indicated previously, the high recycling in the JET-PD machine has limited 
the ELM-free periods and this has been especially severe at low current 
values. Consequently, the elevated confinement values relative to L-mode 
(HL>3) achieved in the 1991-2 campaign have not yet been repeated. The 
ELMy discharges obtained have confinement approximately equal to the JET-
DIIID H-mode scaling law [19] and, as a result, the 'efficiency' of achieving 
high Pp is now much lower. Nevertheless, values of Pp = 2.1 have been 
recorded with 26 MW of combined NBI and ICRF power at 1 MA, and the 
discharges in the new configuration are not transient but present 'quasi-steady -
state' conditions for 5-10 energy confinement times [4]. 
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Fig. 12 pp vs q95 region for the JET and JETIPD high /L discharges. 
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The confinement enhancement in the H-mode does not increase with &, for the 
ELMy plasmas (fig. 11), in marked contrast to the results obtained both in JT-
60U [20] and the JET 1991-2 campaign [16] confinement appears to degrade 
as P-°-5 in this dataset. There does appear to be some marginal gain in 
confinement enhancement with increasing |iL for discharges which have 
achieved longer ELM-free periods in the JET-PD (also shown in fig. 11 ), 
these latter discharges being performed in a double-null configuration [4]. 

The new JET results constitute a significant enlargement of the parameter 
domain, moving the high Pp plasmas closer to the reactor relevant domain, as 
indicated in fig./12. For example, Pp= 1.6 has been achieved in quasi-steady -
state together with {5N ~ 3 and confinement enhancement relative to ITER89-P 
L-mode of around 2. Such discharges are close to the previous 3N limit 
established in JET [21] .In these discharges the plasma relaxes from a peak pVi 
~ 3.2 with the accompaniment of low-n MHD activity. The limit PN ~ 4 • 1¡ 
appears to apply, in common with limits previously established in DIIID 
plasmas [22], This relaxation is accompanied by a decline in the confinement 
enhancement of around 10%. 

5. STEADY-STATE H-MODES WITH ENHANCED CONFINEMENT 

Reactor studies such as the ITER-EDA [23] have focused on the requirement for 
ignition in enhanced confinement regimes with confinement enhancement above L 
mode scalings (HL) between 1.6 and 2.0. The ELMy H-mode, with its measured 
propensities for achievement of steady-state densities, impurity and helium 
expulsion [24] and the spreading of power conducted to the divertor, is an obvious 
candidate for extrapolation to a reactor. An important part of the JET-PD programme 
is the development and study of such modes to regimes of high performance and 
fusion power. 

5.1 Long pulse ELMy H-mode 

The combined advantages of the JET-PD target power handling, the divertor 
cryopump and the high recycling conditions reached routinely in the divertor, 
have enabled the production of long pulse steady-state H-modes. An example 
of the longest pulse ELMy H-mode, 20s duration at 2MA with 7-7.5MW 
additional NBI power, is shown in fig.13. An essential part of this long pulse 
behaviour is the density and recycling control achieved by the cryopump, 
evidenced by the steady D a and volume-averaged density. Fig. 13 also shows 
the relatively modest strike zone temperatures reached with the ~ 100MJ 
energy conducted to the tiles. 

This ELMy H-mode has a confinement enhancement equal to twice the 
ITER89P L-mode prediction and this is maintained for nearly 50 energy 
confinement times (XE). The current profile has almost completely evolved, as 
evidenced by the flattening 1¡ and current moments. The ELMy H-mode period 
lasts for about 80% of the resistive diffusion time if a scale length of ~ 0.8m 
(the minor radius) is assumed. 

Steady ELMy H-modes have been produced with pulse lengths > 20 Xg at 
currents up to 3MA and input powers up to 11MW. The divertor region in 
JET-PD L-modes enters routinely into a high recycling state and this is 
probably maintained in ELMy H-modes which is beneficial in keeping 
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Fig. 13 20 second ELMy H-mode showing steady-state behaviour. 
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14 Zgff, carbon and electron density profiles as a function of time for a 
3MAI2.8T 9s ELMy H-mode with 10MW input power. 
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Fig. 15 Time development of4MAI3.4T ELMy H-mode at high power. 

impurities from the target from entering the bulk plasma. The Zeff and carbon 
impurity profiles in these discharges remain flat throughout the time of the 
ELMy H-mode period as shown in fig. 14 for a 3.0MA/2.8T H-mode lasting 
9 seconds. Helium puffing experiments have been performed in these 
discharges and the helium density profiles also become flat with no sign of 
accumulation. 

The regime has been pushed to higher powers (18-19MW) and densities 
«ne> ~ 9-10-1019nr3) at plasma currents of 3.5-4.0MA. These discharges have 
steady ELMy conditions for ~ 4-5 energy confinement times, a limit resulting 
only from the length of the NBI heating used. An example of a discharge at 
4M A is shown in fig. 15, where a confinement enhancement relative to 
ITER89-P L-mode scaling of 1.9 is maintained for 4.5 Tfe at low radiation 
levels and high purity. 

The fusion performance of the steady-state ELMy H-modes in JET-PD is 
plotted in fig. 16 for sample discharges. A best value of noCo^T^-TE ~ 2.65 
1020m^keV-s has been achieved at 4MA/3.4T. This corresponds to a projected 
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temperature (T¡(o) for selected shots from the JET-PD dataset 
compared to the pre 1992 JET data. 
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iv) Large open rectangles represent JET 199112 Hot Ion 
H-modes. 

Small rectangles represent the remainder of the JET dataset. 
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QDT ~ 0.1 for a 50:50 D:T plasma mixture. This performance already puts 
these discharges into the best performance range of previous JET non Hot Ion 
H-modes. If density control of these plasmas can be established at lower 
values, the projected Qor could be improved by operation at higher 
temperature. 

Detached plasmas 

The development of steady-state plasmas in which the input power is 
dissipated before reaching the divertor target is a fundamental problem in the 
research programme leading to a reactor. Most proposals consider the 
possibility of dissipation by radiation or charge-exchange processes leading to 
the production of a 'detached' plasma. Previous JET experiments [25] 
succeeded in establishing detached L-mode plasmas in which nearly all the 
input power was dissipated by radiation. The production of such radiative 
divertor plasmas has been attempted in the JET-PD experiment, using the 
steady-state ELMy H-mode as a basis. The modus operandi, described in more 
detail in [1] and [2], involves strong deuterium gas puffing to raise the density 
and access the detached divertor regime. 

Successful, detached plasmas have been produced, but these remain with L-
mode confinement. Fig. 17 shows the approach to detachment of one such 
discharge where the ion saturation current detected at the inner and outer strike 
zones falls to very low levels as the density rises. 
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17 Ion saturation current at the outer strike zone at 2 times during a 
density ramp. The saturation current at 19.5 sec is much lower 
than at 12.8s in spite of the higher density, indicating a detached 
plasma has been achieved. 
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The approach to detachment via high density shows a steadily reducing H 
factor when successive discharges at progressively higher desnsities are 
compared. Also it is apparent [2] that the character of the ELMs changes as the 
density increases and core confinement decreases. The ELMs become more 
'grassy' and the peak power loading on the tiles increases, probably due to the 
reduced spreading of the power load by the grassy ELMs. 

6. HIGH FUSION YIELD PLASMAS 

The production of high fusion yield plasmas formed an important part of the JET 
programme up to 1992 and culminated in the Preliminary Tritium Experiment 
(PTE1) in which nearly 2 MW of fusion power was obtained in plasmas with the 
first significant tritium concentration (11%) [26]. The plasmas used in these 
experiments were the 'Hot Ion' (HI) H-modes, heated by NBI. In the 1991-2 
campaign, these plasmas were developed to a regime where 'VH-mode' confinement 
(H factors > 3 with respect to L-mode) was obtained. The new JET-PD configuration 
has been used in initial experiments to regain this regime. 

Pulse No: 31913 3MA/3.4T 

Fig. 18 Time development of a 3MA/2.8T Hot Ion H-mode in JET-PD. 
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The results are covered in detail in [3]. Plasmas with high power (16-18 MW) NBI 
heating have been generated in which the Hot Ion conditions, with central ion 
temperatures (Tj (0)) above 20 keV and T¡ (0) > 2 -Te (0) , are seen to exist for 
periods up to ~ 0.75 s. The time history of one such discharge is shown in fig. 18. As 
indicated in section 4, the preparation of slightly peaked target density profiles by 
careful gas and pumping programming is essential for the good beam penetration 
and the achievement of high central parameters and neutron yields. The pumped 
divertor cryopump has been useful in this respect. The levels of recycling are now 
similar to those of the 1991-2 VH mode dataset. However the edge density gradient 
is still higher than in the 1991/2 campaign and this is one of the possible reasons 
why the VH-mode confinement has not yet been achieved in the new configuration, 
as it is probable that the edge plasma is not generating the levels of bootstrap current 
needed for unconstrained access to the second stable region against ballooning 
modes which has been identified as a probable signature of the VH mode in JET [15] 
and in DIIID [27]. Nevertheless, the JET-PD Hot Ion H-modes stand out from the 
rest of the ELM-free dataset as having enhanced confinement. This is seen for the 
2.5 MA dataset in fig. 19. 

A wide variety of termination scenarios is seen in these HI H-modes, corresponding 
to the types observed in the old data [15],[26]. These include fast terminations where 
a sawtooth is coupled to an ELM, and slower terminations where the confinement 
seems to be lost at the outer part of the plasma first and the limitation of the 
temperatures moves inwards to the centre. The causes of these terminations are still 
under investigation. 

2.0XXE,,TER89P(S) 

Fig. 19 Diamagnetic energy confinement time for the 2.5MA Hot Ion H-
modesfrom the 1994 dataset compared to the 2xiEJTER81P value. 
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The DD reaction rate in these plasmas has reached a peak value of 4.5-1016 s 1 , just 
over half of the JET record value [26]. This was achieved in a 2.5 MA/ 3.4 T plasma 
with 17 MW NBI power, the extension to higher currents having not yet been fully 
exploited as in the previous campaigns. A peak value of fusion triple product (nD(0). 
TJ(O).TE) ~ 5.6*102" m3.keV.s has been reached in a separate discharge, representing 
around 60% of the previous best value, and excellent progress for this stage of the 
campaign. The fusion triple product values from some of the new HI H-modes is 
plotted in fig. 16, compared to the previous dataset. 

7. NON-INDUCTIVE CURRENT DRIVE RESULTS 

JET-PD has Non-inductive Current Drive (NICD) capability in Lower Hybrid (LH) 
waves, ICRF Fast Waves (by TTMP damping) and Neutral Beams. This 
complementary system will eventually be used for profile control to enhance the 
stability of long pulse (> 30s), high f}p discharges. Early studies have concentrated 
on LHCD [ 28] although initial work demonstrating the TTMP capability by Fast 
Waves has also been performed [29 ]. Current profile control to obtain shear reversal 
in the current ramp-up phase has been achieved using LHCD in conjunction with 
ICRF (in minority heating mode) at 2 and 3MA [4], [ 28]. 

In stand-alone current drive experiments, a maximum of 6MW of LH power has 
been coupled. 1.8MA driven current has been achieved with 4MW of LHCD power 
at (n») = 1.8'1019nr3, representing 90% of the total current. The current drive (r)CD) 
efficiency is seen to scale with volume averaged temperature and Zeff in line with 
previous results from JET [ 30] and JT-60 [31]. A maximum value of T|CD (= 
neRLyPLH) ~ 0.23'1020 MW~' mr2 has been achieved at central electron temperatures 
of7keV. 

8. FUTURE PROGRAMME FOR JET 

8.1 Remainder of the 1994-5 campaign 

The JET 1994/5 experimental campaign will continue to May 1995. For the 
remainder of the campaign, the key areas of High Performance Optimisation, 
Divertor Physics Issues and Tokamak Concept Improvement will continue to 
be addressed. 

By the end of the campaign, it is intended to establish H-mode operation at 5-
6MA and Hot Ion H-modes up to 4.5MA. The coupled power should be 
extended to the 30-40MW level. The Divertor programme is intended to take 
in radiative divertor work with neon puffing and helium transport using the 
cryopump with Argon frosting. The Long Pulse Steady-State H-modes will be 
developed with recycling control and pushed to higher fusion performance. It 
is also intended to develop high j$p discharges to resistive steady state with 40s 
pulses, and to use negative shear production and profile control to aid stability. 

ITER specific studies also figure in the near term programme with work on: 

- the effects of variable ripple in the Toroidal Field (TF), the TF 
configuration being continually varied from the full 32 coil to a 16 coil 
configuration, to complement previous experiments [32]; 



76 JET TEAM 

Mark I (1994/95) 
• relatively open 
• requires sweeping over 

horizontal targets 
• accepts wide range of 

plasmas 
• limited side plate operation 
• resilient to ELMs 

Mark MA (1995/96) 
• iroredcsednroderateslot 
• improved static power 

handling on domed and 
vertical targets 

• improved pumping 
• optimised f a JET 

Mark IIGB (1997/98) 
• ITER specific Gas Box 
• deep divertor with high 

X-point 
• baffle wide enough for ELMs 

and L-modes but closure 
adequate for H-modes 

• target design not yet finalised 
• optimised for ITER? 

Fig. 20 JET Divertor configurations. 

- demonstration discharges with ITER non-dimensional parameters eg, p 
scaling with steady-state H-modes; 

- characterisation of the H-mode power threshold, especially as a function 
of density; and 

- tests of the operation and impurity production with screenless ICRF 
antennae. 

Finally, the JET-PD target will be changed to a beryllium tile set early in 1995 
in order that a comparison of the divertor, recycling and high performance 
behaviour between C and Be targets can be made. 



JET Programme to the end of the year 1999 

1991 1992 1993 1994 1995 

Pumped Divertor 
Characterisation 

Phase 

1996 1997 

ITER Support Phase 
1 y — 

j " 1998 "J 1999 ~] 
1 

Divertor Concept 
Studies and DTE 1 

Characterisation I Divertor /Plasma | 
of ITER-specific¡Optimisation and | 

Divertor ! DTE2 I 

Pumped Divertor 
(Mark I) 

• Divertor Modifications 
(Mark IIA) 

• Preparations for DTE 1 

Divertor Modifications 
(Mark ll-GB) using 
Remote Handling 

• Modifications to Divertor, 
if necessary 

• Preparations for DTE 2 

PTE: Preliminary Tritium Experiment 

DTE 1 : D-T Experiments with <, 2 x 1020 neutrons 

DTE 2: D-T Experiments with < 5 x IO.21 neutrons 

Fig.21 Time plan for the proposed JET extension. 
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8.2 The JET Programme to 1996 and beyond 

An extension of the JET Programme by three years to the end of 1999 is 
currently being proposed. The proposed extension concentrates on those areas 
of work, namely, Divertor studies andD-T operations, which are essential for 
a decision to construct ITER. 

The extension would have two objectives: 
- to develop a credible divertor concept for ITER; and 
- to improve plasma performance and provide D-T operations in an ITER-

like configuration. 
JET would also contribute significantly to the technologies required for ITER. 

8.2.1 The JET Divertor Strategy 
The JET divertor strategy is designed to satisfy the divertor requirements 
of the JET high performance D-T programme; and to provide crucial 
experiments in support of the development of a credible ITER divertor. 

The JET divertor programme is based on three divertor configurations -
Mark I, Mark HA and an ITER-specific Mark 11GB - which will be 
introduced sequentially up to the year 1999. These are indicated in 
Fig,20. They should allow a co-ordinated, timely and cost effective 
investigation of the various options for an ITER divertor. 

8.2.2 Deuterium Tritium Experiments DTE 1 andDTE2 
A first period of D-T operation (DTE1) is foreseen before the end of 
1996. This would demonstrate long pulse fusion power production (Q>1 
with more than 10MW for more than one energy replacement time). It 
would also make important contributions to D-T physics (H-mode 
threshold, ELM and confinement behaviour, and some RF heating 
studies) which JET alone can provide in an ITER relevant divertor 
configuration. An additional technical goal would be to demonstrate the 
JET Active Gas Handling System processing tritium while supporting a 
reacting tokamak plasma. 

A second period of D-T operation (DTE2) in 1999, would permit a 
thorough study of D-T plasmas with substantial a-particle heating. It 
would also validate, in D-T, improvements in fusion performance 
achieved in the preceding experimental campaigns. 

An overall time plan of the extension is shown in fig. 21. 

9. CONCLUSIONS 

JET has successfully restarted operations in the new Pumped Divertor configuration 
and many different operating regimes have been featured in experiments. 

The excellent power handling capability of the new divertor target combined with 
the ability to sweep the strike zones has helped the routine production of longer 
pulse plasmas with lower carbon impurities than in the prvious campaigns. The 
divertor is observed to operate routinely in a high recycling regime, and ELMy H-
modes are much more prevalent than in theprevious machine. These factors, when 
coupled with the successful operation and density control facility of the pumped 
divertor cryopump, have enabled the development of Long pulse ELMy H-modes 
with steady-state characteristics and good impurity control for periods up to 50 
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energy confinement times. This regime, of interest to ITER, has been obtained with 
H factors ~ 1.8 - 2.0 and pushed to fusion triple product values of nD(o)-Tj(o)-TjB ~ 
2.65'1020nr?keV-s at 4 MA/ 3.4 T with 18 MW input power for > 4 energy 
confinement times. 

Detached plasmas have been developed from the steady-state ELMy regime but, to 
date, show only L-mode confinement. 

The high recycling conditions in the JET-PD vessel lead to very hollow density 
profiles when long ELm-free periods are obtained. The studies carried out so far 
show that the ELMs have the characteristics of ballooning modes. Except in the 
detached plasmas, the ELMs have the characteristics of giant ELMs. 

Hot Ion H-modes have been re-established at 2.5 -3.0 MA, and have produced values 
of nD(o)-Ti(o)-tE ~ 5.6 lO^m^keV-s. This level is comparable to that obtained in the 
JET Preliminary Tritium Experiment. The discharges show enhanced confinement 
but the VH-mode regime has not yet been accessed. The discharges show similar 
termination scenarios to the 1991-2 dataset. 

Studies of high Pp have achieved pV~ 2 in ELMy H-modes but without attaining the 
VH mode level of confinement. The new experiments have moved the high j L 
dataset into a more reactor relevant regime (similar to that foreseen by e.g. SSTR 
[33]) at high pN and moderate q(a). The fraction of bootstrap current in these 
discharges is still rather low, however (~ 50%). 

An extensive and challenging programme can now be foreseen based on these results 
and utilising JET-PD in its Mark I, Mark IIA and (possibly) Mark IIGB 
configurations, in support of ITER,DT physics and Divertor physics strategies in 
general. 
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DISCUSSION 

B. COPPI: What is the energy confinement time in the high /3p regimes that 
you have produced? This is an important issue for future experiments such as ITER 
which are not ideally MHD stable for low q and finite /3p and which may have to 
consider operating with high q and high ¡3P in order to achieve ignition. 

D. STORK: The energy confinement time varies from around 400 ms at 
medium power to 200 ms at around 20-25 MW. The important point to note, rather 
than the exact value of rE, is that the discharge conditions in the ELMy H modes are 
sustained for more than ten energy confinement times in a near steady state. They 
also have normalized (3 in the range of two to three and moderate q, so we feel they 
are becoming relevant to steady state reactors. 

S.I. ITOH: You have shown us various improved modes found in JET in 
different plasma parameter regimes, e.g. different density regimes or different 
q regimes. Future experimental and theoretical study would focus on the search for 
a methodology for selecting the optimum mode for steady state operation. Does JET 
have any plans to do systematic research along this line? 
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D. STORK: We do indeed have a systematic plan up to 1996 aimed at finding 
the optimum mode for scaling to future machines and achieving the best performance 
for JET. This plan splits into three parts. The first objective is to obtain the steady 
state H mode (pulse length of, at least, five energy confinement times) at higher 
currents, higher input power and high density with good impurity control. It seems 
to us that this could only be achieved in a high density ELMy H mode, but we are 
well on the way with our 4 MA discharges. The second objective would be to develop 
once again the VH mode from the hot ion H mode and to investigate how to obtain 
the steady state once the confinement degradation sets in at the giant ELM or other 
X event occurrence. The third part of our strategy would be to push the high (3p 

plasmas out to pulse lengths in the 30-40 s range, which we can do with 1 MA 
plasmas in JET. These discharges would be in resistive steady state, and it would be 
interesting to see if their confinement has remained at twice the L mode. 

It seems to us that ELM and recycling control behaviour are the keys to all these 
three avenues of research. 

R.J. GOLDSTON: Can you clarify the role of triangularity in your highest 
performance discharges? 

D. STORK: Increased triangularity has been effective in obtaining a longer 
ELM free period in our high performance discharges, but this has not necessarily 
given us higher fusion performance because in some cases the slow termination 
phenomenon sets in before a sawtooth-giant ELM combination. 

R.J. GOLDSTON: Have you exceeded the Greenwald density limit with 
confinement in excess of twice the L mode? 

D. STORK: We have exceeded the Greenwal4 density limit but not with 
confinement in excess of twice the L mode. The confinement begins to degrade at 
higher density, and this degradation (at medium power in the range of 8-10 MW) 
sets in within a 10% margin above the Greenwald limit. 
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Abstract 

Din-D PROGRAM OVERVIEW. 
Recent DIII-D results support the feasibility of advanced tokamak operation (H = T E / I T E R 8 9 P 

up to 4 and |8N = /3T/(I/aBT) UP to 6). Plasma rotation dynamics have been shown to be the key to the 
confinement improvement in the H- and VH-modes, leading to the highest DIII-D fusion triple product 
of nD(0) TETJ(0) = 5 x 1020 keV-s/m3. Plasma rotation, wall stabilization and current profile control 
are important in exceeding nominal stability performance, /3N = 3.5, and have assisted in achieving j3T 

= 12.5%. Excellent exhaust of deuterium and helium in the ELMing H-mode was achieved in divertor 
operation by using an in-vessel cryopump. Reduction of divertor heat loads was shown by radiative 
divertor operation. Achieving impurity entrainment adequate to radiative divertor operation remains an 
objective of a future radiative divertor installation. 

1. INTRODUCTION 

The DIII-D program is focussed on demonstrating the basis for an advanced 
performance tokamak reactor. Advanced confinement regimes are defined by a 
multiplier (H) times ITER89-P L-mode scaling [1]. The nominal tokamak beta limit 
is defined by a normalized beta, (3N = pT/(I/aB) (%, MA, m, T) = 3.5 [2]. While 
nominal performance (H — 2, PN ~ 3.5) is adequate for near term ignited plasma 
experiments, advanced tokamak performance can lead either to smaller, lower cost 
reactors at a given power output or higher power output for a given device size. While 
enhanced confinement enables reaching the high bootstrap current fractions needed 
for steady-state operation, the bootstrap current can pose challenges for plasma 
stability. Advanced stability regimes rely on non-inductive current profile control. To 
maximize current drive efficiency, density control must be provided by a divertor 
which can also exhaust the reactor thermal power flow. In near term devices such as 
ITER and even more so in higher power density advanced tokamaks, the power 
exhaust required of the divertor is very high. We report progress from the DIII-D 
tokamak on integrating these interlocking and conflicting aspects of confinement, 
stability, and divertor performance into a self-consistent advanced tokamak scenario. 

We discuss the experimental and theoretical basis from DIII-D for the near term 
goal of an H = 4, PN = 6 steady state plasma. A scenario called second stable core 
VH-mode SSC-VH [3] combines the plasma rotation dynamics key to H- and 
VH-mode with wall stabilization and current profile control to achieve a negative 
central shear region to support P N ~ 6 in VH-mode. Progress on the required particle 
control for fuel, helium and impurities and on a highly radiating divertor for power 
dispersal is described. 

* This is a report of work sponsored by the US Department of Energy under Contract No. 
DE-AC03-89ER51114. 
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2. ADVANCED CONFINEMENT REGIMES 

2.1. Highest nTx in VH-mode 

A new DIII-D record fusion triple product no(0) Ti(0) TE = 5 x 1020 nr3-keV-s 
was achieved in VH-mode [4] after upgrading the DIII-D vacuum vessel to 100% 
graphite coverage [5]. Previously, with 60% of the vessel wall Inconel, the per
formance of VH-mode plasmas was limited by nickel influx [6]. By baking to 350°C 
and using only helium glow wall conditioning, metallic impurities were virtually 
eliminated, oxygen levels were reduced a factor of 3-5, H-mode was achieved on the 
fourteenth discharge after the installation vent, and Ohmic H-mode was achieved at 
full toroidal field ( B T = 2.1 T) for the first time. 

Profiles and parameters of the highest nTx discharge are shown in Fig. 1. The 
highly triangular double null shape with X-points near the target plates is a key to 
obtaining a long ELM-free period. Operating at the lowest possible density promotes 
a longer ELM-free period and higher central T¡ (in this case 21 keV). Performance 
improves as wall recycling is reduced by HeGWC; best results are obtained when the 
midplane neutral pressure is <10"^ Torr [7]. VH-mode plasmas have confinement 
enhancements of up to 2.4 times the JET/DIII-D ELM-free H-mode scaling [8] and in 
excess of 4 times the ITER-89P [1] L-mode scaling. 

2.2. VH-mode Evolution and E x B Flow 

Shear in toroidal rotation (which causes sheared ExB flow) is the key to the 
confinement improvement in VH-mode. The plasma evolves much more gradually 
from the H-mode into VH-mode than the L-H transition (Fig. 2) [9]. %E [Fig. 2(a)] 
and its enhancement over JET/DIII-D scaling [Fig. 2(b)] increase gradually until the 
so-called "spin-up" time [2360 ms in Fig. 2(c)] at which time substantial shear in the 
toroidal rotation speed develops in the region 0.6 < p < 0.85. This shear in \§ 
produces shear in the ExB rotation speed through the radial force balance relation: 

Er = (Z¡eni)-1 VPi - V0i B^ + V^i B e (1) 

0.00 0.25 0.50 0.75 1.00 

P 
0.95 1.45 1.95 2.45 

R(m) 

Fig. 1. Equilibrium, profiles and parameters of the highest nTi discharge in DIII-D. 
Ip = 1.6 MA, BT=2.1T,K= 2.0, 5 = 0.86, WTOT = 2.52 MJ, T£ = 0.34 s. 
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Fig. 2. Typical waveforms for a VH-mode discharge, (a) Thermal energy confinement time 
increases during ELM-free phase and increases rapidly shortly after spinup, which starts at 

about 2350 ms; (b) Tp reaches twice the value expected from JET/DIII-D H-mode 

scaling; (c) toroidal rotation frequency from two CER chords straddling the region of 
maximum spin-up and from 2/1 MHD mode, (p is normalized toroidal flux.) (d) bursts of 
density fluctuations, observed by FIR scattering in region of plasma in which spin-up occurs, 
are quenched at time of spin-up (with the time resolution of this figure, the bursts of 
fluctuations appear as hash on the signal; when observed with finer time resolution, it is clear 
that the hash is due to discrete bursts of fluctuations.); (e) normalized toroidal beta j3/v = 
(Pj/flp/aBj1) where fij is toroidal beta, In is plasma current, a is the minor cross section and 
Bj is the toroidal magnetic field) reaches value of 2.9 at termination of VH-mode; (f) electron 
density and divertor Da radiation; (g) radiated power Prad ¡s less than 30% of injected 
heating power Pinj-

From Eq. 1, shear in E r can be produced either from the pressure profile or the 
dynamics of toroidal or poloidal rotation. While the VPj and V0j terms are most 
prominent in forming the edge (p — 0.9) E r in H-mode, the toroidal rotation 
dynamics are dominant in VH-mode (p — 0.7). Turbulence is suppressed in the radial 
region of increased ExB shear as seen in FIR scattering measurements [Fig. 2(d)]. 

The region where the ExB velocity shear increases most [Fig. 3(a)] corresponds 
to the radial region in which the transport coefficients (deduced from analysis using 
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the ONETWO code) are most reduced [Fig. 3(c) ] [10]. The magnitude of the ExB 
shear exceeds the threshold conditions for turbulence suppression proposed by 
Biglari, Diamond and Terry [11] and Hassam [12] as shown in Fig. 3(b). In H-mode 
the high ExB shear region is confined to 0.9 < p < 1.0 (AR ~ 2-3 cm). In VH-mode, 
substantial ExB shear develops as far in as p = 0.5 [Fig. 3(a). Hence VH-mode can be 
considered to arise from an increased radial penetration of the ExB shear layer. 

Further support for the causality of ExB shear in the VH-mode confinement 
improvement was obtained from magnetic braking experiments [10,13]. Using an 
externally applied n = 1 error field, we were able to reduce Er and the ExB velocity 
shear [Fig. 4(a,b)] and increase the transport [Fig. 4(c)], all in the same radial region. 

2.3. H-mode Physics 

To better understand the physics of plasma rotation, we have measured the 
rotation of both fuel and impurity ions using charge exchange recombination (CER) 
spectroscopy on HEII, CVI, and BV lines in helium plasmas [14,15]. The measured 
differences in toroidal rotation of the ions is in good agreement with neoclassical 
theory except within one pei of the separatrix. The poloidal rotation of the fuel ions 

Fig. 3. Comparison of H-mode (dash) Fig. 4. Comparison of discharges with 
and VH-mode radial electric field, Er; E x (dash) and without magnetic braking 
B velocity shear, V E X B ; and effective (solid). Magnetic braking reduces V g x B 

thermal diffusivity, Xejfi versus normalized and increases Xeff 
radial coordinate, p. The shear exceeds the 
BDT and Cs/R criteria for turbulence 
suppression 
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near the separatrix exceeds neoclassical theory by a large factor; Hinton's correctionof 
the theory for the squeezing of the banana orbits by Er shear is reasonably successful 
at matching the measurements at the very edge [16]. All the various terms in Eq. (1) 
are significant in magnitude in forming Er. 

More extensive studies of the H-mode power threshold in single null deuterium 
plasmas continued to support an earlier result P T H - S N (MW) — 0.04 ne (1020 nr3) 
B(T) S(m2) with S the surface area of the plasma [17]. In double null plasmas the 
power threshold was remarkably insensitive to ne and B j . A simple statement of the 
result is P T H - D N / S = 0.06. Extrapolated to ITER, these results give P T H - S N = 
156 MW and P T H - D N = 48 MW. 

2.5. Basic Transport Scaling 

Previous experiments on many confinement devices to test the basic p* (ratio of 
ion Larmor radius to plasma minor radius) scaling of plasrna confinement have 
yielded confusing results between gyro-Bohm HC^p* I and Bohm scaling 
IX ̂  P* )' wfth l°cal smgte fluid diffusivities often scaling differently than global Tg. 
A resolution of this problem may be afforded by results from DIII-D which for the 
first time separate the transport in the ion and electron channels using 60 GHz ECH, 
60 MHz fast wave, and NBI heating [18]. Results in Fig. 5 show the ions behave 
according to Goldston-like scaling p^ ' while the electrons show gyro-Bohm like 
scaling. Results for single fluid behavior or global TE can vary between Goldston and 
gyro-Bohm scaling depending on the weight of the electron or ion channel in the total 
transport. For example ECH heated stellarators and tokamaks have shown gyro-Bohm 
scaling while ICH and NBI heated tokamaks have shown Bohm-like TE scaling. 

3. ADVANCED STABILITY REGIMES 

The enhanced confinement regimes place DIII-D in the position where stability, 
not confinement, limits peak performance; the terminating event of VH-mode is a 
prime example. During the H- and VH-phases, the plasma density [Fig. 2(f)] and beta 
[Fig. 2(e)] increased steadily until an abrupt termination event followed by rapid 
reversion to an ELMing H-mode state [10,19]. Modes with toroidal mode number n 
in the range 1-5 are seen to initiate this event. Calculations with the GATO code 
indicate these modes are ideal kinks driven by the growing bootstrap current near the 
plasma edge produced by the growing pressure gradient. Other studies [20] have 
indicated the interior plasma stability may be important. In the VH-phase, #(0) rises 
above 1.0 and the termination event is observed to coincide with the return of q(0) to 
1.0. We discuss two approaches to enhanced stability: wall stabilization and shaping 
of the interior q profile. 

3.1. Wall Stabilization, Rotation, Highest P T 

Previous work employing elongation (K) ramps and current ramp down 
techniques to raise the plasma internal inductance t\ showed the P-limit rose in 
proportion to l\. The dependence on l\ could be expressed as a modification of Troy on 
scaling P N = 41\ [21,22]. These transient approaches to reducing the edge current 
density are difficult to replace with rf current drive (anti-current drive) techniques 
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CM 

Fig. 5. Ratios of thermal diffusivities atBj = 2T and 1 Tfor electrons, ions, and the single 
fluid average. Discharges at Ip = 0.5-1.0 MA, ÏÏe = 1.2-3.1 x 1019 rn3, P = 0.6-1.9 MW, 
same profiles offi, v*, and q. 

applicable to steady state since the current drive efficiency is low in the low 
temperature edge plasma. Hence the high l\ route to enhanced P N is n o t readily 
combined into a long pulse enhanced confinement scenario [3]. 

A set of recent high P discharges reaching a new record px = 12.5% were 
obtained to show that a resistive wall can stabilize the low n kink modes in a rotating 
plasma [23]. To promote strong toroidal rotation and coupling to the wall co-injected 
neutral beams were used and a full-size double-null plasma was used (Fig. 6). The 
best discharges in this series have beta values up to 50% greater than predicted by 
p N = 4 4 (Fig. 7). The record p discharge (Fig. 6) reached PN = 4.3,40% greater than 
P N = 4 ¿ ¡ . 

Detailed evidence of wall stabilization was obtained in a discharge at lower 
current (Fig. 8). In this case, q was above one everywhere, eliminating the m/n = 1 
internal kink from the analysis. At maximum P, GATO predicts stability to the ideal 
kink with an ideal wall at the actual vacuum vessel position but instability if the wall 
is 10%-20% further away. The discharge exceeds the no-wall P-limit by 30% for 
60 msec, over 10 wall penetration times. During the high P phase, TAE modes cause a 
loss of 50% of the beam ions, reducing the toroidal momentum input and slowing the 
plasma rotation. When the q = 3 surface stops rotating, an m/n = 3/1 mode grows on a 
wall penetration time (5 ms) and causes a p collapse. 
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Fig. 6. High beta equilibrium reconstruction, incorporating measured plasma density, 
temperature and current density profile data. Discharge 80108: /? = 12.5% = 4.3 (I/aB), $0) 
= 33%, qgs = 2.5, / / = 0.77, Ip = 1.5 MA, Bj = 0.79 T. 

60108 
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t{ (I/aB) 
600 650 700 

Time (ms) 

Fig. 7. Scaling of the DHI-D beta limit Fig. 8. Time evolution of discharge 80111, 
with 4 including the recent high wall showing rotation frequencies at several 
stabilization experiments (solid circles). rational surfaces determined from magnetic 

(Mirnov) oscillations and CER spectroscopy, 
6Br of the non-rotating m/n = 3/1 mode from 
saddle loops at the midplane, normalized 
beta y3/v and neutral beam power PtfB-
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3.2. Interior q Profile Modification 

This approach to enhanced stability has two components. The first is to simply 
eliminate low order rational surfaces by raising ÇMINÎ e-8- providing <3MIN > 2-5. 
Enhanced performance in high Pp plasmas in DIII-D was observed with qo above 
2 [24]. In these 0.4-0.8 MA plasmas heated with 3-10 MW of NBI, p p reaches 3.6. 
The high bootstrap current at larger radii causes an outward diffusion of the remainder 
of the current raising qo above 2. MHD activity disappears and a spontaneous regime 
of improved core confinement appears. Central pressure (mainly density) doubles in 
one second (Fig. 9). The increased pressure gradient causes the bootstrap fraction to 
further rise to 78%. The resulting discharge is second stable in the core and has access 
to second stability across the entire plasma. The energy confinement time reaches 2.1 
times ITER-89P L-mode scaling. 

The second approach is to provide a region of negative central shear; i.e., qo > 
<7MIN> by current profile control. Our previous highest P discharges (px =11%) [25] 
exhibited a negative central shear region (go = 1.1, <?MIN = 0.85) and hence had 
access to the second regime. Very high central pressure was observed (PT(0) = 44%). 
Improved confinement in a negative central shear region has been reported in other 
experiments [26,27]. 

Both wall stabilization and negative central shear can be combined to give 
P N ~ 6 [28]. In Fig. 10, we show that typical VH-mode plasmas with q(0) ~ 1 have 
terminated with PN ~ 2.8-4.0; the negative central shear is predicted to raise the beta 
limit to PN ~ 6. However, wall stabilization is also required; PN ~ 2.8 would be the 
beta limit with no wall. 

3.3. Fast Wave Current Drive 

To produce the negative shear feature in steady state, rf current drive is required. 
Fast wave current drive experiments in DIII-D have coupled up to 1.6 MW of power 
with one antenna; this has been combined with an additional 1 MW of 60 GHz 
ECCD [29]. At B T = 1.0 T the fast wave was observed to heat the electrons with the 

T 1 P 
0.0 0.4 0.8 1.2 

TIME (s) 

Fig. 9. Time evolution of central q, plasma internal inductance, bootstrap current fraction 
and neutral beam driven current fraction in a high fip plasma. The density profile peaks 
strongly when qo > 2. 
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same efficiency as ECH provided Te was high enough for good wave absorption. 
Non-inductive currents of up to 0.19 MA were measured for Ip = 0.3-0.4 MA, of 
which 0.11 MA was due to FWCD and the rest was ECCD and bootstrap current. The 
FWCD efficiency increased with the electron temperature. 

Discharges with 100% non-inductive current drive were achieved for short 
periods with combined FWCD and ECCD by rapidly ramping the current from 0.4 to 
0.17 MA. This allowed the creation of a discharge with high confinement compared to 
that of a stationary discharge of the same current. The FWCD efficiency measured for 
full current drive cases is in agreement with theoretical calculations. Changing the 
FWCD antenna from co-current to a non-directional phasing resulted in a positive 
loop voltage and no measurable FWCD. These results indicate that complete current 
drive was achieved and that the amount of current drive depends upon the antenna 
phasing and good absorption of the fast wave power. 

3.4. Enhanced Performance and Discharge Shape 

To guide design of a new radiative divertor, a study of peak performance in 
double null discharges with K = 1.7 and 2.1 and 8 = 0.3 and 0.85 was performed [20]. 
The result in Fig. 11 shows the highest (K,8) plasma has almost twice the fusion 
product as the lowest (K,8) case. The two high triangularity plasmas reached P N H = 
12 while the two lower 8 cases only reached PNH = 7.5, indicating that high 8 was a 
key to high performance but that K could be lowered at high 8 without compromising 
high normalized performance. Accordingly a new radiative divertor design was based 

T"—i 1 1—S 5—r 
0.5 1.0 1.5 2.0 2.5 

Olll-O 
rwall/rwall 

10 15 20 
S^ l+K^m 2 ) 

Fig. 10. Variation of the highest stable 
normalized beta with the ratio of assumed 
conducting wall radius to the radius of the 
actual wall in DIII-D for current profiles 
with negative central shear. With q(0) ~ 1, 
VH-modes terminate forj3/y = 2.8-4.0. 

Fig. 11. P'TJI (%-sec) versus a factor 
which should contain the dependence of 
fixE on geometry. S = q\j/(I/aB). 
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round a K = 1.8, 6 = 0.85 equilibrium. The results quoted above are for the ELM-free 
phase. In the ELMing phase following the VH-mode termination event, performance 
was much reduced and about the same in all four shapes. In the ELM-free phase, q(0) 
> 1.0 and the termination instability seems to occur when qo again is driven back to 
1.0 [20] by rising density. A transport simulation showed that if the pumping to be 
obtained from the new radiative divertor could hold the density down to ñ e = 7 x 
1019 m~3, the termination event (the return of qo to 1.0) would be deferred until after 
the 5 second beam pulse and the plasma would reach T¡(0) — 25 keV and Te(0) — 
9 keV with 88% of the current being non-inductive, a most promising expectation for 
the new divertor. 

4. PARTICLE CONTROL 

4.1. Density Control 

Besides the prediction above, many other linkages of improved particle control 
and confinement have been established. Reduction of wall recycling led to and has 
improved H- and VH-mode. Low density, hot ion regimes produce the highest nTi 
values. Density control is necessary to utilize efficient non-inductive current drive for 
profile control. In early 1993, a torodially symmetric cryopump was installed under 
the divertor baffle in DIII-D [30] (Fig. 12). With the pump cold, it can be turned "on 
or off by moving the outer divertor strike point toward or away from the pump 
aperture. This continuous adjustability of the pumping rate has been used to make 
closed loop feedback for the plasma density [30]. 

In unpumped H-mode discharges, after the L-H transition the density rises 
rapidly until the onset of ELMs clamps the density (Fig. 13). The final density is set 
by the current, ïïe (1019 m-3) = 6 x Ip (MA). With the pump on (Fig. 13), the density 
increase during the ELM-free phase still occurs, but when the ELMs begin, the 
density is pumped down to the L-mode level. Pumping rates were large (40 Torr^/s) 
compared to beam fueling rates (10 Torres) [31]. In ELM free H-mode [7], the rate 
of rise of plasma density was cut in half from 57 Torr^/s unpumped to 27 Tont/s 

Fig. 12. Bias ring, baffle, and cryo-pump in the lower, outboard region of DIII-D. 
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Fig. 13. A comparison of two otherwise similar H-mode shots, with (solid) and without (dash) 
divertor pumping, (a) plasma current, (b) line average electron density, (The sudden density 
drop at t—4.6 s is due to a transition back to the L-mode. The transition is due to reduced 
auxiliary heating power at t—4.2 s.) (c) ion temperature at normalized radius 0.2, (d) central 
electron temperature. On this time scale, ELMs are present throughout the H-phase. 

pumped by a reasonable pumping rate of 13 Torres. A pumping rate of 7.5 Tortf/s 
was obtained in the poor quality low triangularity VH-mode plasmas run in the 
performance versus shape study. These are promising results for the new divertor 
installation that will be able to pump highly triangular high performance plasmas. 

This very effective particle removal has been used to feedback regulate 
densities a factor of two apart at the same current; the results showed that TE in 
H-mode depends on current and not density [31]. Energy confinement is not affected 
by pumping. When the density is reduced the temperature rises proportionally 
(Fig. 13), a very favorable result for enhancing current drive efficiency. Because 
collisionality is reduced and more NBI power goes to the ions, the ion temperature 
increases more than the electron temperature. 

4.2. Helium Exhaust 

Reactors need efficient helium exhaust in the range T ^ A E = 7 - 1 5 . The 
cryo-pump was enabled to pump helium by condensing a 1.5 [im layer of 1500 Torrf 
of argon on the pump. The pumping speed for He was 18 000 £/s when the Ar layer 
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was fresh but diminished in a discharge as D2 covered the argon. A short (50 ms) puff 
of helium was allowed to diffuse fully into the core plasma before the pump was 
"turned on" by moving the outer separatrix strike-point out to it. The core helium 
content (measured by CER) is pumped out of ELMing H-mode as shown in Fig. 14 at 

a rate giving Tjje/TE = 8 when the decrease of the pumping speed with time is taken 
into account, a value well within the range of reactor applicability [32]. 

4.3. Impurity Transport in the SOL 

We are exploring the use of injected noble gas impurities to achieve a radiative 
divertor condition. Preferential retention of impurities in the divertor might be 
sustained by controlling SOL conditions so that the flow friction of the fuel ions on 
the impurity ions, which drives the impurities toward the divertor plate, substantially 
exceeds the thermal force, which pushes impurity ions up the temperature gradient 
toward the core plasma. This situation is not normally achieved in DIII-D [33]. 
Analysis of a background plasma obtained from a fit of the UEDGE 2-D fluid code to 
a typical attached, non-radiative divertor condition shows that only within a few cm 
poloidal distance of the divertor plate does the flow friction dominate. An estimated 
fuel ion flow to the divertor of 400 Torr^/s would make the impurity flow everywhere 
toward the divertor plate. 

An experimental result on the gas flow required for impurity entrainment was 
obtained from the "puff and pump" experiment [30]. A gas flow of 200 Torr^/s was 
admitted at the midplane and pumped by the cryopump. Short diagnostic puffs of 
argon showed that the core argon level was reduced by a factor of 20 when the 
200 Torr^/s flow was present, compared to the no-flow case. The radiative divertor 
installation will allow gas flow rates three times higher than the present 200 Torr^/s to 
be pumped. 

• No Helium Pumping 
o With Helium Pumping 

Fig. 14. Comparison of the evolution of the helium density near the plasma center measured 
with CER spectroscopy during discharges with and without helium pumping by Ar frost 
applied to the divertor cryopump. Helium was puffed at 1.5 s and the outer divertor strike 
point was swept to the baffle entrance at 2.0 s to initiate active pumping. The dashed curves 
represent MIST code transport calculations using different recycling models after the OSP 
sweep: (a) Rtfe - 0.98, (b) steadily increasing Rfje wüh ^He = 0.95 at the OSP sweep, 
(c) Rfje = 0.95. Rf{e is assumed to be unity before the OSP. 
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4.4. Divertor Biasing and ExB Flow 

If high density approaches to radiative or gas target divertors prove 
incompatible with the low densities needed for non-inductive current drive, then 
divertor biasing may be the additional control feature needed to create sufficient 
impurity entraining fuel ion flow even when the core plasma density is low. Biasing 
creates flow by ExB drift [34]. The observation of such strong flow effects is the main 
result of divertor biasing experiments in DIII-D. Without biasing of the ring electrode 
(Fig. 14), the outer strike point must be positioned ±0.5 cm in the pump throat for 
optimal pumping. With biasing <200 V, the OSP can be moved up to 7 cm from the 
pump throat and effective pumping is maintained owing to ExB flow patterns set up 
around the bias ring. Favorable results on impurity and helium exhaust have been 
obtained on TdeV with poloidal ExB flow set up by biasing [35]. 

5. SOL PLASMA STUDIES AND MODELING 

5.1. Power Balance 

Power accountability of >85% of the injected power in ELMing single null H-mode 
discharges was achieved by expanding the IR camera coverage and adding a 48 
channel bolometer array [36]. We discovered the inboard leg of the divertor has much 
more radiated power than the outer leg, which counter-balances the greater power 
conducted to the outer divertor plate, resulting in nearly equal (in/out ratio 1:1.3) total 
power flows in the inner and outer legs. 

5.2. UEDGE Modeling of SOL Plasmas 

The 2-D fluid code UEDGE achieves a good match to measurements of SOL 
parameters using diffusion coefficients in the range 0.02 < D(m2/s) < 0.25 and 0.1 < 
%e,i (m2/s) < 0.5 [37]. The peak power flux to the divertor plate flows in a narrow 
electron conduction layer; the broader feature is an ion conduction region. Generally 
Ti (sep) > T e (sep); Ti (sep) up to 2 keV has been seen in DIII-D. Runs of UEDGE 
with only deuterium substantially over-estimate the power to the inner divertor plate. 
As was discovered with the bolometry, this discrepancy is resolved by impurity 
radiation from the inner leg. The in/out asymmetry in power conducted to the divertor 
plates can be cut in half by 0.6% carbon concentration. Inclusion of fluid drifts (B x 
VT, E x B) in UEDGE did not account for the in/out asymmetry. 

5.3. Non-Axisymmetric Effects 

Magnetic field perturbations such as those caused by (J limits, locked modes, 
and the use of the n = 1 coil cause substantial toroidal asymmetries in the heat flux 
profile on the divertor plate [38]. During a locked mode with B r = 2.1 x 10"3 T (BT = 
1.7 T) the heat flux profile exhibited two peaks at a toroidal angle (|) of 60° and three 
peaks at <{) = 165°. The nearly equal peaks were separated by 10 cm. Such factors must 
be taken into account in divertor design. 
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6. RADIATIVE/DETACHED DIVERTOR EXPERIMENTS 

6.1. Deuterium Puffing Experiments 

Gas puffing experiments demonstrated heat flux reduction in high confinement 
H-mode plasmas [39]. A ~1 s D2 pulse at 105 Torr^/s was puffed at one toroidal 
location above the plasma midplane. After a delay of several hundred ms, the heat 
flux measured at the divertor plate with an IR camera dropped by a factor of 3; this 
reduction was maintained even after the puff was decreased. In the present open 
divertor configuration, there are effects on the core plasma: the electron density rises, 
and the ELM behavior changes dramatically. 

A tomographic reconstruction of the radiation pattern in the plasma (Fig. 15) 
shows a very localized radiation zone just outside the separatrix near the X-point. 
Before the D2 puff, most of the radiation appears near the inner strike point (similar to 
the inner distribution in Fig. 15). This is evidently a "natural" radiative divertor with 
carbon and deuterium radiation sources. From an interferometer chord passing 
vertically through the radiation zone we infer that the radiation zone is a region of 
increased electron density. Therefore, the enhanced radiation is at least partially 
caused by an increase in ne. 

Measurements with a Langmuir probe array at the divertor plate show a marked 
reduction in the ion saturation current after the divertor heat flux is reduced. The 
plasma pressure at the plate has also been obtained from the probe data, and has been 
compared with the pressure at the plasma midplane derived from measurements of Te 

and ne (from Thomson Scattering) and T¡ (from the Charge Exchange Recombination 
(CER) diagnostic). During the period of heat flux reduction, the pressure near the 
X-point decreases by nearly an order of magnitude, while the pressure away from the 
X-point increases by almost the same amount indicating radial momentum transport 
and a detached plasma. Models indicate that it is plausible that plasma momentum is 
exchanged with neutrals. 

6.2. Neon Puffing Experiments in the Advanced Divertor (AD) 

As neon recycles from the carbon walls in DIII-D, only a short 100 ms puff at 
15 Torr^/S' was injected below the X-point. The heat flux at the divertor plate 
decreased immediately, while the average TE remained nearly constant. There was a 
large change in the ELM behavior, resulting in modulation of the stored energy; a core 
neon concentration of 2%-3% was measured from charge exchange recombination 
emission. The resulting Zeff is ~3. 

The tomographic reconstruction of the radiation pattern (Fig. 16) showed a 
localized radiation zone near the X-point but also a radiating mantle around the 
plasma core, with roughly equal radiation in each. From the vertical interferometer 
chords we infer that in this case there is not a local increase in ne. We have compared 
the measured emissivity profiles with MIST calculations. The general shape of the 
MIST emissivity profile is consistent with the bolometer inversions, and the peak 
value is consistent with a 3% core neon concentration. MIST indicates that neon is 
fully stripped over most of the plasma cross section and radiates in the mantle region 
where the Te is reduced [39]. 
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Shot 79341 @3200ms 

Fig. 15. (Top) The two-dimensional 
radiated power density profile obtained 
from tomographic reconstruction of two 
24-channel bolometer arrays obtained 
during the gas puff at 3200 ms for 
discharge 79341. Note the localized 
radiation zones near the X-point. (Bottom) 
The divertor plate heat flux measured by an 
IR camera; note the radial profile is 
asymmetric before the gas puff at 2500 ms 
(solid line). The heat flux is reduced by gas 
puffing at 3200 ms (filled-in curve). 
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Fig. 16. The tomographic reconstruction 
at 3200 ms of the bolometer data and the 
heat flux profile on the divertor plate for 
discharge 79349 with neon puffing. The 
radiation is divided roughly equally 
between a localized radiation zone near 
the X-point and a radiating mantle 
around the core plasma. 

7. RADIATIVE DIVERTOR MODIFICATION OF DIII-D 

At the end of 1996, the new slot-like divertor arrangement shown in Fig. 17 will 
be installed in DIII-D [39]. Either single or double null operation will be possible. 
Four cryo-pumps will triple the installed pumping speed and allow separate pumping 
of the inner and outer strike points and the private flux region. Provision for biasing a 
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Pumping of Either 
Inner or Outer Strike 
Points 

Either Single or Double-null 
Operation at High 
Triangularity 

Diagnostic Access 
Good for Physics 
Studies 

Operation on Top 
of Shelf Possible 

Flexible Design—Vary 
Slot Width by Changing 
Tiles, Height Can Also 
be Changed 

Simplified Divertor Bias 

Fig. 17. Overview of the Radiative Divertor concept for DIII-D. This is a double-null divertor, 
with pumping at each strike point and biasing. The slot width and height can be easily varied. 

narrow bundle of field lines on the outer separatrix for creating poloidal ExB flow is 
included in the design. The use of inertially cooled ATJ graphite tiles allows 
geometric flexibility. The slot width can be changed by changing tile thicknesses and 
the slot length can be changed from 23 cm to 43 cm by vertically re-locating the water 
cooled backing plate structures. The diagnostic access is similar to the present DIII-D 
configuration for the 23 cm case but is more difficult for the deeper slots. 

The slot geometry will baffle fuel neutrals and impurities to encourage radiative 
divertor performance. The slanted slots are expected to focus increased plasma flow 
into the electron conduction layer to enhance impurity entrainment. DEGAS neutral 
transport calculations in a background plasma provided by UEDGE for various 
divertor arrangements (present open divertor, gas bag, slanted baffles at 23-43 cm 
depth) have shown reductions in core plasma fueling of a factor of 10-20 for the slot 
cases from the present open geometry. Hence with operation similar to present DIII-D 
operation the radiative divertor should lower core fueling and perhaps farther improve 
confinement or alternatively gas levels in the divertor can be increased a factor of 10 
and still maintain the present core fueling rates. 

8. SUMMARY AND FUTURE DIRECTIONS 

We have integrated the various results discussed in this paper into a consistent 
scenario for an H = 4, PN = 6 regime in DIII-D that would be consistent with steady-
state operation and power handling in TPX and ITER and a discussion of this scenario 
affords a forward looking summary of our results. We call this scenario the second 
stable core VH-mode (SSC-VH) [3] and its parameters, equilibrium, transport 
profiles and stability are shown in Fig. 18. In DIII-D, H factors up to 4 have been 
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obtained in VH-mode and the highest nD(0)XETj(0) = 5 x 1020keV sec/m3 in 
DIII-D was produced in VH-mode [4]. The SSC-VH assumes H = 3.6. Strong 
toroidal rotation shear in the region 0.6 < p < 0.9 causes the enhanced confinement in 
VH-mode and in that radial region the large pressure gradient creates a large 
bootstrap current [10]. In the SSC-VH scenario, the current in the region p > 0.7 is 
almost entirely bootstrap current and the total bootstrap current fraction is 65%. This 
large edge bootstrap current [10] and/or an unfavorable central q profile [20] (#(0) < 1 
and monotonie) leads to the beta limit or VH-mode terminating event in DIII-D. Low 
n kink modes associated with broad current profiles are stabilized by a nearby 
conducting wall in the SSC-VH scenario [28]. Wall stabilization has been shown to be 
effective in DIII-D and played a role in achieving PT = 12.5% [23]. Toroidal plasma 
rotation is required for effective wall stabilization and strong toroidal rotation is an 
intrinsic feature of VH-mode. 

To increase PN fromtne range 2.8-4.0 (where present VH-modes with #(0) ~ 1 
terminate) up to ~6, central negative shear is used in the SSC-VH scenario. Stability 
calculations using GATO show the SSC-VH scenario is stable to n=l and n=2 kinks 
with negative central shear and wall stabilization [28]. Experimental support for 
confinement and stability advantages of q(0) > 1 and/or negative central shear was 

PN=5.7 
H =3.5 

fbs=65% 
PT=7.5% 
Pp=2.8 

>p = 1.6 MA 
BT = 1.95T 
K=2.1 
5=0.8 

^95=6.5 
PTOT=20.0MW 
PECH=7.0MW 

PFW=6.5MW 
PNBI=6.5MW 

0.4 0.6 
R(m) 

Fig. 18. Second stable core VH scenario, (a) pressure profile, (b)flux surface average 
toroidal current density made up ofrfand neutral beam driven currents and bootstrap curent 
from transport calculation, (c) q-profile, (d)flux surface contours. 
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obtained from the high pp [24] and plasma shape optimization studies [20] and our 
previous PT(0) = 44% discharges [25]. 

The plasma shape optimization studies showed high triangularity was the key to 
high PTE and PNH. A new radiative divertor installation will allow divertor pumping 
and density control in these optimal shapes [39]. For steady-state, the SSC-VH 
scenario uses ECCD and FWCD to control the central current profile. Current drive 
efficiencies that have been measured on DIII-D are in accord with theory [29] and are 
sufficient for the SSC-VH scenario provided the new radiative divertor can hold the 
density down to 60% of normal, unpumped H-mode values. This degree of density 
control has been demonstrated with the present cryo-pump in DIII-D [30]. The 
radiative divertor must demonstrate compatibility between support of the SSC-VH 
scenario and ITER-relevant functions such as burn control, helium ,exhaust, and>high 
power exhaust capability. Helium exhaust adequate for a reactor ÍTfje/Tg =8] has 
been obtained with ELMing H-mode in DIII-D [32], Detached plasma regimes with 
factor 5 reductions in peak divertor plate heat flux have been obtained in a geometry 
as compact as the new radiative divertor [39]. DIII-D results provide a basis for an 
advanced tokamak scenario compatible with a reactor-relevant divertor. 
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DISCUSSION 

H.K. PARK: It is remarkable to see that DIII-D has produced high n¡TET¡ — 
5 x 1020, comparable to bigger machines. However, another important measure of 
fusion research is neutron production. How is your neutron production by compa
rison with other machines with similar nrTj? 

R.D. STAMBAUGH: The D-D neutron rate in high performance plasmas in 
DIII-D lies in the range of (3-7) x 1015 per second. 

G. FUSSMANN: I was surprised to learn that you place so much emphasis on 
the toroidal shear when explaining the VH mode, whereas in the normal H mode the 
poloidal rotation is of major importance. What evidence do you have that it is mainly 
the toroidal shear velocity which matters, and how is it produced? 

R.D. STAMBAUGH: The basic flow that affects turbulence is theoretically 
expected to be E X B flow. The radial E can be produced from either the pressure 
gradient, the poloidal rotation or the toroidal rotation. We have found (see also paper 
A2-5 by K.H. Burrell) that poloidal rotation triggers the L-H transition while VP 
'locks in' the L-H transition. The E field in the VH mode is produced mainly from 
the toroidal rotation. We have measured all these separate contributions to E radial. 

K. IDA: When E x B velocity shear exceeds the Biglari-Diamond critical 
Cs/R, the effective thermal diffusivity decreases in the VH mode. However, the 
reduction in the effective thermal diffusivity may not be consistent with the Biglari-
Diamond model since the model predicts an increase in poloidal rotation associated 
with the suppression of turbulence but the measurements show an increase in toroidal 
rotation, not poloidal rotation. Can the Biglari-Diamond model explain the increase 
in toroidal rotation in VH mode? 

R.D. STAMBAUGH: The paper by Biglari, Diamond and Terry (Phys. Fluids 
B 2 (1990) 1 (BDT); was one of the first to give criteria for turbulence suppression 
by sheared flow. At that time, the focus was on poloidal rotation. Shortly thereafter 
it was agreed that E x B flow should be the basic flow that influences turbulence. 
The physics in the BDT paper is more general than it may appear and applies equally 
well to sheared E x B flow. We believe that the BDT criterion can be used generally 
as a criterion for suppression of turbulence by E x B flow shear. 

F.W. PERKINS: Neutral beam heating has been used for quite some time. 
What are the new features that allow toroidal velocity shear to develop and thus 
provide for a VH phase and transport barrier in the core plasma? 

R.D. STAMBAUGH: The transport model by Hinton and Staebler (Phys. 
Plasmas 1 4 (1994) 909) provides an explanation for the slow evolution of the plasma 
into the VH mode. The essential element is to put into a 1-D transport model diffusion 
coefficients that decrease strongly as shear in E X B increases. The plasma must be 
driven. ITER will have an abundance of drive power. 

P.K. KAW: Do you see a reduction in the radial correlation length of the 
turbulence when you operate in the VH mode? 

R.D. STAMBAUGH: We have not made these measurements yet. The radial 
correlation length in the H mode edge layer is shorter than in the L mode. 
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Abstract 

RECENT RESULTS ON TORE SUPRA. 
Recent results regarding heating, confinement, current drive and profile modifications, 

and heat and particle exhaust are reported. Improved core confinement is obtained after pellet 
injection (pellet enhanced performance (PEP)) or lower hybrid current drive (lower hybrid 
enhanced performance (LHEP)) and may be linked with small - or reversed - central magnetic 
shear. Conversely, by increasing the magnetic shear in the gradient region, both LHCD and 
fast wave electron heating (FWEH) have produced improved global confinement with HRLW 
up to 2 at Pp = 1.1, and 45% of the current was carried by the bootstrap current. Fast wave 
current drive has been observed at the level of 80 kA in a 0.4 MA discharge. In the ergodic 
divertor configuration, stable radiative layers were obtained with neon injection. At least 80% 
of a total of 7 MW injected power was radiated without confinement degradation or impurity 
accumulation. Finally, the heat exhaust capability of the various actively cooled plasma 
facing components is briefly described. 

1. INTRODUCTION 

TORE SUPRA is a large superconducting tokamak (major radius : 
R = 2.4 m, minor radius : a < 0.8 m) routinely operated with a toroidal 
magnetic field intensity Bo ~ 4 T on axis. High-power ion cyclotron resonant 
heating (ICRH) and lower hybrid current drive (LHCD) have been used 
throughout the 1992-1994 experimental campaigns with powers up to 8 MW 
and 6 MW respectively (several second pulses) and long-pulsé discharges have 
been produced with up to a 62 s flat-top at reduced power. 

Steady-state heat and particle exhaust is now becoming one of the major 
challenges in thermonuclear fusion research. The TORE SUPRA edge plasma 
is controlled through a 12 m2 graphite inner wall, a set of pump limiters and an 
ergodic divertor, all water cooled. This provides a unique configuration for 
studying the energy transfer mechanisms between the plasma and the wall by 
radiation and convection, their compatibility with particle exhaust, and the 
technology of actively cooled plasma racing components. 

1 See the Appendix. 
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The recent experimental physics program has thus focussed on two major 
items: 

i) the improvement of plasma confinement and stability through the 
control of the current density profile, with the objective of obtaining stationary 
enhanced performance regimes; 

ii) the production of stable radiative layers in the ergodic divertor 
configuration with the aim of preparing steady-state operation with reduced 
peak heat load on the plasma facing components. 

The next section of the paper will be dedicated to general transport 
studies, and subjects i) and ii) will be dealt with in sections 3 and 4. Finally, 
the heat exhaust capability of the various actively cooled plasma facing 
components will be briefly described in section 5. 

2. TRANSPORT STUDIES AND FLUCTUATION MEASUREMENTS 

To improve our understanding of anomalous transport and its relationship 
with plasma turbulence, both density and magnetic fluctuations have been 
measured in various plasma regimes [1]. The corresponding diagnostics 
involve reflectometry, coherent CO2 laser scattering and microwave cross-
polarization scattering. 

2.1. Ohmic and auxiliary heated limiter discharges 

Ohmic plasmas generally follow the neo-Alcator confinement scaling. Up 
to volume-averaged electron densities of 2 x 1019 m~3 the electron thermal 
diffusivity (%e) decreases with increasing density and a similar trend is 
observed on the edge density fluctuations. At higher densities, no further 
decrease of these fluctuations is observed and %e also remains constant 
(1 m2/s). In this "saturated" ohmic regime, the ratio between the heat and 
particle diffusivities, %e/D, is of the order of 3-4. In constrast, the level of 
magnetic fluctuations always increases linearly with density. 

In auxiliary heated plasmas (ICRH and LHCD with predominant electron 
heating) the magnetic fluctuations in the plasma interior increase significantly 
while the confinement degrades (fig. 1), which proves the full electromagnetic 
character of the enhanced turbulence [1,2]. Discharges with ohmic-like current 
density profiles are in fairly good agreement with the Rebut-Lallia-Watkins 
(RLW) global scaling, especially with respect to the density dependence. The 
RLW expression for the local heat diffusivity [3] also fits satisfactorily the 
experimental data at high power, when the electron temperature gradient is 
larger than the predicted critical gradient (VTC). The agreement is not so good 
when VTe is close to VTC (i.e. at low power) which suggests that the RLW 
expression of the critical gradient could be inaccurate. Including a simple 
magnetic shear dependence in it would indeed lead to a better agreement [4]. 
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FIG. 1. Behaviour of the magnetic fluctuations in ohmic and auxiliary heated discharges as a junction 
of the central density. The parameters of these helium plasmas are Ip = 1.3 MA, B, = 3.7 T, qa = 3. 

2.2. Confinement in the ergodic divertor configuration 

When a resonant magnetic perturbation (q = 3) of sufficient amplitude is 
applied through a set of ergodic divertor (ED) coils [5], the magnetic field lines 
become quasi stochastic within the edge plasma layers. Due to increased 
electron losses in this region, the radial electric field profile is strongly modified 
as deduced from the analysis of the Doppler shifted density fluctuation spectra 
and confirmed by rotation measurements. The electric shear layer (E-field 
reversal) is pushed inwards at a normalized minor radius r/a - 0 . 8 where a 
thermal barrier is created. Inside this radius, the temperature profiles and the 
transport coefficients are basically unchanged, but the electron temperature 
gradient just outside r/a - 0 . 8 reaches values larger than 5.2 keV/m at the 
border of the stochastic layer in which both the temperature and its gradient are 
small (fig. 2a). The density gradient at the edge is weakly affected. The 
temperature pedestal indicates a strong reduction of the heat diffusivity near the 
electric shear layer. This is correlated with a significant reduction of the density 
fluctuation level in the region r/a > 0.8 as seen from both reflectóme try 
measurements (fig. 2b) and coherent scattering (fig. 2c) [1]. As far as the 
global confinement is concerned, and thanks to the thermal barrier, these 
discharges are similar to limiter discharges in that they still follow the RLW 
scaling despite the magnetic field stochasticity in the outer plasma layers. 
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ôn (a.u.) 
20-

FIG. 2. (a) Temperature profiles with (open) and without (black) the ergodic divertor. Triangles 
correspond to measurements by Thomson scattering and squares are from Langmuir probe measure
ments. The (helium) plasma parameters are <ne> = 3.5 x 1019 m'3, Ip = 1.4 MA, Bt = 3.2 T, 
qa = 3. (b) Radial profile of the reduction of the turbulence level with ergodic divertor operation, 
measured by reflectometry. (c) Evolution of the squared density fluctuation level measured by coherent 
scattering for a wave vector k = 400 m'1. 

3. IMPROVED CONFINEMENT REGIMES 

3.1. Pellet enhanced performance (PEP) 

As in JET, pellet enhanced performance has been observed (fig. 3) 
during which the fusion product nioTioiE reaches a peak value of l.lxl(F0 m-
3.keV.s [6]. This was obtained at 4 T / 1.3 MA with 3 MW of ICRH heating 
following a fast pellet injection in the plasma core (pellet velocities up to 3.3 
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F/G. 3. Time evolution of the plasma parameters for a typical shot with injection of a fast pellet 
(2 km/s, 2.5 x 1021 deuterium atoms) and ICRH. 

km/s were achieved in the plasma with a two-stage pneumatic injector). The 
density on axis was transiently raised above 2x1o20 nr3, producing a peaked 
density profile and a central magnetic shear reversal. Code simulations (LOCO, 
TRANSP) indicate a local reduction of the heat diffusivity [1]. 

3.2. Steady-state lower hybrid enhanced performance (LHEP) 

A stationary improved confinement regime named "LHEP" has been 
observed when the current density and electron temperature profiles are 
strongly decoupled. This occurs when sufficient LH power drives most of the 
plasma current non-inductively (PLH > 2-5 MW for Ip < 0.8 MA, ne(0) » 2.5 -
3xl019 nr3). The LHEP regime is characterized by an increase of the magnetic 
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FIG. 4. Stationary LHEP discharge: Ip = 0.8 MA, B, = 4T, ne (0) = 2.7 x 1019 tn3, Pw = 3 MW. 
(a) Current density profile at t = 8 s. Total and LH-driven currents are obtained with magnetic recon
struction (IDENT-D) and ray-tracing (Bonoli-Fuchs) codes, (b) Time evolution of the electron thermal 
diffusivity (xe), central safety factor (q0) and central electron temperature (Te0). 
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FIG. 5. Confinement improvement factor, Hg^, versus /3p: L-mode (+), LHEP (X), FWEH (O), 
combined LHEP/FWEH (*). 
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FIG. 6. Bootstrap current fraction as a Junction of(3p(a/R)1/2 in TORE SUPRA ohmic plasmas (+), 
during LHEP (X) and with FWEH (O). Also shown are data from JET, JT-60U and TFTR [9-11]. 
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shear and a decrease of the heat diffusivity in the gradient zone, and by a 
flattening - and sometimes reversal - of the q-profile in the centre (fig. 4a). It 
leads to peaked electron pressure profiles (Teo « 6-10 keV) despite a slightly 
off-axis power deposition from which a very low value of the core thermal 
diffusivity is inferred (fig. 4b) [7]. The electron thermal energy content exceeds 
the RLW prediction by a factor HRLW ~ 1.5 at 4 T while p p « 0.5. The 
discharges are found to be stable with respect to ballooning modes and 
TRANSP analysis indicates that the central core of the plasma (r/a < 0.25) 
provides access to the second stability regime. 

At Ip = 0.6 MA, many discharges exhibited steady (m=2 dominated) 
MHD activity. Preliminary analysis [8] showed that ideal n = 1 infernal modes 
could be unstable for Pp > 0.8 and the stability boundary for resistive ones 
should be lower. Tearing or double tearing modes could also be invoked. 
Nevertheless, application of LHCD on high-li plasmas obtained with a 
1.2 MA/s current ramp from 1.7 MA down to 0.6 MA led to stationary MHD-
stable discharges with pp up to 0.8 and HRLW ~ 1-6- Those discharges which 
were MHD-free are found to have a smaller magnetic shear on the q=2 
magnetic flux surface, similar to the 0.8 MA ones. 

Another set of experiments was performed at reduced toroidal magnetic 
field (Bt < 2 T) in order to produce higher normalized-p discharges (PN = 
paBt/Ip). In such plasmas, LH accessibility conditions were similar to those in 
high-aensity/4 T plasmas. The plasma current was varied between 0.3 MA and 
0.8 MA. With LHCD alone, stable, fully non-inductive 0.4 MA discharges 
were obtained with p p and PN up to 0.8 and H R L W «1 .8 (fig. 5). The 
bootstrap current fraction amounted roughly to 35% (fig. 6). A dependence of 
the MHD behaviour with respect to the phase velocity of the launched waves 
was observed. 

3.3. Fast wave direct electron heating and current drive 

Direct electron heating from the fast magnetosonic wave has been studied 
[4,12] at reduced magnetic field (Bt < 2 T) in order to maximize the single pass 
absorption of the wave through combined electron Landau damping and transit 
time magnetic pumping. The frequency was 48 MHz (chpole phasing) and the 
magnetic field intensity was adjusted so that the first and second harmonic 
cyclotron resonances of the minority hydrogen lie respectively on the inner and 
outer edge of the plasma. The only ion damping was through the central third 
harmonic of the majority deuterium or helium-4 but the single pass damping 
through this channel was negligible with respect to the electron one. At Ip = 
0.75 MA and a central density neo ~ 5xl019 nr3, a maximum power of 5 MW 
was coupled. Efficient electron heating was observed, the central temperature 
rising up to 5.5 keV. High-pp discharges have also been obtained at Ip = 0.35 
MA, neo ~ 4xl019 nr3 when 4 MW were applied, leading to Teo ~ 4.5 KeV and 
Pp~ 1.1. In these discharges, both the current density (ohmic + bootstrap) and 
electron temperature profiles (fig. 7) were peaked and up to 45% of the current 
was carried by the bootstrap current (fig. 6). An increase of the magnetic shear 
in the gradient region led to improved global confinement as in the LHEP 
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FIG. 7. Electron temperature profile during ohmic and FWEH, and fast wave power deposition profile 
predicted by ALCYON (shaded area). 

o 0.75 MA 
A 0.40 MA 

2 3 4 5 
FWEH Power (MW) 

FIG. 8. Confinement improvement factor versus fast wave power. 
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FIG. 9. Fast wave driven current versus antenna phasing. 

regime and HRLW factors up to 2 were obtained (fig.5). As shown in figure 8, 
HRLW scales linearly with power and increases at low plasma current. In fact, 
in both LH and FW high-(3p discharges, the confinement enhancement and the 
bootstrap current fraction scale roughly linearly with ppand ppCa/R)1/2, 
respectively. Interestingly, the bootstrap scaling is larger than previously 
obtained on other tokamaks in which a significant fraction of the plasma energy 
was carried by fast ions (fig. 6). 

Antenna phasing experiments have started [12] with the aim of studying 
fast wave current drive (FWCD). Up to 4 MW were coupled to 0.75 MA 
discharges with a 90° phasing, with little degradation of the electron heating 
(Tgo « 4 keV). At lower plasma current (0.4 MA) current drive effects could be 
more easily assessed from time dependent simulations of the discharge 
(CRONOS). In order to reproduce the evolution of the experimental signals 
(loop voltage, magnetic measurements, Faraday rotation angles, ...), for 90° 
co-current phasing, a total non-inductive current of about 170 kA must be 
assumed consisting of 90 kA bootstrap and therefore 80 kA driven by the fast 
wave. Figure 9 shows the result of a phase scan. The agreement with our full 
wave code simulations (ALCYON [13]) is fairly good, although the 
experimental current deposition profile which best reproduces the discharge 
evolution is slightly broader than predicted. 



IAEA-CN-60/A1-5 115 

4. RADIATIVE LAYERS IN THE PRESENCE OF AN ERGODIC EDGE 

The ergodic divertor (ED) installed on TORE SUPRA has already shown 
interesting properties regarding MHD stabilization and impurity control. Here 
we shall describe a third aspect of the ED physics, namely its capability of 
producing stable radiative layers. For steady-state or long-pulse operation, the 
heat flux on plasma facing components is strongly reduced when the outer 
layers of the plasma radiate a large part of the total power. Extensive 
experiments on such radiative layers produced in the ED configuration were 
carried out [5] with up to 5.5 MW of ICRH or 3 MW of LH heating. 

Various elements were injected into the plasma, producing high edge 
radiation (D2, He, CD4, N2, Ne, Ar). The small wall retention of neon 
(especially with the ED on) was found to be important for controlling its 
concentration from shot to shot and also for reducing the amount of injected gas 
necessary to reach a given radiated power fraction. As a comparison, for the 
same radiated fraction, only 1.4xl019 neon atoms (among which less than 

Shot 13927 

t(s) 

FIG. 10. Time evolution of the main plasma parameters during a radiative layer experiment with 
ICRH. 
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FIG. 11. Radiated power fraction versus the number of injected neon atoms in the limiter and ergodic 
divertor configurations. 

5xl018 are found in the plasma bulk) had to be injected in a plasma containing 
=1021 deuterium atoms whereas nitrogen required the injection of 8xl02" 
atoms. Thus, dense and cold stable layers located mainly on the low field side 
(i.e. close to the divertor) radiated at least 80 % (25% of which was from neon) 
of the total 7 MW (ohmic + ICRH) power. An example of such a discharge is 
shown on figure 10. The neon concentration in the plasma core remained below 
1% (AZeff = 1). Pushing the radiated fraction higher led to an extension of the 
radiating layer towards the high field side and to plasma detachment on the low 
field side. ICRH coupling was then reduced thus leading to a more unstable 
situation. 

Comparing the high radiated fractions obtained in the ED and outboard 
limiter configurations, large differences were noted [5]. The limiter 
configuration requires about ten times more neon injection than the ED one for 
a similar radiative loss increase of about 1 MW (fig. 11). This led however still 
to central concentrations of about 1%, due to a larger apparent screening of the 
injected species in the limiter case. Indeed, neon wall retention was higher in 
the limiter case, probably because the higher energy of impinging ions led to 
deeper wall penetration. Consistently, the after-shot decay time of the neon 
pressure was longer (50 s versus 20 s in the ED case). Finally, in the limiter 
case, radiation fractions higher than 70% led to the production of MARFE's on 
the high field side and eventually to disruptions. 
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(a) (b) 

(c) 
Thermal flux on ED neutralizer SHOT 13927 
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FIG. 12. Infrared thermographic image of an ergodic divertor neutralizer (a) without a radiative layer 
and (b) with a radiative layer, (c) Time evolution of the thermal flux on the ergodic divertor neutralizer 
plates and ICRH power. 

Infrared thermography of the ergodic divertor neutralizer plates shows the 
large reduction of the convected heat flux in the presence of a radiating layer 
(fig. 12). Active pumping has shown a similar efficiency in both limiter and 
ED configurations. At the highest radiation levels, when reaching plasma 
detachment, the pressure drops significandy in the pumping chamber, thus 
reducing the pumping capability. 

5. HEAT AND PARTICLE EXHAUST 

Heat and particle exhaust studies with other actively cooled plasma facing 
components have been pursued [14]. The steady-state heat removal capability 
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of the 12 m2 graphite inner wall allowed the injection of 3.2 MW during 62 
seconds (200 MJ). A very good accuracy in the tile alignment (0.5 mm) is 
necessary to avoid overheating of protruding edges. 

A set of modular pump limiters (1 equatorial and 6 bottom ones) provides 
an alternate means for achieving both heat and particle removal. As for all other 
components including the ED, the pumping efficiency of these limiters 
increases roughly as the square of the plasma density. Maximum power loads 
of 0.8 MW could be deposited during 9 s on the 0.3 m2 outboard limiter 
(3 MW/m2 mean, 17 MW/m2peak) and 0.6 MW during 6 s on a 0.12 m2 

vertical one (4 MW/m2 mean, 8 MW/m2 peak). Three vertical limiters used 
simultaneously allowed the extraction of 1.2 MW during 25 seconds. Thermal 
equilibrium was reached after 5 and 2 seconds for the horizontal and vertical 
limiters respectively (fig. 13). 

6. CONCLUSION AND FUTURE PROSPECTS 

Promising results have been obtained regarding both the achievement of 
improved confinement regimes and of highly radiating layers. First experiments 
on fast wave electron heating and current drive have been very encouraging. 
They confirmed the beneficial effect of increasing the magnetic shear in the 
gradient region of the discharge for reducing the anomalous heat transport, as 
was obtained also with LHCD. Progress towards steady-state high-pp 
operation is a challenge for the future and an open question relates to the shape 
of the current density profile in the plasma core. In principle, both hollow 
(LHEP) and peaked (FWCD) profiles can be produced in steady-state together 
with a large fraction of bootstrap current. One of the aims of future high-pp 
experiments will be to compare the transport and stability properties of peaked 
and shear-reversed configurations, and their respective merits for "advanced 
tokamak" operation. 

As far as heat and particle exhaust is concerned, stable radiative layers 
(>80% radiation) have been successfully obtained through neon injection in the 
ergodic divertor configuration. The production of a magnetically ergodized 
plasma edge turns out to have a set of interesting properties for high power 
steady-state tokamak operation (radiative layers, pumping, impurity control, 
MHD stabilization). The ergodic divertor thus appears as an attractive 
alternative to the conventional poloidal divertor and will deserve further studies. 

The programme will continue along the following lines: 

i) Improvement of the machine capability to operate with radiative layers, 
and of the associated diagnostic equipment. In particular a reinforced ergodic 
divertor is being designed which should be compatible with a convected power 
level of about 10 MW. 

ii) Improvement of plasma facing components to increase the heat and 
particle exhaust capability, in both radiation and conduction regimes. A new 
generation of high flux actively cooled components is now under study. 
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Hi) Steady-state scenarios using current drive and current profile control 
techniques, and also high pp regimes. 

Progress along these three lines should allow the machine to be operated 
with discharge durations well beyond 100 seconds ("TORE SUPRA 
CONTINU" project). 
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DISCUSSION 

R.J. GOLDSTON: Do you have a hypothesis for why confinement is improved 
with FWEH? 

D. MOREAU: Thank you for asking this question. This is an important point 
and I did not have time to go into details. The current density profile during FWEH 
is peaked because of central heating. In both LHEP and FWEH we observe an 
increase in the magnetic shear in the gradient region and we attribute the improved 
confinement to this. 

R.J. GOLDSTON: You showed that 6Br increases with auxiliary heating, and 
yet the LH fast electrons are well confined. Do you have reason to believe that 
thermal transport is affected by magnetic fluctuations? What is the absolute value of 
ÔB/B? 

D. MOREAU: As far as magnetic turbulence is concerned, an estimate of ÔB/B 
can be made by assuming Gaussian shaped spectra. This yields ôB/B ^ 10"4, which 
is consistent with anomalous heat transport, although no direct correlation has been 
made. Unfortunately, we have not yet measured the magnetic fluctuations in the 
presence of lower hybrid waves in improved confinement regimes, so I do not have 
a definite answer to the second question. 

K.M. McGUIRE: You showed some data on ÔB2 versus density. The ÔB2 

increased as n,, increased. Have you found any correlation between ÔB2 and TE? 
D. MOREAU: The increase of ÔB with density was observed in the ohmic satu

rated regime and with auxiliary heating. In the saturated regime, the confinement and 
the density edge fluctuations are constant and seem correlated. It is not yet clear what 
the role of ÔB is for confinement in this regime. Again, we have no direct measure
ment correlating the fluctuations with local transport coefficients. 
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Abstract 

OVERVIEW OF RECENT RESULTS FROM ALCATOR C-MOD. 
Alcator C-Mod, a compact high magnetic field, high density, diverted and shaped tokamak has 

been operating at MIT since May 1993. Unique ITER relevant features of the machine include a thick 
conducting vacuum vessel, all molybdenum plasma facing components, and a closed divertor geometry. 
An overview of recent results is presented, with particular emphasis on MHD studies including halo 
currents, confinement studies with ohmic and ICRF heating, and divertor research with emphasis on 
dissipative divertor operations. Key results presented include quantitative studies of halo current 
formation (up to 20% of Ip), effective ICRF heating (up to 2 MW) with well controlled metallic 
impurity generation, demonstration of dissipative divertor operation (both radiative and detached), and 
extension of the H-mode threshold database by more than an order of magnitude (neBT ~ 1021T/m3, 
P/S ~ 0.35 MW/m2). 

1. INTRODUCTION 

Alcator C-Mod is a high magnetic field, high current density, ICRF heated 
compact tokamak with flexible divertor and shaping capabilities (see Fig. 1). 
Its unique features include a thick conducting vacuum vessel, all molybdenum 
plasma facing components, and a closed divertor geometry, all of which may 

Supported by the US Department of Energy, Contract No. DE-AC02-78-ET-51013. 
ENEA Frascati, Frascati, Rome, Italy. 
Johns Hopkins University, Department of Physics, Baltimore, Maryland, USA. 
University of Maryland, College Park, Maryland, USA. 
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_ _ _ j 

FIG. 1. Cross-sectional view ofC-Mod detailing a typical plasma shape, equilibrium field coils, open 
(upper) and closed (lower) divertor geometry, and the two strap ICRF antenna. 
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be prototypical of future devices including ITER and DEMO [1]. The design 
parameters are: BT £ 9 T, Ip £ 3 MA, « & 1.8, R = 0.67m, a = 0.22 m, 
tpuise ~ tL/R, and PICRF — 8 MW. With noninductive current drive added in 
the future, pulse lengths up to 7 sec (or 5t,kin at Tc ;$ 5 keV) are feasible at 
5 Tesla. With the full ICRF power the plasma surface power density is in the 
range 0.5-1.0 MW/m2, the heat flux in the SOL is q\\ a¡ 0.5 - 1.0 GW/m2, and 
the RF power density on the antenna surface is PICRF/A. ~ 10 MW/m2, which 
are comparable to those required for ITER and DEMO. A 20 shot deuterium 
pellet injector (with pellet speeds up to 1300 m/sec) is available for fueling and 
density profile control. The injector is configured to fire up to 5 pellets each of 4 
different sizes. The present ICRF power capability is 4.0 MW at a frequency of 
80 MHz, which is suitable for minority heating in deuterium majority plasmas 
at Bo = 5.3 T (H+ minority) and B0 = 7.9 T (3He++ minority). This power will 
be increased to 8 MW in 1996 by adding 4 MW of 40-80 MHz variable-frequency 
power. 

Alcator C-Mod commenced operation in May, 1993 and to date the fol
lowing plasma parameters were achieved: BT < 5.3 T, Ip < 1.05 MA, K < 
1.7, tputie < 1.3 sec, ne0 < 1 x 1021m-3, T» < Te < 3.2 keV, PRF < 1.8 
MW. Some of the key research topics investigated during the past year and dis
cussed in this paper include the following: (a) effective MHD control, including 
studies of disruptions, vertical stability and halo currents; (b) demonstration 
of effective ICRF heating; (c) divertor research, with particular emphasis on a 
quantitative study of dissipative divertor operation with a closed divertor; (d) 
transport studies in a unique parameter regime. 

2. MHD PHENOMENA AND HALO CURRENTS 

In the MHD area, much effort has been devoted to investigating plasma 
control, disruptions, ELMs, and pellet-induced snakes. Disruptions in Alcator 
C-Mod tend to be rather fast, with peak values of dlp/dt up to 1.0 MA/ms, 
with dlp/dt roughly proportional to Ip. Nearly all disruptions are either caused 
by, or result in, fast vertical displacement of the plasma, leading to substantial 
poloidal "halo" currents in the plasma edge and conducting structures. Given 
the relatively high toroidal magnetic field, the halo currents flowing in both 
the inboard wall of the vacuum vessel and the outer divertor modules result 
in substantial jxB forces on the first wall and plasma facing components. In 
order to measure the direction and magnitude of the halo currents and to ex
amine the scaling with plasma current Ip, dlp/dtt and vertical velocity, several 
diagnostics have been installed on the inboard wall, the outer divertor modules, 
and outboard limiters. We find that the polarity of halo currents flowing in 
the vessel wall is such that the resulting force on the inboard wall is radially 
inward, and that the magnitude of the current scales at least linearly with Ip. 
For disruptions with Ip < 1 MA, the observed halo currents can be as much as 
20% of /p. 
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To study vertical stability, in a series of discharges the vertical position 
feedback control was temporarily turned off while the plasma was vertically 
unstable. The vertical position was fitted to an exponential and compared to 
growth rates calculated using a perturbed equilibrium model [2]. To study 
the closed loop response, we inserted steps into the programmed Z-position 
and observed how the plasma relaxed to a new equilibrium after each jump. 
Agreement with the models for both closed-loop and open-loop response was 
within a factor of two. 

3. ICRF HEATING AND IMPURITY RADIATION 
ICRF coupling and heating experiments were carried out with both a mov

able single-strap (monopole) antenna and a fixed two-strap (out of phase opera
tion) dipole antenna [3]. Both antennas are coated with TiC/N. Up to 1.8 MW of 
power has been coupled into the plasma at an rf power density of ~ 10 MW/m2 

on the antenna surface. A second dipole antenna, with a Boron-Carbide (B4C) 
coated Faraday shield, has been installed in an adjacent port and will be pow
ered with a second 2 MW transmitter at 80 MHz during the next experimental 
campaign. Typical antenna loading observed is in the range of 3-25 ohms, 
depending on plasma density and antenna-separatrix spacing with the lowest 
loading observed during ELM-free H-mode periods, and the highest loading oc-
curing at high densities in limited discharges. A typical ICRF heated 0.7 MA 
discharge time-sequence using the dipole antenna is shown in Fig. 2. As shown 
in Figs 2 and 3, significant plasma heating is observed during H minority (~5-
20% concentration) heating at 5.3 T in deuterium majority plasmas. The range 
of plasma parameters covered in the ICRF heating experiments is 0.4 < Ip (MA) 
< 1.0, 0.5 < ñc(1020m-3) < 2.0, with AT* < 1.3 keV, ATe < 1.4 keV. 

For ohmic plasmas with ñe above 1.5 x 1020m-3, Zeff is < 1.3 (measured 
by visible Bremsstrahlung emission), and the fraction of the input power radi
ated is ~ 50% (measured bolometrically). Spectroscopic measurements show 
the major low Z impurity to be carbon, found in concentrations of < 1%. The 
molybdenum density, the first wall and divertor plate material, decreases for 
ñe > 1.5 x lO^m -3 to concentrations of <0.01%. When the plasma config
uration changes from limited (on the inner wall) to diverted, the density of 
molybdenum typically drops, consistent with the observation that the molyb
denum influx comes predominantly from the inner wall. The influx from the 
divertor target plates is usually negligible [4]. 

One of the critical issues to be answered by these experiments is the pro
duction of metallic (molybdenum) impurities and radiative losses during ICRF 
heating. As evidenced in Fig. 4, when heating with the monopole antenna, 
the integrated radiated power from inside the last closed flux surface (LCFS) 
increases linearly with Pin, and Prad/Pin ~ 75% for PRF > 0.5 MW. The in
crease in Prod is due almost entirely to the increase in Mo influx observed in 
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SHOT 940622006 

FIG. 2. Typical time evolution of plasma parameters during ICRF injection at B = 5.3 T, Ip = 
0.7 MA. ne is measured by a ten chord C02 interferometer, Te by electron cyclotron emission, T¡ by 
neutron emission, and the stored energy by EFIT magnetic equilibrium reconstruction. 
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these cases. Using the dipole antenna, the radiated power fraction is substan
tially reduced, remaining at ~50% up to the highest power injected to date. For 
a given RF power, comparisons of the relative Mo influxes using the monopole 
and dipole antennas show a factor of ~ 6 decrease for the dipole case. In all 
cases, bolometric profiles show that the radiation is peaked toward the edge of 
the plasma. Because of systematically improved heating in the dipole cases, the 
location of the peak is very close to the edge, consistent with the fact that Mo 
is an efficient radiator for Te ~ 600 eV. With the dipole antenna, Ze// increases 
by ~0.2 at the highest ICRF powers. Observed increases in the carbon and Mo 
concentrations account for a majority of this Ze/f change. As seen in the figure, 
the fraction of the input power which is radiated inside of the LCFS does not 
increase during auxiliary heating with the dipole antenna, as compared to the 
pure ohmic heating phase. These results indicate the potential for increased 
ICRF power injection and heating without serious impurity problems in the 
next phase of operations. 

4. DIVERTOR PHYSICS RESULTS 

Alcator C-Mod operates with an inclined molybdenum divertor plate and 
a closed divertor geometry. With this configuration two forms of dissipative 
divertor operation are achieved. The first is the high-recycling divertor where 
the density at the plate (< 6 x 1020m~3) can be as high as 5-10 times that at the 
midplane. The plasma pressure is approximately constant along a flux surface 
with power flow along a flux surface well-described by conductive (as opposed 
to sheath-limited) flow [5]. The temperature profile at the outer divertor plate 
is inverted (see Fig. 5), namely Te increases as a function of distance from the 
separatrix in the inclined plate region [6]. This profile may be related to the 
inclined plate geometry which directs recycling neutrals towards the separatrix, 
increasing ne there. With the above divertor conditions the volumetric power 
losses in the divertor region are often 40% of the input power (70-80% of the 
power flowing into the SOL); the dominant losses are from carbon radiation and 
charge-exchange [7]. The retention of gaseous recycling impurities has also been 
investigated; for example, Ne and Ar are all well confined in the divertor (fewer 
than 2% of the injected particles are found inside the separatrix) [8]. 

In the second (dissipative) divertor operational mode, the plasma becomes 
detached from both the inner and outer divertor plates. The most important 
characteristics are the following [6]: the pressure and density decrease at the 
plate (see Fig. 5) over a limited region around the separatrix which appears to 
correlate with the extent of the inclined plate region (see Fig.l,Ref. [8]). The 
transition occurs abruptly and the divertor radiation shifts from the divertor 
to the x-point region. Impurity and hydrogen neutrals penetrate more easily 
into the central plasma, leading to increased density and impurity concentration. 
Prior to the rapid divertor detachment transition, the plasma pressure decreases 
gradually in the inclined plate region of the outer divertor plate. Since TetPlate is 
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always ~5 eV prior to detachment, we believe that the power flowing to the di
vertor plate is an important factor in determining whether divertor detachment 
occurs. After detachment, TCiP/ai<5 decreases to the 1-3 eV range. The critical 
electron density for detachment is linearly dependent on Pin. In cases where a 
central plasma with a detached divertor is heated with RF power the detach
ment process can be reversed and reattachment is observed (Fig. 5). This is due 
to the increased power into the SOL and consequent higher Te at the plate. 

5. CONFINEMENT AND TRANSPORT 
The confinement results achieved to date in C-Mod are summarized by 

Greenwald et al. in a companion paper at this Conference [9]. In contrast to 
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FIG. 6. Plasma stored energy versus total input power for various ranges of Ip. The solid lines 
represent the expected values based on ITER89-P mode scaling at 0.6 and 0.8 MA, respectively. The 
experimental data points include a ±10% variation about 0.6 and 0.8 MA, respectively. 

the Alcator-C results [10] we find that in C-Mod the confinement can be fit 
with ITER89-P L-mode scaling [11] for both ohmic and ICRF heated plasmas 
(see Fig. 6). The minority ion tail stored energy is estimated to be 10-15 kJ at 
the highest power level [9]. The confinement in both ohmic and ICRF heated 
plasmas shows no clear dependence on density, but it improves with plasma 
current (TE OC IP) and degrades as Pt~t ' . In general, the confinement in ohmic 
and ICRF heated plasmas is distinguishable only by the relative values of the 
total input power. 

H-modes have been achieved in Alcator C-Mod with ohmic heating alone 
and with ICRF power added in lower single null diverted as well as inner wall 
limited discharges. ELM-free ohmic H-modes were achieved by ramping down 
the toroidal field to about 3 T and ELMy ohmic H-modes have been achieved 
at constant toroidal fields up to 5.25 T and ñe < 1.4 x 1020m~3 [12]. Both 
ELMy and ELM-free ICRF H-modes have been obtained with constant toroidal 
field up to 5.37 T and ñ c < 1.8 x 102 0m - 3 with the ion grad-B drift toward the 
divertor. By comparing ohmic and ICRF ELMy H-modes, there appears to be 
an inverse scaling of the ELM frequency with input power, consistent with the 
ELMs being of Type III. A typical ICRF H-mode time sequence is shown in 
Fig. 7. The net RF power decreases by as much as 40%, but the stored energy 
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FIG. 7. Typical ICRF H-mode time sequence. 



IAEA-CN-60/A1-6 133 

0.3 

0.2 

0.1 

0,0 

1 ' ' i ' ' 

- • ELM Free OH (3 T) 

I O ELMy OH (3 T) 

- D ELMy OH (5.3 T) 

- * ELMy ICRH (5.3 T) 

- • ELM Free ICRH (5.3 T) 

i 

y 
y 

y 
• 

/ * 

y 
y 

y 
y 

y 

/ ,' DIIID 

~-4m — ASDEX~U 

> i i i i i i i i 

1 ' ' 1 ' ' ' 1 , " ' ' 
y 

y 
y 

/ „ * 
y'X * * * 

y ' ' ' * \ * 

y 

'— P/S = 0.044nB 

• D 
D 

D §3 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

i 
i 

-

0 2 4 6 8 
neBT (10 2 0 m 3,T) 

FIG. 8. H-mode threshold data, with DIII-D [13] and ASDEX-U [14] shown for comparison. 

10 

remains constant. Meanwhile, the density rises significantly until the power is 
no longer sufficient to maintain the H-mode. The plasma returns to the L-mode 
phase, and the whole cycle repeats ~20 ms later. 

One of the important results C-Mod is the extension of the H-mode power-
threshold database to a surface power density, P/S of 0.35 MW/m2, and the 
ñ2oBT product to 9.5 (in units of 1020m~3 and Tesla). Figure 8 depicts the 
C-Mod H-mode threshold results for both ohmically and ICRF heated plasmas. 
Also shown in the figure is data published from DIII-D [13] and ASDEX-U [14]. 
We see that the previously established threshold scaling, namely P/S ^ neBT, 
is followed with a proportionality constant of ~ 0.044 in the above units. Al
though the ELMy H-mode thresholds can be as much as 50% below the above 
scaling, their confinement improvement is limited to ~50% increase above the 
L-mode confinement (in contrast to the ELM-free cases when TE improves by a 
factor of two or more). It should be noted that no special wall-conditioning tech
nique (other than the standard low-power electron cyclotron discharge cleaning) 
was necessary to achieve H-mode confinement in the metal-walled C-Mod cham
ber. However, preliminary results suggest that wall coating following Li pellet 
injection may result in reduced H-mode threshold. 
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6. CONCLUSIONS 

Alcator C-Mod has been operating successfully with an all-metallic plasma 
facing environment with ITER relevant plasma parameters and power flux. In 
the area of plasma control, disruption rates in excess of 1 MA/ms, and halo 
currents of up to 0.2 Ip have been observed. Effective ICRF heating has been 
demonstrated with a dipole antenna at densities up to ñc = 2 x 102 0m - 3 with 
no adverse metallic impurity injection. The confinement scaling is in agreement 
with ITER89-P mode scaling, for ohmic and ICRF heated plasmas. H-mode 
confinement has been achieved, and for ELM-free H-modes the threshold power 
follows the previously established scaling, extending the regime by an order 
of magnitude to ITER-relevant values. Effective dissipative divertor operation 
has been demonstrated with a closed divertor with molybdenum tiles, including 
both a high-recycling mode and a detached-plasma type of operation. 
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DISCUSSION 

K. LACKNER: You quoted 0.25 nGREENWALD as the critical density for 
obtaining detachment. What happens if you push the density further upward? Does 
detachment limit the absolute density you can achieve? 
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M. PORKOLAB: No, the density is not limited after detachment. We have seen 
a further density rise by up to a factor of two, at which point the discharge was 
terminated by the preprogrammed OH pulse. 

R. GIANNELLA: You have shown that —50% of the heating power is 
exhausted by radiation. How much of this radiation is being emitted from the last 
closed flux surface and how is it distributed in the main plasma? 

M. PORKOLAB: The 50% power is radiated from inside the last closed flux 
surface. The radial distribution is such that the radiation peaks at about r/a ~ 
0.8-0.9, where Te ~ 400-600 eV. The key radiators are molybdenum and, further 
out near the edge, carbon. Radiation from near the plasma centre is negligible. 
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Abstract 

ELM CONTROL AND BOUNDARY PLASMA MODIFICATION IN THE JFT-2M TOKAMAK. 
Boundary plasmas around the separatrix are controlled by the application of an ergodic magnetic 

field and divertor biasing. ELMs in the quasi-steady-state H mode are controlled by the application of 
an ergodic field. ELMs are eliminated when the resonance with the effective ergodic field is far from 
the pedestal. ELM characteristics are affected by the safety factor qs, leading either to small and 
frequent ELMs with relatively low heat load on the divertor plates, or to large ELMs with higher flux 
and with more effective impurity exhaust. Divertor biasing controls the in-out asymmetry of heat and 
particle fluxes onto the divertor plates. Depending on the SOL current direction between inside and out
side plates, the electron density at the ion side divertor and the electron temperature at the electron side 
are strongly influenced. 

1. INTRODUCTION 

In order to realize a steady state reactor with H mode, the accumulation of 
impurities should be avoided, for example by ELMs. Control of ELMs with moder
ate heat fluxes is highly desirable, since in ELMy H modes a severe heat load on the 
divertor plates at the large ELM events has been observed [1-3]. 

1 University of Tokyo, Tokyo, Japan. 
2 National Institute for Fusion Science, Nagoya, Japan. 
3 Institute of Physical and Chemical Research, Saitama, Japan. 
4 Oxford University, Oxford, UK. 
5 Institut für Plasmaphysik, Association Euratom-KFA, Jülich, Germany. 
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It is well known that there exists a natural in-out asymmetry of particle and heat 
fluxes [4]. Therefore the control of the asymmetry and understanding of the under
lying physics are very important, since the asymmetry inevitably causes a high heat 
load on one side of the divertor plates. 

In the JFT-2M tokamak, control of ELMs by the application of an ergodic field 
and control of the particle flux to the divertor by divertor biasing have been reported 
[5-7]. In this paper, further investigation of these controls is discussed. 

2. ELM CONTROL BY AN ERGODIC FIELD 

ELMs are usually observed in the narrow range around the threshold power of 
L-H transitions (type III), or above the critical pressure gradient at the plasma edge 
in the higher power case (type I). In JFT-2M, type III ELMs can be produced in the 
wider range beyond the threshold power by the application of an ergodic field [5]. 
The characteristics of ELMs change depending on the surface safety factor qs. 

Figure 1 shows the ELMs observed in Ha signals as a function of qs. At a qs 

of around 3, ELMs with small amplitude and high frequency appear. With qs larger 
than 4, the amplitude of the ELMs decreases, and then the ELMs disappear at 
qs = 5. Since the position of the dominant mode of the ergodic field for toroidal 
mode number n ^ 4, which is essential to produce ELMs [6], is located far from 
the pedestal at higher qs (4-5), it is considered that the position of the dominant 
mode should be located around the pedestal. At lower qs (about 2.5), ELMs appear 
with large amplitude and low frequency and usually with large sawtooth oscillations. 
The large amplitude ELMs combined with sawteeth exhaust impurities from the core 
plasma more effectively than the small amplitude ELMs. 

Figure 2 shows the temporal evolutions of total, centre and edge chord radiation 
loss in the cases of H modes with large ELMs, with small ELMs and without ELMs. 
In the case of the ELM free H mode (Fig. 2(a)), there is no steady condition in total 
radiation, owing to the increase in centre radiation. In the case of small ELMs 
(Fig. 2(b)), total radiation stays almost steady, although the centre radiation slightly 
increases. In contrast, in the case of large ELMs (Fig. 2(c)), total radiation as well 
as that from the central region decrease. The temporal evolution of the centre radia
tion indicates the impurity accumulation in the plasma centre. Both large and small 
ELMs can prevent the impurity accumulation; however, large ELMs have a signifi
cant effect on impurity exhaust from the central region. 

Figure 3 shows the estimated particle and heat flux on the divertor plates at the 
ELM events. The particle flux is estimated from measurement by Langmuir probes 
embedded on the divertor plates, as shown in Fig. 3(a). The heat flux is estimated 
from measurement with an infrared camera for the inside divertor plates. Figure 3(b) 
shows the profiles of particle flux and the temperature rise of the divertor plates, 
which is in proportion to the heat flux, during the small amplitude ELMs at qs = 3. 
At the ELM events the particle flux increases to twice that between ELMs and shows 
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FIG. 1. Schematic profiles of the safety factor q and the ergodic field strength for various modes 
(n = 4, %) with respect to normalized radius p (left), and ElMs observed in Ha traces (right) varying 
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FIG. 2. Comparison of the temporal evolution of total, centre and edge chord radiation loss in the 
cases of H modes (a) without ELMs, (b) with small ELMs, and (c) with large ELMs. 
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and without ELMs, respectively, (c) Particle flux in the large amplitude ELM shot. 
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asymmetry between inside and outside divertors. The temperature at the ELM events 
also increases, to five times that between ELMs, and the width becomes slightly 
greater. In the large amplitude ELM shot, shown in Fig. 3(c), the particle flux 
increases by 3-4 times, and the asymmetry between inside and outside is not 
observed, in contrast to that in the small ELM shot. Since a larger amount of heat 
flux is expected at large ELM events than at small ELM events, which might be 
similar to the behaviour of the particle flux, the amplitude of the ELMs should be 
optimized from the viewpoints of impurity accumulation and heat flux to the divertor 
plates. 

3. BOUNDARY PLASMA CONTROL BY DIVERTOR BIASING 

It has been demonstrated that divertor biasing modifies the boundary plasma by 
the formation of a radial electric field or of a current flow in the SOL plasma in the 
JFT-2M tokamak [7, 8]. In this paper, we concentrate on the current flow experi
ments. Bias voltage to generate SOL current is applied between inside and outside 
plates, in what is called differential biasing, with a maximum current of 1.5 kA. 

Figure 4(a) shows the two biasing schemes: positive biasing, where the current 
flows from inside to outside, and negative biasing, where the opposite is the case. 
The profiles of electron density and electron temperature on the divertor plates with 
the positive (+110 V, 310 A (open circles)) and the negative (-130 V, -210 A 
(closed circles)) biasing, and those without biasing (diamonds) are shown in 
Fig. 4(b). The density at the ion side divertor (inside) and the temperature at the elec
tron side (outside) change depending on the SOL current. 

Figure 5 shows the ratio of particle and heat fluxes on the inside divertor plates 
to those on the outside divertor plates plotted against the SOL current. An input 
power of only 20-40 kW from the biasing power supply can modify the particle flux 
ratio from 0.4 to 1.8 and the heat flux ratio from 0.25 to 0.37, with a net input power 
of 350 kW. 

4. CONCLUSIONS 

It has been successfully demonstrated that ergodization results in a steady 
H mode with enhanced ELMs. The effective ergodic field component is n > 4 and 
the ELM characteristics are strongly connected with qs, which suggests the 
resonance destruction of the confining field around the pedestal. The impurity 
accumulation in the plasma centre is prevented during the ELMy phase, and the large 
ELMs in the case of a low qs of about 2.5 have a significant effect on impurity 
exhaust. The particle and heat fluxes to the divertor at the small ELM events are 
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FIG. 4. (a) Scheme ofdivertor biasing, (b) Profile of electron density and electron temperature on the 
divertor plates with the positive (+110 V, 310 A (open circles)) and the negative (—130 V, —210 A 
(closed circles)) biasing, and those without biasing (diamonds). 
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FIG. 5. Ratio of particle and heat fluxes on the inside divertor plates to those on the outside divertor 
plates plotted against the SOL current. 
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twice and five times as large, respectively, as those between ELMs. These profiles 
become broader at the ELMs. The amplitude of ELMs should be optimized from the 
viewpoint of impurity accumulation and heat flux. 

Current in the SOL plasma is varied by divertor biasing. This current is demon
strated to strongly modify the in-out asymmetry of particle and heat fluxes to the 
divertor plates. 
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DISCUSSION 

R.J. GOLDSTON: You repeated the conventional wisdom that ELMs are 
needed for impurity control. However, other machines, especially with high trian
gularity like yours, have been able to sustain ELM free H modes without radiation 
buildup as long as they eliminated any source of high Z metallic impurities. Is your 
radiation problem in ELM free plasmas due only to metallic impurities or are carbon 
and oxygen a problem as well? 

H. TAMAI: Low Z impurities such as carbon accumulate in an ELM free 
H mode as well as high Z impurities. We need ELMs to keep density and Zeff 

constant. I have just shown that large ELMs at low q together with sawteeth can 
reduce central radiation. However, a large ELM causes a large heat flux to the 
divertor plate. The ELMs should be optimized from the point of view of impurity 
contamination and heat flux to the divertor plate. 
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P. LOMAS: Your results on ELM control by ergodic fields are very interesting. 
Would you care to speculate on the reason why? Naively I would have expected the 
opposite effect. 

H. TAMAI: Up to now, we have found that the toroidal mode number of 
n ^ 4 is effective in producing ELMs by testing the many connections of our ergodic 
field coil system. However, we do not understand clearly the physics itself. 
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Abstract 

TRANSPORT INVESTIGATIONS IN THE WENDELSTEIN 7-AS STELLARATOR. 
A report is given on recent energy, particle and impurity transport investigations at W7-AS. The 

electron heat conduction xe
 a s derived from stationary power balance and from the dynamical 

behaviour of the electron temperature profiles was tested for a possible Te and Te dependence. These 
parameter dependences were expected to give an explanation for the dependence of xe on the heating 
power but were found to be negligibly small. Full ion energy and particle balances are presented and 
compared to neoclassical calculations. The measured radial electric field is of the order of the ambipolar 
field. The effect of thermodiffusion on the density profiles and the impurity behaviour was studied. A 
statistical parameter study has been performed for the impurity diffusivity. 

1. INTRODUCTION 

The present work reflects the interest in a more basic understanding of electron 
heat transport as found in the advanced stellarator W7-AS. Furthermore, the role of 
the electric field for the ion heat and particle transport is investigated, and the possi
bilities of impurity control are discussed. Special attention is given to the question 
to what extent the transport coefficients depend on local plasma parameters only. 
This is an important feature as profile shaping becomes possible by changing the 
energy and particle sources. As the gradients are changing, too, one can utilize, e.g. 
thermodiffusion to affect the shape of the density and even the impurity profiles. If, 
however, the transport coefficients have a more global character these possibilities 
do not exist. 

1 Institut für Plasmaforschung, Universitát Stuttgart, Germany. 
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Stationary discharge conditions necessary for power and particle balances are 
achieved with ECRH and combined ECRH/NBI (PEC « PNI) heating. In the latter 
case currentless operation is achieved by combining (2 x 0.4 MW) balanced NBI 
with 0.7 MW ECRH [1]. For pure PNBI > 0.8 MW, NBI stationary conditions 
cannot be reached; the density rise could, however, be kept rather small after 
boronization. 

In a low shear stellarator (such as W7-AS) transport studies are generally 
masked by perturbations of the global confinement due to changes of the magnetic 
field configuration, especially of the iota profile, *(r) [2]. In the vicinity of low order 
rational values of ¿(a) (1/3, 1/2 in W7-AS), optimum confinement conditions can be 
realized where perturbations of the magnetic configuration are assumed to be 
negligible. These conditions are therefore appropriate to transport investigations and 
a comparison with other experiments. 

2. ELECTRON HEAT TRANSPORT 

The stationary electron heat conductivity is usually derived from profile mea
surements by solving the local stationary power balance with a purely diffusive ansatz 
for the electron heat flux. The power deposition profile for ECR heated discharges 
is obtained from ray tracing calculations in a Maxwellian plasma. 

Generally, the temperature profiles respond to the position of the power deposi
tion profiles (Fig. 1), which indicates a local transport mechanism (different from 
tokamaks having resilient profiles). 

In the long mean free path (LMFP) regime, the neoclassical heat conduction 
strongly increases in the plasma centre with decreasing collisionality and can come 
into agreement with the experimental results. 

At higher collisionalities in the plateau regime, the electron heat fluxes appear 
to be strongly enhanced over the neoclassical prediction. Whether this enhancement 
is a property of the diffusive or the convective part (the off-diagonal term) of the heat 
transport, or even both, is still an open question. By convention it is treated as a diffu
sive contribution. From statistical parameter studies, xe was shown to decrease with 
increasing B and n and to increase with the heating power P [3]. Here, a more recent 
parametrization is given: 

v r e 8 ~ n-1.05±0.03p0.685±0.03r>-0.71±0.13 

The dependence on the heating power, P, could not be substituted by a dependence 
on Te(r) or Té(r) since the variations of the latter are much smaller than those of P. 
On the other hand, the analysis of dimensionally similar profiles shows that Xe tends 
to scale like 'gyro-Bohm' diffusion, suggesting a characteristic step size of the order 
of the ion gyroradius [4]. 
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reff [m] 
FIG. 1. ne (top) and Te profiles (centre) from Thomson scattering, T¡ profiles from active CX diagnos
tic (centre, lower curves) for on-axis (solid line) and off-axis ECR heating (dashed line). The xe Pro~ 
files (bottom) are equivalent for both cases. 
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FIG. 2. Electron temperature response to modulation ofECR heating power: (a) amplitude and (b) time 
delay profiles for four modulation frequencies (46, 92, 138, 275 Hz; downward from top); (c) derived 
power deposition profile; (d) electron heat diffusivity from modulation (solid line) and stationary power 
balance (dashed line). The convective part is negligibly small in this case. The absorbed power is ~ 100 
± 10%, with the broader deposition profile included. 

Obviously, we do not obtain a clear answer from statistical considerations to the 
question whether the enhanced electron heat transport is a local or a global phenome
non. Furthermore, the dependence of x£eg on the global parameter, P, clearly con
tradicts the 'local' behaviour of the temperature profiles. 

Several attempts have been made to solve this puzzle by investigating the 
dynamic behaviour of the plasma. 

At first, the response of the temperature profile on modulated ECRH heating 
power has been analysed by starting from measured phase shift and amplitude pro
files using power deposition profiles from ray tracing calculations and employing a 
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purely diffusive ansatz for the transport. The resulting xe(r) is consistent with that 
from power balance analysis (different from tokamak experience), thus excluding a 
Té dependence of xe [5]. Since amplitudes and phases are both reproduced by xe,

 a 

convective contribution ve and, consequently, a Te dependence do not play an 
important role. 

In addition, the time behaviour of the temperature profile after switching ECRH 
on or off has been simulated numerically. Several models for xe have been 
employed to reproduce the time dependence of Te(r), where the best agreement was 
obtained with the heat diffusivity depending explicitly on the heating power [6]. 
Possible explanations are either power sources outside the expected deposition region 
or fast changes of xe(r) across the complete plasma cross-section which, however, 
had to be more than one order of magnitude faster than the diffusive time-scale. 

Furthermore, a more general analytical procedure has been developed [7], 
which provides the heat diffusivity and convectivity as well as the power deposition 
profile from a least squares fit to the phase shift and amplitude profiles simultane
ously at several modulation frequencies (Figs 2(a, b)). The parameter variances are 
strongly reduced by this method, because of the large number of data. 

This analysis confirms that part of the ECRH power would be deposited outside 
the region predicted by ray tracing (Fig. 2(c)). About 70% of the input power are 
absorbed between 0 to 5 cm, about 30% are absorbed at larger radii. The above 
postulated fast transport process was simulated by allowing an explicit time depen
dent heat loss term which, however, turned out to be zero. The broadening of the 
deposition can be understood by considering the influence of the superthermal tail of 
electrons. 

The derived xe(r) remains, within the reduced uncertainties, the same as that 
derived from power balance if purely diffusive transport is assumed (Fig. 2(d)). (The 
role of the Te dependent convection velocity ve from this analysis could not be clari
fied in this analysis.) 

As a consequence of these studies, the reason for power degradation and the role 
of local parameters still remain unresolved. 

3. ION HEAT TRANSPORT 

The ion heat fluxes in the plasma centre can fairly well be described by neoclas
sical transport coefficients (Fig. 3), which depend sensitively on the radial electric 
field [8]. First measurements of the poloidal plasma rotation (He) yield radial electric 
fields which are of the order of the ambipolar field (Fig. 3). 

At present, direct ion heating is only possible by NBI; conditions with T¡ > Te 

could not, however, be realized. In order to reach higher ion temperatures, we have 
to find an optimum between a decreasing heating efficiency at low densities and an 
electron temperature drop at high densities. 



150 KUHNER et al. 

o 

0 5 10 15 
r[cm] 

F/G. 3. Experimental ion heat fluxes for (a) NBI (0.5 MW) balanced NBI, (b) on-axis ECRH (0.7 MW) 
and (c) combined NBI/ECRH heating. The curves represent the experimental heat fluxes (circles), the 
neoclassical prediction where the transport coefficients were calculated for the radial electric field 
Er = 0 (dashed line) and for Er — E^, the ambipolar electric field (full line), (d) Ambipolar electric 
field (dashed line) compared to the experimental values (squares), as derived from plasma rotation 
measurements in case (c). 

The combination of NBI with off-axis ECRH, where the NBI power deposition 
seems to be increased by an additional density peaking occurring at the plasma centre, 
is favourable. Maximum ion temperatures of T¡ « 950 eV have been reached with 
0.8 MW balanced NBI, together with 0.7 MW ECRH at densities of « 7 x 
1019 nr3 . 

In the gradient region, T¡(r) is rather close to Te(r). Unlike the plasma core, 
the ion heat transport is enhanced over the neoclassical prediction. 
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4. PARTICLE TRANSPORT 

The density profiles in W7-AS are usually flat at the plasma centre (ECRH at 
higher density) or slighly peaked (NBI) and have steep gradients at the plasma edge 
reflecting the particle sources (Fig. 1). For electron temperatures well above 1 keV 
(ECRH at low density) thermodiffusive effects become apparent in the central region 
of the plasma. In the case of on-axis ECRH the density profiles become hollow, and 
for off-axis heating two minima appear at the radial position of power deposition 
(Fig. 1). 

The influence of the heating method (NBI, on/off-axis ECRH and combined) 
on particle transport has been studied in a discharge with small limiter aperture, 
where the plasma is decoupled from the wall and the particle sources are determined 
by the limiter alone. Under these conditions, the density profiles in the gradient 
region do not change with different heating conditions. 

The particle fluxes at the plasma centre (up to r/a — 0.8; NBI and combined 
heating) are consistent with neoclassical predictions including the ambipolar electri
cal field [9]. The thermodiffusive effect is also explained quantitatively by neo
classical theory [10]. 

At the plasma edge (r/a > 0.8), the particle diffusivities are again strongly 
enhanced over the neoclassical prediction. Density fluctuations as measured by 
reflectometry might be responsible for this but the experimental situation is too 
involved for a clear physical picture to emerge. 

5. IMPURITY TRANSPORT 

The impurity transport is currently being analysed by comparing spectroscopi-
cal data from laser blow-off experiments with simulations where diffusivities and 
convection velocities are used as parameters. 

For pure NBI the impurities are well confined (Fig. 4). For flat or hollow 
density profiles (on-axis ECRH with or without NBI) the impurity level remains low. 
For off-axis ECRH (with or without NBI) as well as for (unbalanced) NBI, peaked 
density profiles can be achieved where the impurity radiation increases strongly. This 
might be connected with the density maximum at the plasma centre as well as with 
the detailed shape of the magnetic configuration. 

A systematic study has been performed on the parameter dependence of Dimp 

and vimp, which are both assumed to be constant across the plasma radius: 

J)reg _ n - 0 . 5 6 l 0 . 1 0 p 0 . 2 6 l 0 . l o g - 0 . 9 6 ± 0 . 1 8 2 - 0 . 6 8 ± 0 . 1 2 
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FIG. 4. Aluminium laser blow-off for low density discharge, ne ~ 5 x 1020 m~3: signals from Al XII 
and Al XIII lines for different heating scenarios. For the pure NBI case the Al XII signal shows no decay; 
in all cases with ECRH the Al signals show a decay time of about 100 ms. 
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A detailed transport analysis is complicated as the radial profiles of the relevant 
ionization states have to be measured. In a few cases this has been done successfully 
by CXRS along a diagnostic neutral particle beam. In these cases the impurity trans
port can be of the order of neoclassical prediction [11]. 

6. CONCLUSIONS 

The electron heat transport in the LMFP regime can be fairly well described 
by neoclassical transport, i.e. a local transport model. In the central region of the 
plasma where the ions are in the plateau regime the ion heat and particle transport 
is consistent with the neoclassical prediction where the relevance of the ambipolar 
electric field has been confirmed experimentally. 

For the electrons in the plateau regime and, generally, at the plasma edge the 
observed transport is enhanced ('anomalous') compared to the neoclassical predic
tion. However, a 'local' behaviour also becomes manifest as the profiles respond to 
variations of sources and gradients. 

In contrast, it has been confirmed by several analyses that it is impossible to 
represent xe(r) as a function of local plasma parameters, i.e. Te and Té alone. From 
statistical considerations, too, one is left with the contradiction that xe depends on a 
global parameter and, on the other hand, tends towards scaling with a small charac
teristic length. 

A similar conclusion might be drawn for enhanced particle transport in the 
density gradient region, where a power dependence has also been found [12]. 

The impurity behaviour seems to be controllable by ECRH where thermodiffu-
sive effects as well as direct influence of the heating method may be significant. 
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DISCUSSION 

K. ITOH: The conclusion that P is dependent on x rather than T or VT is criti
cally linked to the evaluation of the heating power. In stellarators and helical plasmas, 
the motion of the high energy electrons is affected by the radial electric field, as is 
the power transfer to bulk plasmas. How can you exclude the possibility that the 
power transferred to the bulk plasma might change over time in line with the time 
evolution of the plasma parameters? What kind of inconsistency could be derived, 
from your experiments, if x were expressed in terms of T or VT (etc.) but the 
heating power to bulk plasma were estimated so as to satisfy the energy balance 
equation? 

G. KÜHNER: I cannot exclude the possibility that the power transfer to the 
plasma might change in line with the time evolution of plasma parameters. This could 
only be done on the basis of a diagnostic experiment with sufficient time resolution. 
I simply wanted to point out that there is another possible interpretation of the 
experimental data. 

J.D. CALLEN: In your measurements of the transient xe you find that they 
depend explicitly on the ECRH power input. You have also indicated that perhaps 
30% of the ECRH power is absorbed outside the main resonance region, and that this 
power is convected away via an energetic trapped electron effect (due to ripple 
trapped particle drift effects?). Could the apparent dependence of*the transient xe on 
PECRH be caused by these ECRH induced convective heat loss effects? 

G. KÜHNER: This cannot be answered yet. At present, we are working on the 
problem using Fokker-Planck models. 

R.J. GOLDSTON: It seems that two of your analyses contradict each other. 
You say that modelling fits the data best by assuming x jumps up as soon as the ECH 
power comes on. I would think this would imply that your analysis of the pulsed 
heating experiment high frequency response would find substantial net missing 
power. 

G. KÜHNER: That is true. However, we find no missing power if we treat the 
power deposition profile as a free parameter. 
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L.M. KOVRIZHNYKH: You said that in the LMFP regime the electron heat 
transport can be described by neoclassical theory. At the same time, you confirm that 
it is impossible to represent the heat conductivity as a function of local parameters 
such as electron temperature. Do you not see here the same contradiction? 

G. KÜHNER: There is no contradiction. Our heat wave analysis was only 
performed for enhanced ('anomalous') transport. In the neoclassical case one should 
clearly find the temperature dependence. Experiments of this type are already 
planned. 
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Abstract 

RECENT RESULTS OF ECRH AND ECCD ON T-10 TOKAMAK. 
The next ECRH and ECCD experiments on T-10 have been performed: (1) Investigation of MHD 

m = 2 stabilization by ECRH; (2) investigation of ECCD on the ECR second harmonic. The following 
next results were obtained: (1) In the regimes with low qL (2.1-2.5) and ñ,. < ñeIim, noticeable MHD 
activity suppression only takes place at the ECR position in narrow vicinity of the q = 2 magnetic sur
face. (2) Under conditions close to n,, Um disruption the MHD m = 2 activity suppression depends 
weakly on the ECR position. (3) The 1^ values obtained by the co- and countermethod are underesti
mated because of the strong influence of the residual electric field in the presence of sawteeth. Calcula
tions taking into account this effect give an 1^ value close to the theoretical predictions. Studies of the 
possible stabilization of the m = 2 mode with ECRH within a wide range of discharge parameters on 
the T-10 tokamak are presented in Section 1. Second harmonic electron cyclotron resonance current 
drive (ECCD) experiments are described in Section 2. 

1. INVESTIGATION OF MHD m = 2 STABILIZATION 

The purpose of the experiments under consideration is to study the possibility 
of suppressing the m = 2 MHD mode in a wide range of tokamak operating condi
tions including the ĥ  limit and low q^ regimes. The minimum value of EC power 
necessary for m = 2 mode stabilization must be found for an estimate of the possibil
ity of this MHD suppression method for a future reactor to be feasible. 

1.1. HF power from a gyrotron at f = 157 GHz (second harmonic ECR, 
extraordinary mode) was launched in a direction perpendicular to the magnetic field 
Bz. This gyrotron (I) was used for m = 2 stabilization, and its ECR position was 

157 
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changed by variation in Bz. Calculations and experimental estimates have shown 
that the energy deposition profile was very narrow in this case (Ar « 4 cm). 

Another gyrotron (II) with f = 140 GHz was used for the plasma preheating. 
It allowed us to investigate m = 2 stabilization both in the OH regime and in the 
regime with auxiliary heating. HF power from gyrotron II was launched at an angle 
of 21 ° to the major radius. In the case where the ECR position for the gyrotron I was 
displaced inside the torus by AR ~ 18-20 cm, deposition of the second gyrotron 
power took place near the plasma centre. 

The experiments were carried out under the following conditions: Ip = 
180-340 kA, Bz = 2.2-2.5 T, qL = 2.1-4.3, % = (1.8-6) X 1019 m"3, aL = 
30 cm. MHD activity was recorded by a set of magnetic probes. 

1.2. The investigations of m = 2 mode activity suppression were carried out 
for two methods of its excitation: (1) by intensive gas puffing, i.e. in the vicinity of 
the density limit; (2) by decreasing the safety factor qL. 

In the case of strong gas puffing (Fig. 1), the essential decrease in the m = 2 
mode amplitude, AMHD, takes place in a wide range of ECR positions. Only a small 
additional decrease takes place near a q = 2 surface. 

One can understand this result by remembering [1] that in this case the instabil
ity increase is due to the deterioration of the electron energy balance near (outside) 
the q = 2 surface because of an increase in radiation and thermoconductivity. The 
increase of thermal flux generated by ECRH affects this process strongly. 

It is more difficult to suppress the m = 2 activity in regimes with low qL. 
Noticeable stabilization only took place when the HF power was deposited in the 
vicinity of the q = 2 surface (Fig. 2). This implies that the dependence of the m = 2 
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FIG. 1. Dependence ofpoloidal magnetic field perturbation amplitude with m = 2 (AMHD, G) during 
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FIG. 3. (a) Dependence of stabilization effect on PHF. Gyrotron I, Bz = 2.35 T,Jie = 4.7 X 1019 m'3; 
(b) the same but a wider range of PHF and for oblique injection (gyrotron II). 
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amplitude (AMHD) on Bz is of a resonance character at a fixed HF power of 
gyrotron I. At the ECR position that corresponded to the maximal suppression by 
gyrotron I, the m = 2 amplitude AMHD decreased with increasing HF power as 
AMHD <* 1/Pab (Fig- 3(a)). However, at a higher HF power level near PQH no sup
pression was observed (Fig. 3(b)). In this case, gyrotron II with an oblique launch 
was used. 

In the regime with auxiliary heating when both gyrotrons were used and the HF 
power of gyrotron II was absorbed near the plasma centre, deterioration of MHD 
m = 2 suppression was observed in comparison with using the gyrotron I only 
(OH regime). By using the second gyrotron with wide Pab(r) in the central part of 
the plasma, it was shown that AMHDmin during stabilization increased roughly 
proportionally to the Ptot deposited in the plasma. 

In ohmic discharges the power necessary for a 1.5-fold reduction of the m = 2 
island dimension is about 10-12% of Ptot for the regime with qL = 2.1. As was 
shown in Ref. [2], the introduction of phase feedback with modulated ECRH could 
reduce this value twice. 

The attempt to find an m = 2 stabilization effect by using ECCD was not 
successful. High Pab necessary for CD generation in the q = 2 region distorts the 
T(r) profile and influences MHD activity more strongly than the current generated. 

When the EC resonance position is changed we do not find the ECR region 
where the absorbed Pab results in m = 2 mode drive. However, the operating 
conditions under which at ECRH destabilization of the m = 2 mode together with 
m = 3 (at the same frequency) takes place were found. In this case, m = 2 destabili
zation is probably determined by the m = 3 destabilization at the plasma edge. 

CONCLUSIONS 

(1) In the case of limit electron density, MHD m = 2 suppression was deter
mined predominantly by the heating of the plasma column and did not depend on the 
ECR position. 

(2) The resonance-like dependence of AMHD on Bz observed in the stationary 
stage of discharges with low qL allows us to assume that stabilization due to direct 
heating in a narrow zone in the vicinity of the q = 2 surface takes place. Direct 
heating of an island or an axially symmetric j(r) redistribution in this zone could be 
possible mechanisms of such a stabilization. 

(3) Relatively low (about 12% of Ptot) power is sufficient for controlling the 
m = 2 island dimensions. 

2. STUDIES OF THE SECOND HARMONIC ECCD 

2.1. During the experimental run on T-10 we continued studies of ECCD at 
the second harmonic resonance, using a gyrotron array [3] consisting of four tubes 
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with frequency f = 140 GHz. The absorbed power Pab (determined from diamag-
netic measurements) attained Pab = 0.95 MW and was used to estimate the ECCD 
efficiency, rjcd = Îcd/Pab. 

As previously [4], for estimates of the non-inductive current value îcd, we used 
the method of co- and countercurrent drive relative to the plasma current, Ip: 

AV = V c n t - V e 

y Pycnt _̂ yc 
I = T = L (1) 

where Vco and Vcm are loop voltages in discharges with co- and countercurrent 
drive. 

The goals of the experiments lay in a more detailed study of problems posed 
by pevious runs: 

2.1.1. In previous experiments, a considerable increase in the normalized cur
rent drive efficiency, 

* _ td ne(0) ~\ 
V PabTe(O) 

with HF power was demonstrated. However, the calculations by codes [5, 6], based 
on non-linear theory, predict an increase in TJ* of less than 15% that could not be 
detected in the experiments. Therefore, a study of the scaling of rj*(Pab) was one of 
the main goals in the experimental run. 

2.1.2. The co- and counterdrive method is based on the assumption that (in the 
presence of the residual electric field E) the current IE associated with the 'induced' 
conductivity 

jtot = ffE + jed + j E (3) 

is rather small (IE « 1̂ 0 (in Eq. (3) a is'the unperturbed conductivity). However, 
measurements of X ray emission spectra [3, 4] and non-linear calculations have 
shown that the distortions of the distribution function may be considerable. Thus, IE 

can be comparable with Icd. On the other hand, the existence of sawtooth oscilla
tions under co-drive leads to asymmetry in the IE currents (IE° < IE

nt) because a 
strong quasi-steady state negative electric field E appears inside the q = 1 surface; 
this field decreases IE under co-drive. Therefore, we may underestimate the 1^ 
value determined from Eq. (1). Thus, an investigation of the role of the residual elec
tric field in the presence of sawtooth oscillations is also a goal of the experiments. 

2.1.3. In the previous run, co- and countercases were distinguished because in 
the counter-case the m = 2 mode developed, and it was localized in the plasma 
column interior, r < 0.5aL (Fig. 4(a)). In the co-case this mode is absent. The 
development of this mode apparently was the result of the current profile modifica
tion. The effect of the non-identity of the co- and countercases should also be 
investigated. 
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Most of the experiments were performed in discharges with plasma current 
Ip = 140 kA, plasma density He = (0.7-1.6) X 1019 nr3 , and toroidal field Bz 

= 2.25-2.5 T (which corresponds to the shift of the 'cold' resonance, AR = —15 
to +3 cm). The occurrence of the m = 2 mode was prevented by a special discharge 
scenario before the HF pulse. 

2.2. Results obtained in various series of experiments are presented in Fig. 5. 
As previously, îcd(l) increased with PHF (at ñg = const), and for fixed PHF it 
decreased with rising ne for ñg < (ñe)cr. At low densities, \ < (ñe)cr, as in 
Refs [3, 4], we observed an increased interaction with the chamber details, which led 
to an increase in impurity influx and a decrease in AV/V and 1^(1). The (ñe)cr value 
increased with HF power. 

The possibility of MHD activity m = 2 control allowed us to clarify its effect 
on the experimental results (Figs 4(b) to (d)). The development of the MHD activity 
during counterdrive leads to a decrease in the electron temperature, and, conse
quently, to a decrease in the current drive efficiency. The radiation losses Prad are 
also increased, which attests to an enhancement of the impurity influx. The MHD 
activity results in a rise of the loop voltage, Vcnt, by 30-40 mV (for three tubes, 
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Pab = 0.7 MW), while the difference is AV = 60-70 mV. For comparison, Fig. 5 
presents the results of previous experiments with MHD activity in the countercase 
(la) and with a correction of the overestimate induced by MHD activity (lb). We see 
that, with this correction, the Icd values in these experiments coincide with previous 
results, within the accuracy of measurements. 

2.3. The normalized current drive efficiencies r¡* are shown in Figs 6(a, b). 
As previously, the r¡* value shows a weak dependence on the density in the 

range ñg > (ñ¿)cx and decreases at low densities (Fig. 6(a)). In the range of Pab 

studied the efficiency is a weak function of the absorbed power Pab (Fig. 6(b)), 
which agrees with non-linear OGRAY code calculations [6]. A comparison with 
these calculations is also presented in Fig. 6(b). 

There is a main difference from the results of previous experiments [4]. Experi
ments with control of m = 2 MHD activity in the countercase showed that the impor
tance of this activity (Vcnt rise) increases with power. Therefore, the previously 
observed TJ* increase with power is not, apparently, a real increase of the efficiency, 
but an effect of the MHD m = 2 mode. 

2.4. A comparison of îcd(l) with calculations by the TORAY code [7], 
presented in Fig. 7(a) for Bz s 2.4 T, shows that 1^(1) « 0.45 I^0R. The field 
Bz = 2.4 T corresponds to the most central absorption of the HF power. Here, the 
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sawtooth oscillations are powerful in the co-case and absolutely absent in the 
countercase. 

If we shift the resonant position inward or outward, the current profile j c d 

becomes broader, and the sawtooth oscillations are attenuated or disappear com
pletely. The efficiency increases, and the difference between experimental and calcu
lated Icd values becomes smaller, as is shown in Fig. 7(b). 

We should add that a decrease in the limiter radius leads to voltage increase, 
sawtooth enhancement, and a considerable difference between îcd(l) and I™*. 
These results indicate that IE currents, associated with induced conductivity, are 
comparable with Içd. Accordingly, the residual electric field E (which is different in 
the co- and countercases) can, in the presence of sawtooth oscillations, lower îcd(l) 
relative to the real current, 1^. 

To verify this statement, we have calculated AV/V with the ASTRA code [8], 
taking into account the effect of sawtooth oscillations in the co-case. For these calcu
lations we took the 1^ value and the j c d profile from the TORAY code results. Rela
tive values of currents, associated with induced conductivity in the expression for the 
total current 

j t o t = (TE + jcd(l + KDjE/jcd) 

were calculated by using analytical theory [9]. The numerical factor KD was slightly 
varied because the formulas for jE / j c d in Ref. [9] were obtained for a small distortion 
of the distribution function. 

Calculations for three gyrotrons (Pab = 0.7 MW), are presented in Fig. 8. We 
see that, for values jE / j c d close to the theoretical values [9], the AV/V value is 
comparable with the experimental one. The current, associated with the induced 
conductivity, IE

nt, is greater than 1^, while, in the co-case, the total current, 
h = (led + IE)CO» is even somewhat lower. An increase in IE in the region of the 
positive electric field beyond the surface q = 1 is fully compensated for by its 
decrease in the region of the strongly negative quasi-steady state electric field appear
ing during sawtooth oscillations. 

Thus, our analysis has shown that the asymmetry of currents associated with the 
induced conductivity, in the presence of a residual electric field and sawtooth oscilla
tions, leads to a substantial understimate of the Icd value determined from Eq. (1), 
relative to the real Icd current. This analysis allows us to assume that the real Icd 

values are close to the theoretical ones. 
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DISCUSSION 

F.W. PERKINS: What is the physics mechanism for the 'resonant' suppression 
of m = 2 modes at low density? Could it be the creation of an energetic electron tail? 

V.V. ALIKAEV: This mechanism may be related to changes in conductivity 
within the m = 2 island. I think that it is not due to energetic electrons. 
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Abstract 

FUSION POWER PRODUCTION IN TFTR. 
Up to 9.3 MW of fiision power has been produced from deuterium-tritium (DT) fusion reactions 

in the Tokamak Fusion Test Reactor (TFTR). The total fusion yield from a single plasma pulse has 
reached 6.5 MJ. The experiments in TFTR with DT plasmas fuelled and heated by neutral beam 
injection span wide ranges in plasma and operating conditions. Through the use of lithium pellet condi
tioning to control the edge recycling, the plasma confinement in TFTR has been improved to the point 
where the stability of the plasma to pressure driven modes is limiting the fusion power for plasma 
currents up to 2.5 MA. The central energy and fusion power densities in these plasmas are comparable 
to those expected in a thermalized DT reactor such as ITER. 

1. INTRODUCTION 

Since December 1993, the Tokamak Fusion Test Reactor (TFTR) has been 
operated with mixed deuterium-tritium plasmas at plasma densities and 
temperatures near those expected in a reactor such as ITER. To date, 180 plasmas 
have been heated and fuelled with tritium by at least one neutral beam source 
operating in pure tritium. A major thrust of the experiments being conducted 
with high concentrations of tritium is the study of the energetic DT fusion alpha-
particles in the plasma, including their confinement and transport, their role in the 
energy balance and their potential for exciting instabilities. Since the possibilities 
for observing both self heating of the plasma by the alpha-particles and the 
collective instabilities excited by them generally increase with the DT fusion rate, 
a considerable effort has been directed toward maximizing the fusion power 
production in TFTR. 
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This paper presents the techniques that have been used to produce high DT 
reactivity in TFTR. The optimization of the DT power within the constraints 
imposed by the available heating power, the energy confinement and the plasma 
stability are discussed. The modelling of the fusion reactivity based on measured 
plasma parameters is then addressed. Finally, the possibilities for further 
improvements in the DT fusion performance of TFTR are discussed. 

2. REGIME OF DT OPERATION 

For producing high DT fusion yields in TFTR, injection of high-power 
tritium and deuterium neutral beams (NBI) has proved most successful [1,2]. In 
the "preliminary tritium experiment" in the Joint European Torus (JET) [3], the 
tritium was also introduced through NBI. In TFTR, the twelve neutral beam 
sources inject almost tangentially; six of the sources inject co-parallel and six 
inject counter-parallel to the plasma current. For most of these experiments, each 
source was operated with either pure deuterium or pure tritium gas, although in 
an initial series of experiments, sources were also operated with a mixture of 2% 
tritium in deuterium. It has been possible to switch each source from deuterium to 
tritium operation and back on successive plasma shots without interruption of the 
normal TFTR operating cycle. This flexibility has minimized the tritium 
consumption for each experiment and enabled careful comparisons to be made 
between D-only and DT plasmas in otherwise similar conditions. The TFTR NB 
sources produce about 10% more injected power when operating in tritium: a 
maximum tritium NBI power from a single source of 3.6 MW has been achieved 
at an accelerating voltage of 116kV. For tritium NBI at normal accelerating 
voltages (100 - 115kV), approximately 67% of the power is in the full-energy, 
27% in the half-energy and 6% in the one-third-energy component whereas in 
deuterium at normal acceleration voltages (95 - 105 kV), approximately 62% of 
the power is in the full-energy, 29% in the half-energy and 9% in the one-third-
energy component. The total NBI power has reached 34 MW in both DT (using 6 
T and 5 D sources) and D-only (12 sources) and 23 MW in T-only (8 sources). 
The NBI pulse has been typically 0.7 to 2.0 s in duration. Shorter NBI pulses 
were generally used to conserve tritium and to minimize the activation of the 
structure, except in experiments designed to study the accumulation of helium 
ash from DT reactions. 

For deuterium NBI, the highest DD fusion rates in TFTR have been 
obtained in the supershot regime [4], characterized by very high central ion 
temperatures, Tj(0) = 20 - 35keV » Te(0) = 10 - 12keV, highly peaked 
profiles of the density and ion temperature, a broad electron temperature profile, 
and enhanced confinement relative to the predictions of L-mode scaling. This 
regime was also used for most of the high DT fusion yield experiments. In the 
DT experiment in JET, a similar mode of operation with Tj(0) > Te(0) was used, 
although in that case, the divertor plasma also showed characteristics of H-mode 
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confinement [3]. Supershots in TFTR are produced with NBI heating when the 
edge recycling of hydrogenic species and carbon are reduced so that the plasma 
core is fuelled predominantly by the injected neutrals. In addition to the 
enhanced confinement, this provides the advantage for DT experiments that the 
central ion-species mix can be varied by changing the fraction of sources inject
ing tritium. In TFTR, the reduction in edge recycling that can be achieved by 
running repeated low-density ohmically heated plasmas has been extended 
through the injection of solid lithium pellets ( 1 - 4 pellets) into the ohmic phase 
of the discharge [5]. The plasma density perturbation from the pellets, which are 
injected 1.5- 0.5 s prior to NBI, has largely decayed by the start of the NBI; even 
in plasmas with multiple conditioning pellets, lithium is not a significant source of 
plasma dilution during NBI. Each pellet contains typically 4 x 1020 atoms, which 
corresponds to coverage of roughly one monolayer of lithium on the limiter 
surface. The use of lithium-pellet conditioning has increased the plasma current 
at which the supershot characteristics are obtained to 2.5 MA and increased the 
highest energy confinement time achieved to 0.27 s in a plasma with 21MW NBI 
[6]. In deuterium supershots, there is a strong dependence of the peak fusion 
reaction rate on the total plasma energy, Wtot> during NBI [7] and similar 
dependence was expected with DT [8]. For maximum DT fusion yield, therefore, 
operation at high plasma current and toroidal magnetic field was necessary to 
maximize the P-Iimit, which has been found to scale in supershots similarly to the 
Troyon limit [9], so that W tot)max <* IpBx for fixed plasma size. 

The experiments described in this paper were conducted in plasmas with 
major radii 2.45 - 2.52 m (minor radii 0.80 - 0.87 m, nominally circular cross-
section, with a toroidal carbon limiter on the inboard side) at a toroidal magnetic 
field 4.6 - 5.1 T. The plasma current was in the range Ip = 1.0 - 2.5 MA, held 
constant during NBI, and the total NBI power was in the range 5 - 34 MW. In a 
companion paper by Sabbagh et al. [10], experiments in which the plasma 
current was ramped during NBI to modify the current profile are described. 

The DT fusion yield from TFTR is measured with a number of detectors for 
the 14MeV neutrons [11]. The total rate is measured by 4He-recoil detectors, 
silicon surface barrier detectors, ZnS scintillators and a set of fission detectors 
(235U and 238U) with overlapping operating ranges to provide wide dynamic 
range. Most of these detectors have been absolutely calibrated using a standard 
DT neutron source in situ [12], The total yield for each pulse is measured by an 
elemental sample activation analyzer which provides neutron energy dis
crimination and which, coupled with a neutron transport code, is also absolutely 
calibrated [13]. The scintillators and 4He-recoil detectors are collimated along ten 
lines of sight across a poloidal cross section to provide data on the neutron source 
profile. The various detectors have different sensitivities to the 2.5 MeV neutrons 
from the d(d,n)3He reaction and the 14.1 MeV neutrons from the d(t,n)4He 
reaction, allowing the rates of the two reactions to be separated for plasmas with a 
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FIG. 1. Evolution of the DT fusion power and the plasma stored energy for a series of plasmas with 
mixed D and T NBI leading up to the shot which produced the highest instantaneous fusion power. 
Discharges with D NBI only were interspersed in this sequence. One or two Li pellets were injected into 
the plasma prior to NBI. Plasma parameters: major radius 2.52 m, minor radius 0.87 m, toroidal 
magnetic field 5.1 T, plasma current 2.5 MA. 
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small tritium content. The DT neutron rates used in this paper are generally 
derived from one of the fission detectors operating in its current-measurement 
mode. The calibration of this mode, which is expected to be linear for DT 
neutron rates up to 1019s_1, was derived from an uncertainty-weighted mean of 
four absolutely calibrated measurements for the first high-power tritium shots in 
December 1993 [11]. From time to time since then, variations of up to 10% have 
been observed between this and other measurements of the total DT fusion rate. 
The overall accuracy of the DT neutron rates is believed to be ±7%. 

Figure 1 shows the time evolution of the DT fusion power (using the total 
reaction energy of 17.6 MeV per DT neutron) and plasma stored energy for four 
plasmas from a sequence leading up to the shot producing the highest 
instantaneous power of 9.3 ± 0.7 MW. The plasma energy is determined from 
magnetic data and includes the energy in the unthermalized injected deuterons 
and tritons. In this sequence, the neutral beam power and the amount of lithium 
conditioning were progressively increased. Only shots with tritium NBI are shown 
in Fig. 1; shots with deuterium NBI only were interspersed between the tritium 
shots. The final shot in the sequence disrupted after 0.44 s of NBI when the 
plasma reached the P-limit at a total plasma stored energy of 6 .5MJ, 
corresponding to a Troyon-normalized-P, PN (=108PxaBx/Ip where px is the total 
toroidal P and a is the plasma minor radius) of 1.9. A similar P-limit has been 
found to apply to deuterium "High-Pp" plasmas in JT-60U, which exhibit many 
similarities to TFTR supershots, including high ion temperatures and peaked 
pressure profiles [14]. 

Figure 2 shows the peak fusion power, averaged over a 40 ms interval, as a 
function of total heating power (NBI plus ohmic power; the latter is, however, 
negligible for P to t > 10 MW) for the data set of supershots with NBI auxiliary 
heating only and with more than 20% of the NBI power in tritium. Plasmas with 
extensive lithium pellet conditioning are distinguished. A non-linear dependence 
of the DT fusion power on the heating power is apparent in these data. The 
highest ratio Q of the fusion power to the total heating power, Q«0.27, was 
obtained on two shots, one being the highest power shot. In this shot, immediately 
before the disruption, the rate of increase of plasma energy was still 7.5 MW out 
of a total heating power of 34 MW, demonstrating that stability rather than energy 
confinement now imposes the limit on the DT performance in TFTR. The central 
toroidal-p is calculated to have reached 5% in this plasma. A rapidly growing, 
toroidally localized mode with ballooning character was detected in the electron 
temperature profile immediately before this disruption [15]. The shot producing 
5.6MW with only 21 MW NBI was conditioned with four lithium pellets in the 
ohmically heated phase prior to the NBI and achieved a transient confinement 
time of 0.27 s (averaged over an energy confinement time) which is 
approximately 2.4 times the prediction of ITER-89P scaling [16], based on an 
average ion mass of 2.5. 
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The peak fusion powers from DT and nominally D-only supershots at the 
same NBI power under similar conditions have been compared. Since there is a 
small amount of tritium present in any nominally D-only plasma taken soon after 
a DT shot, as a result of tritium influx from the limiter, the DT reaction 
component is subtracted from the nominally D-only data in calculating this 
power ratio. In the experiment to maximize fusion power, the DT component of 
the reaction rate in the D-only plasmas tended to increase secularly through the 
NBI pulse whereas the DD component generally peaked after about 0.5s. 
Comparison of the plasmas shown in Fig. 1 with D-only shots from the same 
experiment having the same plasma current (2.5 MA) and number of Li pellets, 
yields a ratio PDT/PDD of 135 ± 7 ai constant neutral beam power. A similar ratio 
is obtained for the subset of shots with the same major radius (2.52m) but at a 
plasma current of 2.0MA. 

In discussing the relative fusion reactivity, it is also necessary to consider the 
confinement differences between DT and D-only plasmas, since the fusion rate 
varies strongly with plasma energy [6]. As discussed in detail by Zarnstorff et al. 
[17], the global energy confinement of plasmas with significant tritium NBI is 
substantially higher than in equivalent plasmas with deuterium NBI only. Figure 3 
shows the fusion power production from comparable DT and D-only plasmas 
plotted against the scaling Wtot

1-9Iqa
0-32Vp-1, where Vp is the plasma volume and 
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qa the edge q, and the exponents on Wtot and qa were determined by regression 
analysis. The exponent of W tot is close to that expected for thermalized DT 
plasmas with ion temperatures in the range 10 - 20keV (where the local DT 
fusion power density varies approximately as nj2Tj2) having similar pressure 
profile shapes and in which the electron stored energy is a constant fraction of the 
total. The factor qa

0-32 represents a tendency for the pressure profile to broaden 
and the fraction of the total energy in the ions to decrease with plasma current. 
The data include supershots both with and without lithium pellets. The DT 
plasmas are restricted to those with a tritium NBI power fraction between 0.35 and 
0.75. The root-mean-square deviation of the data about the fit is about 1% for the 
whole data set. From this data, the ratio of the fusion power between the DT and 
D-only supershots at constant plasma energy is 115 + 15. This ratio is less than 
the maximum of about 210 expected for thermalized DT and D-only plasmas at a 
temperature of lOkeV, because in supershots, the ion temperatures are higher and 
the non-thermal ion component increases the reactivity in D-only plasmas, and 
because there are small systematic differences in the profiles between DT and D-
only supershots. 

3. MODELLING OF THE DT REACTIVITY 

The time evolution of the fusion reactivity in TFTR has been analyzed with 
the TRANSP code [18]. The deposition, orbit loss and slowing down of the 
injected T and D neutrals are calculated using the measured profiles of the 
electron density and the electron and ion temperatures. The beam-injected ions 
are transferred to the thermal ion population when their energy reaches 3/2kTj, 
where Tj is the local ion temperature. The profile of the total ion density is 
calculated using the visible bremsstrahlung for the total Zeff and x-ray 
measurements of the metallic contribution to Zeff. Spectroscopy shows that 
carbon is the dominant low-Z impurity. A source of uncertainty in the analysis is 
the role of the edge fuelling in determining the overall mix of deuterium and 
tritium in the center. High-resolution spectroscopy of the hydrogen isotope line 
radiation from the plasma edge [19] has confirmed that, as expected from the 
history of the limiter exposure to plasmas, the edge fuelling is dominated by 
deuterium, with a smaller component of hydrogen, typically 10 - 20%, and 
relatively little tritium influx, <10%. Comparisons between plasmas with varying 
fractions of D and T injection have demonstrated that the fuelling of the core of 
supershots by this edge recycling is quite significant. The DT neutron rate 
normalized to the scaling Wtot1-91qa0-32^rp"1 is shown in Fig. 4 as a function of 
the tritium NBI fraction, F T = PT / (PT + P D ) where PT, PD are the tritium and 
deuterium NBI powers, for plasmas with PNBI > 10MW and at least one source 
injecting tritium. The fitted parabola, which is constrained at FT = 0 to the level 
typical for D-only plasmas in DT experiments, peaks at FT ~ 0.6 and is broader 
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O 0.5 1.0 
Fraction of NBI power in tritium 

FIG. 4. Dependence of the normalized DTfusion power on the fraction of T NBI in the total NBI power. 
The DT fusion rate is normalized to the scaling expression (Fig. 3) to remove the effect of the energy 
confinement on the DT power. The range over which the scaling expression was fitted and the range 
of DT power for D-only plasmas are indicated. 

than would be expected in the absence of edge fuelling. In plasmas with T 
injection only, the normalized DT neutron rate averages about 65% that for the 
optimal mix of D and T sources and shows more variability since it depends on 
the edge influx. In plasmas with deuterium NBI only, the tritium content is small 
and depends on the tritium exposure of the limiter during the preceding 
discharges. However, because of its much larger fusion probability, the tritium in 
D-only plasmas can produce a DT reactivity comparable to or larger than the DD 
reactivity. A model for the T and D transport which describes reasonably well the 
dependence of the DT and DD neutron rates on the tritium fuelling fraction has 
been developed [20]. 

The measured and calculated time evolution of the total DT fusion power 
and plasma energy are compared in Fig. 5 for the shot (76771) producing 
7.2 MW (Fig. 1). The slight decay of the DT power after 0.45 s of heating is re
produced by the calculation, indicating that this decay arises from the classical 
effects which are included in the model (in particular, changes in temperature and 
density profiles) and is not caused by an anomalous loss of injected beam ions. 
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FIG. 5. Comparisons of (a) the DTfusion power and (b) the plasma energy calculated by TRANSP with 
measurements for shot 76771; (c) shows the inferred densities of the various plasma species. 

The data from the collimated neutron detector array are also used to constrain the 
fuelling and particle transport models. At the time of peak fusion power, the 
central electron and ion temperatures in this plasma were 11 and 30 keV and the 
central electron and fuel (deuteron plus triton) densities were 7.3 x 1019 and 
5.0x 10 1 9 m - 3 respectively. The peakedness of the fuel ion pressure profile, 
which is appropriately characterized by the parameter < U D T 2 > / < U D T > 2 » where 
U D T i s ^ e energy density of the deuterons and tritons and <> represents the 
volume average, reached 2.1. 

For the subset of DT plasmas in Fig. 2 that have been analyzed in detail by 
TRANSP (46 shots), the model generally matches the total plasma energy within 
10% and the total DT neutron rate within 25%. The discrepancies in the DT rate 
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and the plasma energy are correlated so that the modelled and measured ratios 
Pfus/Wtot

2 agree within a 10% standard deviation for the DT plasmas. For similar 
D-only plasmas run during the DT campaign, the TRANSP calculations of the 
plasma energy are generally in agreement with the measurements but the fusion 
rates do not agree quite as well. As a result, the TRANSP code predicts that there 
should be a ratio of about 135 between the fusion powers from DT and D-only 
supershots at constant plasma energy, which is about 20% higher than the 
measured ratio. 

4. DISCUSSION 

For shot 76771, the local Q, defined as the ratio of the fusion power density 
to the total heating power density (neutral beam and ohmic power) was about 0.4 
at the plasma center. The plasma with exceptional confinement produced by 
lithium conditioning with a global Q of 0.27 (shot 77309, Fig. 2), is calculated to 
have reached a central Q of at least 0.5. The central fusion power densities 
achieved in the high-performance TFTR supershots, typically ~1.5MWrrr3, are 
essentially the same as those for pure, isothermal DT plasmas at the optimum 
temperature for reactivity (Te = T¡ ~ 15keV) having the same total energy 
density. For shot 76771, this "equivalent thermonuclear" plasma would have 
ne = nT + no ~ 1 x 10 2 0 nr 3 . Although the NBI provides the dominant heating 
and fuelling in supershots, at the plasma center, the non-thermal ion distribution 
does not increase the DT reactivity compared to that of a plasma having a locally 
Maxwellian ion distribution with the same total fuel energy and particle densities. 
The hot-ion (T¡ > Te) nature of these plasmas essentially compensates for the 
dilution of the fuel density relative to the electron density. 

Assuming that the central plasma energy density is limited, either by 
confinement or the local P-limit for the present magnetic field strength, the DT 
reactivity is currently being reduced below that which could be achieved both by 
the presence of impurities (Zeff(0) = 2.0 typically at the time of peak fusion 
power) and by the hydrogen component fuelled by the limiter. In the shot that 
achieved exceptional confinement and Q (77309), the fraction bf hydrogen in the 
edge recycling was particularly high. Modelling with TRANSP suggests that 
increases of 20% in the central fusion power density might be possible in similar 
plasma conditions to this shot with the normal recycling composition. 
Experiments to modify the contact of the plasma with the limiter to control the 
recycling during the NBI pulse are also planned. 

Since the |3-limit is now providing a fundamental limitation on the achiev
able DT performance in TFTR, plans are being made to increase the toroidal 
magnetic field by up to 16% for a limited number of pulses. Such an increase 
could raise the central plasma energy density at the P-limit by up to 30% and, if 
the present scaling is maintained, the achievable DT fusion power by up to 70%. 
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DISCUSSION 

B. COPPI: Have you identified the effects that give a decreasing slope to the 
'flat-top' of the neutron pulses? If so, are they controllable? 

M.G. BELL: The TRANSP modelling reproduces relatively well the slight 
decay of the fusion power after 0.5 s in the high power (7 MW) shot. The decay is 
associated with a slight broadening of the density, and thus the pressure, profile as 
the edge density evolves, which affects the NB penetration. Fusion power of about 
5 MW has been sustained in almost steady conditions at the end of a 1.5 s T-NBI 
pulse. 
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Abstract 

HEATING AND TRANSPORT IN TFTR D-T PLASMAS. 
The confinement and heating of supershot plasmas are significantly enhanced with tritium beam 

injection relative to deuterium injection in TFTR. The global energy confinement and local thermal 
transport are analyzed for deuterium and tritium fueled plasmas to quantify their dependence on the 
average mass of the hydrogenic ions. The radial profiles of the deuterium and tritium densities are 
determined from the D-T fusion neutron emission profile. The inferred scalings with average isotopic 
mass are quite strong, with TE OC <i4>o.«2±o.(B> fermai x <A>o.s9±OAOf x « a <i4>-2.6±o.3 ^ 

De oc (A)'14 ± ° 2 at fixed Pinj. For fixed local plasma parameters x¡°' <* <A>~18 * ° 2 is obtained. 

1. Introduction 

The variation of tokamak energy confinement and transport with isotopic 
mass is analyzed for TFTR deuterium (D) and deuterium-tritium (T) plasmas in 
the supershot regime. The isotopic mass dependence is of fundamental interest 
for developing an understanding of tokamak transport and to accurately project 
confinement for future ignited reactors, such as ITER. Previous experiments on 
a variety of devices compared confinement and transport in hydrogen (H) and 
deuterium plasmas, with a wide range of results that were summarized in the 
ITER confinement scalings[1] as TE OC A"0-5. 

The plasmas studied here are in the enhanced confinement supershot regime 
[2,3], characterized by high ion temperature (~ 30 keV), high fusion reactivity, 

Los Alamos National Laboratory, Los Alamos, New Mexico, USA. 
2 Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA. 
3 University of Wisconsin, Madison, Wisconsin, USA. 
4 Massachusetts Institute of Technology, Cambridge, Massachusetts, USA. 
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confinement enhancement of up to three times L-mode scalings, and peaked 
density profiles. These plasmas are fueled by either pure deuterium or pure 
tritium neutral beam injection (NBI) to maximize the isotopic effects, and to 
minimize contributions from fusion produced «-particles to the plasma stored 
energy or heating. The plasmas studied have Ip = 1.6 MA, R = 2.52 m, 
BT = 4.8 T, and include power scans up to P%nj ~ 23 MW of either nearly-
balanced co- and counter tangential NBI or co-tangential only NBI. All plasmas 
discussed achieve transport equilibrium within the 1.4 sec heating pulse, with 
no significant confinement degradation or MHD instabilities. 

This paper will discuss the isotopic mass scaling of the energy confinement 
time of D-T plasmas, followed by analysis of the plasma profiles and heating 
and the inferred scaling of the local transport. 

2. Plasma Conditions and Global Scaling 

Fig. 1 shows the variation of the plasma stored energy Wtot (from magnetic 
measurements) with Pinj for either D-NBI or T-NBI, for both near-balanced 
injection and co-only (unbalanced) injection. Wtoi is consistently enhanced by 
~ 25% for T-NBI plasmas relative to comparable D-NBI plasmas, except at low 
values of Pinj. Similar enhancements are observed with higher power T-NBI (20 
- 30 MW) and higher plasmas currents (1.8 - 2.0 MA) [4,5]. Plasmas with mixed 
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FIG. 1. Variation of stored energy with injected power for deuterium and tritium fueled supershots, 
with Ip = 1.6 MA and either balanced injection (?œIPmj = 0.5) or P^IP^ = 0.65. 
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D- and T-NBI show intermediate levels of improvement. As previously observed 
in the supershot regime[6], energy confinement is optimized in both T-NBI and 
D-NBI plasmas with slightly more co- than counter-injected power, Pco/Pinj ~ 
0.65. By comparison, the confinement time for plasmas with balanced injection 
{Pco/Pinj = 0.5), is ~ 10% lower. For the highest power T-NBI shots, the 
classically expected o>particle stored energy is ~ 90 kJ, or 2.5% of Wtot, and 
the resulting heating power is < 47 kW relative to Pinj = 18 MW. 

For the T-NBI plasmas shown in Fig. 1 the limiter hydrogenic recycling 
influx, as measured by Ha/DQ/TQ spectroscopy [7], is dominated by deuterium 
with only ~ 2% due to tritium and ~ 18% due to hydrogen. From measurements 
of the D-T neutron emission profile (see below), the tritium fraction of the 
thermal hydrogenic ions within r/a — 0.5 is calculated to be ~ 60% for the 
highest power T-NBI plasma. Thus a significant portion of the central thermal 
hydrogenic ion density is due to particles originating from the limiter. For 
the low-power T-NBI plasmas, the thermal tritium fraction is calculated to be 
~ 28%, explaining its smaller confinement enhancement above similar D-NBI 
plasmas. 

The fraction of Pinj radiated in these plasmas is ~ 25% at high power, 
and ~ 30% for Pinj ~ 5 MW. The radiated power fraction in T-NBI plasmas 
is lower by 3%, on average, than for similar power D-NBI plasmas, resulting 
in slightly higher limiter power loading with T-NBI. The radiation is emitted 
near the plasma edge, as measured by bolometer arrays, and is negligible in 
the plasma core. When comparing matched D-NBI and T-NBI plasmas at a 
given Pinj, the edge hydrogenic recycling remains constant to within 5 - 10%. 
The edge C-II emission is often up to 20% higher in T-NBI plasmas. In D-NBI 
plasmas, higher edge C-II emission correlates with lower confinement. Thus, 
neither radiated power nor edge recycling appears to play a significant role in 
the observed confinement improvement with T-NBI, in contrast to H/D isotopic 
comparisons on ASDEX[8]. 

3. Profile Analysis 

In order to understand the origin of the improved confinement with T-NBI, 
these plasmas are analyzed using the 1-D steady-state transport analysis code 
SNAP and the l | D time-dependent code TRANSP[9] using the experimentally 
measured temperature and density profiles. Te(r, t) is measured by ECE spec
troscopy and Thomson scattering, Tj(r, £) and toroidal rotation velocity v<p(r,t) 
are measured by carbon charge-exchange recombination spectroscopy (CHERS), 
and ne(r, t) is measured by a ten-channel infrared interferometer array. The ion 
depletion is calculated using tangential visible-bremsstrahlung measurements for 
Zeff and X-ray spectroscopic measurements of metallic concentrations. 

Due to the change in the beam-neutral velocities between D-NBI and T-NBI, 
at fixed acceleration voltage, the CHERS measurements suffer a systematic offset 
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in the apparent Ti and v$ due to the variation of the carbon charge-exchange 
emission cross section with the relative velocity between the hydrogenic neutral 
and the C6+ ion[10,ll]. This effect has been verified by comparing CHERS 
measurements of the same D-T plasma made using either D or T doping beams, 
and by comparing measurements of spinning plasmas using co- and counter-
directed neutral beams, as a function of plasma rotation velocity. The offsets 
are found to be in good agreement with simulations of the charge exchange 
spectral line shape and position. The modelling is based on emission cross 
sections for the n = 8 — 7 transition of C5+ (6292 Â) from a published fit to 
experimental and theoretical capture cross sections [12]. This effect is largest for 
the Vtj, measurement in high 7} plasmas with low velocity neutral beams, such 
as T-NBI or with co-only injection into a high velocity plasma. The Ti and i>¿ 
measurements used for this analysis (for both T-NBI and D-NBI) are corrected 
for this effect using the beam deposition calculations in SNAP and TRANSP to 
calculate the fast neutral energy spectrum in the plasma frame. As shown in 
Fig.2 this correction results in a substantial increase in v^ but only a modest 
increase ( < 10%) in the central ion temperature. The correction to vj, reaches 
~ 2.3 x 105 m/sec for 7} ~ 30 keV. The correction to 7} decreases rapidly 
at lower temperatures, and is < 5% for Ti < 20 keV. The difference between 

2.4 2.6 2.8 3.0 3.2 3.4 

MAJOR RADIUS (m) 
FIG. 2. Comparison of v¿ profiles measured by carbon charge-exchange recombination spectroscopy 
using deuterium or mixed deuterium-tritium doping beams, with and without correction for the energy 
dependence of the charge-exchange cross section. 
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the measured carbon-ion temperature and the deuterium temperature due to 
finite equipartition times is calculated to be less than 1.5 keV for the high P¿nj 
plasmas. 

Comparing carefully matched sets of D-NBI and T-NBI plasmas, for which 
all the externally controlled discharge parameters and the target plasma are 
nominally identical, a consistent and clear improvement in plasma performance 
is observed with T-NBI. As shown in Fig. 3, T-NBI plasmas typically have a 
~ 25% higher central ion temperature and a 5 — 10% higher central electron 
temperature. The central Ztg for the T-NBI plasma is 2.3, while the D-NBI 
plasma has Zeg = 2.5 The measured plasma density profiles have the same 
shape, but the D-NBI plasma density is ~ 10% lower. Within the cluster of 
other D-NBI plasmas with Pinj = 18 MW in Fig. 1 are plasmas with the same 
Zeff or ne profile as the T-NBI plasma. Due to their larger Wtou the T-NBI 
profiles show a larger Shafranov shift than the D-NBI profiles. For high Pinj, 65 
- 80% of the increase in Wu>t is accounted for by the increase in the thermal ion 
and electron energy content, with the rest due to the expected classical increase 
in the circulating beam particles and the small contribution from a-particles. 

4. Transport Analysis 

SNAP and TRANSP model the deposition of the injected beam neutral atoms, 
and the subsequent slowing down and losses of the fast ions. To assess the con
sistency of the diagnostics and kinetic modeling, we compare the magnetically 
measured energy content Wmag with the kinetic stored energy Wkin calculated 
from the measured thermal temperature and density profiles and the modeled 
beam ion distribution function. Using the ECE Te measurements, W^n is within 
10% of Wmag, which is within their combined uncertainties. The Thomson scat
tering Te measurement has a lower central Te and a broader profile than the 
ECE measurement, resulting in an increased calculated Wkin- The resulting 
Wkin is consistently higher than Wmag by ~ 10% at high Pinj and 20% high at 
Pinj — 5 MW. Because of this higher level of disagreement, only results based 
on ECE Te measurements will be discussed here. 

There are a number of classically expected differences between T- and D-
neutral beam heating which are included in the analysis. For T-NBI, the lower 
beam particle velocity results in a broadened deposition profile, increased beam 
heating of thermal ions, and decreased beam heating of electrons. The effects 
on the ion heating roughly cancel, but the core ion energy flux is reduced in 
T-NBI plasmas due to the increased ion-electron equilibration power, see Fig. 
4. The beam electron heating is substantially reduced with T-NBI, but this is 
more than compensated for by the increase in ion-electron equilibration power. 

The accuracy of the beam deposition modeling has also been tested for both 
the D-NBI and T-NBI plasmas by comparing the rate of rise of the central 
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FIG. 4. Calculated profiles of the ion and electron power flows in the D- and T-NBI plasmas of Fig. 3. 

plasma density at the initiation of beam-injection with the calculated electron 
source rate. The calculated and measured central particle source rate due to 
beam injection agree to better than 10%. 

As previously observed in supershots[13], energy transport near the mag
netic axis is dominated by | r T convective losses, particularly for the higher 
temperature T-NBI plasmas. At r ~ a/2, the convective losses are small, and 
the transport is dominated by conduction. In order to treat the transport in 
both regions and to avoid prescribing a particular convective multiplier, the lo
cal transport is characterized and compared between plasmas in terms of total 
effective diffusivities 

< f c e S - X £ n i ( e V T 4 f e l 

Te = -De Vne, 

where Q» and Qe are the total ion and electron radial energy fluxes, Te is the 
electron radial particle flux, and n» = Y,j n¡ is the total thermal ion density. 

5. Isotopic Content 

The isotopic content of the plasma must be measured in order to under
stand any transport variations observed. In the D-NBI plasmas, the absence 
of a significant tritium density is confirmed by the measured low level of D-T 
fusion neutron emission. In the T-NBI plasmas, the wall recycling deuterium 
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FIG. 5. Hydrogen, deuterium, tritium, tritium beam, and electron densities in the T-NBI plasma of 
Fig. 3. Each region represents the density of the indicated species. The deuterium and tritium densities 
are determined from the measured D-T neutron emission profile and the plasma reactivity profiles 
calculated by TRANSP. 

influx is a significant source of particles, and leads to a significant deuterium 
density n¿ throughout the plasma. The thermal n¿ profile is determined from 
the measured D-T neutron emission profile and the calculated plasma D-T re
activity profiles for beam-thermal and thermal-thermal reactions using TRANSP, 
constrained by the total hydrogenic-ion thermal density determined by deple
tion of the electron density. The D-T neutron emission profile is measured by 
a ten-channel collimated neutron-detector array. It is assumed that nn(r) and 
Tid(r) have the same profile and are in the same ratio as the measured edge Ha 

and Da intensities, since the only source of hydrogen and deuterium is edge 
recycling in T-NBI plasmas. The central n<¿ is found to rise slowly during the 
equilibrium phase of the NBI pulse in approximately fixed ratio to the edge Da 

emission. Typical inferred equilibrium n¿ and nt profiles are shown in Fig. 5. 
Note that the n^ profile is relatively flat, indicating the absence of any significant 
deuterium particle pinch in these cases. The implied absence of a significant ion 
particle pinch in these plasmas is similar to the results of the tritium gas puffing 
experiments[14]. 
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6. Energy and Particle Transport 

Figure 6 compares the inferred local diffusivities for the matched T-NBI and 
D-NBI plasmas of Fig. 3. The power balance analysis consistently indicates that 
the higher 7¿ gradient observed during T-NBI, in the presence of reduced net 
ion heating, is due to a reduction of the ion thermal diffusivity x?1 by a factor of 
~ 2 for r/a < 0.5. The lack of substantial change in the density gradient, despite 
the broader beam deposition profile with T-NBI, is interpreted as a drop in the 
core electron particle diffusivity De by ~ 20%. The electron thermal difrusivity 
X?* is often observed to be higher in the core with T-NBI, but can be lower 
near r/a ~ 0.5 by ~ 10%. As shown in Fig. 7, this strong reduction in x?1 and 
weak reduction in x^x is clearly present throughout the dataset, except at low 
power where the fractional tritium density is small. 

The isotopic mix of these plasma has been characterized by the average mass 
of the central thermal hydrogenic ions, (A), within r/a = 0.5, since this radius 
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contains more than 3/4 of the thermal stored energy. This volume-averaged 
mass is approximately equal to the local average hydrogenic mass at r = a/3. 
The plasmas studied range from (A) = 1.9 (D-NBI) to (A) = 2.1 (with 6.4 MW 
T-NBI) to (A) = 2.5 (with 18 MW T-NBI). Thus, the core of the 18 MW 
T-NBI plasmas has the same average isotopic mix as expected for ITER and 
future reactors. The observed variations of the plasma parameters and transport 
coefficients for the T-NBI plasmas relative to the matched D-NBI plasmas can 
be expressed as a power-law dependence on {A). Strong dependencies on {A) 
are inferred, due to the strong variations observed and the moderate range of 
(A) studied. The total stored energy analyzed in this fashion scales as Wu>t oc 
^o.82±o.o5 a n d t h e t h e r m a l s t o r e d energy «j^es as Wthermai oc <A)°-89±01°. 
In the plasma core, r/a ~ 1/3, xf* oc {A)~2-6±0Z and De oc (A)-lA±0-2 for 
fixed Pinj- The uncertainties indicated for these scalings represent the standard 
deviations on the fits to the nominal data points. The variation in Xe°l *s much 
smaller than for xj0* or De, and may not be significant. 

7. Momen tum Transport 

The isotopic scaling of the momentum transport is measured in a companion 
scan of the applied neutral-beam torque using unidirectional co-only injection. 
As shown in Fig. 8, the central angular momentum density is ~ 50% higher 
for T-NBI than for D-NBI at fixed injected torque. Much of the increase in 
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INJECTED TORQUE (N»m) 

FIG. 9. Comparison of the inferred momentum diffusivity x™ for D- and T-NBI versus the injected 

beam torque. 

momentum density is due to the higher tritium mass. The momentum transport 
is analyzed in terms of an angular momentum diffusivity 

tot 

where T^ is the radial flux of angular momentum. Figure 9 compares the in
ferred x^* for T-NBI and D-NBI plasmas in the torque scan at r/a ~ 1/3. For 
the highest torque T-NBI plasma, achieved with Pinj = 12 MW, xj* was re
duced by ~ 30% relative to similar D-NBI plasmas. This reduction is similar to 
the reduction of Xi°' found for near-balanced plasmas at this power level, and 
supports previous observations that the momentum and ion thermal transport 
are correlated and may be due to the same mechanism. 

8. Discussion 

The observed strong decrease in xf* with isotopic mass is opposite to what 
is expected for simple gyro-Bohm theoretical transport models. However, these 
models are showing increasing sophistication in their non-linear treatment of 
experimental conditions, such as the presence of multiple ion species and non
thermal ions [15,16]. Adequate comparison with these models will await nu
merical simulation of the experimental conditions. These results are also to be 
contrasted with studies[17] of isotopic scaling between hydrogen and deuterium 
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L-mode plasmas in TFTR, where only a weak improvement in the thermal con
finement was observed, and no significant change in ion energy transport was 
found. 

Previous studies of transport in deuterium supershots have noted a favorable 
correlation of xf3* with 7} and other related parameters [18], with x% varying 
roughly as l/7¿ in the plasma core. In addition, a number of microturbulence 
theories predict a strong dependence of the plasma transport on Ti/Te. Such 
dependencies could amplify an intrinsic isotopic dependence, and make it appear 
to be stronger. However, as shown in Fig. 10, by comparing T-NBI plasmas 
with D-NBI plasmas of slightly higher Pinj, the isotopic variation in xP* at 
r = a/3 is clearly apparent at fixed local T¿. Despite the differences in P¿„¿, 
the cluster of T-NBI and D-NBI points near T, ~ 15 kev on Fig. 10 have the 
same local values of ne and Lne to better than 10%. There is no significant 
difference observed in either v<f, or Vtty for these plasmas. The T-NBI plasmas 
have ~ 10% lower values of l>ri and Lre, indicating slightly stronger gradients, 
which would be expected by ion temperature gradient turbulence models to 
correlate with increased transport. Both the T-NBI and D-NBI plasmas have 
Ti/Te = 2.9 ± 0.1. Thus, the strong change in xf0* is not due to a dependence 
on other local thermal plasma parameters, and appears to depend only on the 
change in isotopic content. 

If the dependence on (A) is expressed at approximately constant local plasma 
parameters, particularly constant 7}, the relation xfl « (A)"1-8*0-2 is inferred. 
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It is interesting that, when combined with the correlation of x¿°* and 1/T¿, this 
implies that roughly x% oc A~l p~2 (for fixed B) opposite to the gyro-Bohm 
dependence. This disagreement with the theoretical scalings is much stronger 
than that implied by the global scalings. 

9. Summary 

The confinement and local transport have been analyzed in high confine
ment supershot plasmas heated by either deuterium or tritium neutral beams. 
For strongly heated plasmas, tritium fueled plasmas have 25% higher stored en
ergy and TE than comparable deuterium fueled plasmas, implying that Wtot oc 
(A)0-8 2 ± 0 0 5 for these plasmas. Of this increase in stored energy, 65 - 80% 
is due to the thermal plasma, resulting in a thermal confinement scaling of 
Wthermoi oc (A)°-89±01°. Analysis of the thermal transport indicates that most 
of the improvement is due to a large drop in xf*i and a small decrease in xi0*-
The implied isotopic mass scalings are Xi°* oc (A)~2-6:i0-3 and De oc ^A)~1A±02 

for fixed Pinj. A similar decrease is observed for x^4 in plasmas with unidirec
tional injection. For fixed local plasma parameters, in particular fixed 7¿, an 
approximate scaling of xf3* oc (A)~l-8±0-2 is obtained. The observed isotopic 
variation of Xi°* cannot be explained by a simple dependence on Ti/Te or by its 
previously observed correlation with Tp 1 in the supershot regime. These strong 
scalings of xf* and TE hi DT plasmas have very favorable implications for DT 
operation in ITER and future reactors. 
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DISCUSSION 

K. ITOH: To understand the isotopic effect of the DT plasma in your experi
ment, the supershot must first be explained. (I find it a little strange that a comparison 
is made here with theories which may not explain the origin of the supershot.) 
According to our theory, the improvement can happen in connection with the self-
organizing current profile change. In other words, the improvement can appear with 
unchanged temperature and rotation. Theory predicts T* <X <A>08, which seems to 
work. For further confirmation or otherwise, comparison of the current profile is 
useful. Do you have data on the difference in the current profile between D plasmas 
and DT plasmas? 

M.C. ZARNSTORFF: We have not investigated any possible differences in the 
current profile between the D-NBI and T-NBI plasmas. The current profile in the 
pre-NBI plasmas should be identical and we do not measure a substantial difference 
in the external magnetic measurements (e.g. VSUR and 4) between D-NBI and T-NBI 
at the same plasma stored energy. 
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Abstract 

IMPROVED CONFINEMENT AND TRANSPORT BARRIER IN THE JT-60U HIGH 0p H MODE. 
The plasma performance in the JT-60U high /3p regime has made significant progress since 1992 

(Wiirzburg Conference) as nD(0)TET¡(0) = 0.44 - 1.2 X 1021 m~3-s-keV and Sn = 2.8 - 5.6 
x 1016 n/s. An energy confinement time of TE = 3.6 x TrrER89P ( T E

T E R 8 9 P : I T E R 8 9 - P L mode scaling) 
and a bootstrap current fraction of 50% were achieved simultaneously. Two transport barriers, i.e. the 
internal and the edge transport barrier, played an essential role in this improved confinement: auxiliary 
heating energy was first effectively confined inside the internal transport barrier; the effective confine
ment volume was expanded by subsequent formation of an edge transport barrier, while the core con
finement was kept improved. This sequence is helpful in avoiding localization of the high pressure 
region, leading to an improved /3 limit. 

1. INTRODUCTION 

Improved confinement is one of the most important subjects in tokamak 
research. Two improved confinement modes have been studied in JT-60U: rE = 2 
X Tn"ER89p was achieved in the H mode and its characteristics at high toroidal field 
(Bt > 4 T) were investigated [1]. In the high 0p mode, a highly peaked plasma pres
sure induced a high bootstrap current fraction of 58% [2]. 

In this paper, we discuss the 'high /3p H mode' found in JT-60U [3], which is 
a compound regime of H mode (improvement in the edge region) and high j3p mode 
(improvement in the core region). 

The high bootstrap current fraction with the high fusion performance in the high 
j3p H mode is encouraging for the concept of steady state tokamak reactors such as 
SSTR [4]. Recent experiments reveal that the improved confinement in the high /3p 

H mode is closely related to the formation of transport barriers both in the internal 
and the edge regions [5]. This paper describes the characteristics of the high /3P 

H mode and the role of transport barriers. 
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2. PERFORMANCE OF HIGH (3p H MODE 

A low density target plasma (< 1 X 1019 m"3) was required for the high j8p 

H mode; wall conditioning by boronization was successful in this respect because it 
reduced the recycled particle flux by a factor of 2 to 5 [3]. Avoidance of sawtooth 
activity and locked mode is also required; careful control of the internal inductance, 
li, and plasma rotation velocity profile, Vt(r), was effective in suppressing these 
unfavourable MHD activities [6], 

FIG. 1. Evolution of high 0p H mode: (a) W^a stored energy; Sn neutron emission rate; (b) TE, global 
energy confinement time; (c) T¡, ion temperature at r/a = 0.55 and 1; Te, electron temperature at r/a 
= 0.52; (d) ne, line average electron density measured along r/a = 0 and 0.6; ñe(0)/ñe(0.6a), density 
peaking factor, (e) Df,v, deuterium-a emission from the divertor region. 
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TABLE I. SIMULTANEOUSLY ACHIEVED PARAMETERS AND 
ANALYSED RESULTS FOR THE BEST HIGH j8p H MODE SHOT 
SHOWN IN Fig. 1. 

Ip 2 MA 

Bt 4.4 T 

R 3.1 m 

a 0.7 m 

P N B 28 MW 

nD(0) 4.1 x 1019 m"3 

T¡(0) 37 keV 

Te(0) 12 keV 

Sn(total) 5.1 x 1016n/s 

(t-t : t-b : b-b = 4 : 4 : 1) 

a t-t: thermal-thermal 
t-b: thermal-beam 
b-b: beam-beam. 

SHOT 17110 t=6.27 

2 3 4 5 
R(m) 

FIG. 2. MHD equilibrium for the shot shown in Fig. 1 and trajectories of neutral beams. 
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FIG. 3. Progress of fusion performance in JT-60U in terms oftriple fusion product against central ion 
temperature. 

The evolution of one of the best high /3p H mode shots is shown in Fig. 1. 
Deuterium neutral beams of 28 MW (nearly perpendicular beams of 19 MW and tan
gential beams of 9 MW) were injected into the central region of a low density target 
plasma (Fig. 2). The high j8p mode [2] was established first during t = 5.55-5.8 s 
as seen in an increase in T¡(0.55a), which was due to the formation of an internal 
transport barrier at r/a = 0.7 (details will be presented in Section 3). The high (3p 

H mode was established by a subsequent H transition at t = 5.8 s, which was 
inferred from a rapid increase in T¡(a). The increase in the stored energy was 
limited by the emergence of ELMs at t = 6.1 and 6.3 s. In the transient ELM free 
phase at t = 6.25 s, the global energy confinement time reached TE = 0.7 s, and a 
high nD(0)TETj(0) of 1.1 X 1021 m"3-s-keV and a high neutron emission rate of 
5.1 x 1016 n/s were obtained simultaneously. The plasma parameters at the same 
time slice and analysed results are summarized in Table I. Higher values of 
nD(0)7ET¡(0) = 1.2 X 1021 mf3-s-keV and Sn = 5.6 x 1016 n/s were achieved 
in separate discharges, which exceed the previous results of nD(0)rETi(0) = 4 . 4 
x 1020nr3-s-keV and Sn = 2.8 x 1016 n/s (Würzburg Conference, 1992) by 
more than a factor of two. A high nD(0)TET¡(0) around 1 x 1021 mr3-s-keV is 
obtained with good reproducibility in the high /3p H mode (Fig. 3). 

The fusion performance was analysed by the 1.5-D tokamak transport code sys
tem TOPICS [7]. As is shown in Fig. 4, thermal reactions at t = 6.25 s accounted 
for 49% of the total neutron emission rate of 5.1 x 106 n/s; beam-thermal and 
beam-beam reactions resulted in 43% and 8%, respectively [8], 
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J I 1 1 1 1 
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For a steady state reactor, a high fraction of spontaneous bootstrap current is 
required, simultaneously with a high fusion performance. A bootstrap current of 
1 MA was calculated at j8p = 1.7, which corresponded to 50% of the plasma 
current [8]. 

3. ROLE OF INTERNAL AND EDGE TRANSPORT BARRIERS 

Internal transport barrier formation followed by the edge transport barrier 
allowed the high plasma pressure region to expand from the central to the whole 
region. We assume that this mechanism has played a major role in achieving the high 
performance mentioned above. 
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FIG. 5. (a) Time evolution of ion temperature. Shaded regions show the formation of internal and edge 
transport barriers, (b) Evolution of the effective thermal diffusivity xlj? (quoted from Ref. [5]). 

3.1. Evidence of internal transport barrier 

The time evolution of the T¡ profiles is shown in Fig. 5(a) (the same discharge 
as in Fig. 1), where a steep VT¡ at r/a = 0.7 is sustained for 150 ms (phase I). The 
duration is much longer than the temperature relaxation time of —15 ms. Further
more, the increase in T¡ cannot be explained by direct beam power deposition. 
Therefore, we conclude that the observed steep VT¡ is to be attributed to the forma
tion of the transport barrier. An effective single fluid thermal diffusivity defined as 
Xeff = -Qeff/[neVTe + EnjVTJ was evaluated at r/a = 0.7. The quantity 

Xeff W ^ S 

reduced from 8 to 1 m2/s by the formation of the internal transport barrier 
(Fig. 5(b)). 

3.2. Plasma parameters after internal transport barrier formation 

A gradual T¡ increase inside r/a = 0.55 was observed from the formation of an 
internal transport barrier (Fig. 6(a)). The reason why the barrier in this discharge is 
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located more radially inside than that in Fig. 5 is that the location of barrier depends 
on qeff, as will be shown later. Counterdirected Vt(r) increased inside the same 
radius, where the counterdirected external momentum input was injected by tangen
tial beams (Fig. 6(b)). The causality between VT¡ and VVt has not been resolved 
in our experiments. 

The change in Te(r) is much smaller than that in T¡(r) (Fig. 6(c)), showing that 
there is no substantial improvement in the electron thermal transport. 

A broad electron density profile at the outside of the transport barrier was mea
sured by Thomson scattering measurements (Fig. 6(d)). If we take into account the 
interferometry measurement through the central region, a peaked n^r) inside the 
internal transport barrier is also expected. 

3.3. Effect of sequential formation of internal and edge transport barriers 

The plasma pressure has been built up inside the internal transport barrier, as 
seen from Figs 6(a) and (d). The resulting high and peaked plasma pressure often 
induced a pressure driven type instability [5, 9]. A small amount of energy was 

E21366 (1.5MA. 4T, 50m\ q.,-5.9. P N B - 1 3 M W ) 

i 4 -

FIG. 6. (a) T¡(r), (b) Vt(r) and (c) Te(r) evolution and (d) njr) due to internal transport barrier 
formation. 
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FIG. 7. Total average pressure as a junction ofIpB/ap in the three improved confinement regimes. 

released across the internal transport barrier because of this instability, which trig
gered the H transition. The resulting plasma pressure was very high, and its profile 
has become broader. This is the case, partly because the internal transport was kept 
reduced even after the H mode transition (see x*ff in Fig. 5(b)), and partly because 
the effective confinement volume was expanded by the edge transport barrier 
formation. 

This feature is in contrast to the usual H mode, where the edge j8 limit restricts 
the total performance before the central pressure is fully increased. 

Figure 7 shows the volume average plasma pressure, <nT>t s (2/3)Wdia/Vp, 
plotted against IpBt/ap. A high <nT>t above 0.1 MPa was obtained with good repro
ducibility in the high |8P H mode. The slope of this plot is proportional to the 
Troyon normalized beta (/3N), from the definition as <j8t> = gIp/apBt. The maximum 
/3N reached 2.4 in the best shot listed in Table I. 

4. CHARACTERISTICS OF INTERNAL TRANSPORT BARRIER 

From the above mentioned results, it is found that the internal transport barrier 
is as important for improved confinement as the edge transport barrier. The charac
teristics of internal transport barrier formation were studied, and the results will be 
described in the following. 

4.1. Radial position of internal transport barrier 

We investigated the characterization of internal transport barrier location. This 
information is important because the effective confinement volume and the resultant 
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pressure profile are largely affected by its radial location. We note the following two 
observations: 

(A) Figure 8 shows the evolution of T¡ in a discharge with relatively low 
heating power (PNB = 7.6 MW). After the start of beam heating, T¡ first increased 
inside r/a = 0.23 (left hand arrow), whereas outside T¡ stayed almost unchanged. A 
similar evolution started at r/a = 0.4 (central arrow) 0.5 s after that. A third evolu
tion appeared at r/a = 0.7 (right hand arrow), 0.5 s later. Since each step was similar 
to the T; evolution in Fig. 6, we speculate that an internal transport barrier can be 
produced at several radial locations. 

(B) One more important observation to be considered is that the internal 
transport barrier in high performance discharges stayed at a fixed position, as shown 
in Fig. 6. This position has a qeff dependence as shown in Fig. 9 [5]: the larger 
qeff the more the location moves inward. The calculated radial positions of the 
q = 2, 3 and 4 surfaces, on the assumption of a parabolic current profile with 
j(r/a) = (Ip/ira

2) (qeff/q0) {1 - ( r / a ) 2 }^^ - 1 are shown by the hatched regions, 
where q0 is scanned over a range of 2 ± 0.5. The internal transport barrier seems 
to be located around the q = 3 surface, within the framework of the assumed current 
profile. The displayed radial position of the q = 3 surface was consistent with the 
calculation based on Spitzer resistivity and bootstrap current [8]. Moreover, mea
surements by a poloidally distributed set of Mirnov coils supported our hypothesis 
that the q = 3 surface played a role in the transport barrier: the poloidal mode number 
of the magnetic fluctuations associated with the minor collapse described before was 
identified to be m = 3 [5]; the most likely toroidal mode number n is unity because 
r > 2 corresponds to q < 1.5 from the resonant relation q = m/n, which conflicts 
with the results in Fig. 9. 

On the basis of (A) and (B), it seems that the q = 3 surface has the effect of 
fixing the transport barrier location. As to the original position of the internal trans
port barrier, we could not obtain a clear answer, as yet. 

E22023 (1.4MA, 4T. 57m3, q =6.4, P -7.6MW) 

0 0.2 0.4 0.6 0.8 
r/a 

FIG. 8. Evolution ofT¡(r); a steep VT¡ was observed at several radial positions. 
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FIG. 9. qeg dependence of the radial position of the internal transport barrier. The shaded regions 
indicate the calculated radial positions of the q = 2, 3 and 4 surfaces with q0 scanned over a range 
of 1.5-2.5. The vertical error bar is from the spatial resolution of the measurement (quoted from 
Ref. [5]). 
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FIG. 10. Effect of beam power deposition on the internal transport barrier formation. 
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4.2 Threshold power for internal transport barrier formation 

Figure 10 compares two similar discharges, while the deposition profile of the 
beam power was changed between them. The total absorbed power was 3 MW. 
When on-axis tangential beams were injected (case (A)), the transport barrier was 
formed at r/a = 0.4. When off-axis tangential beams were used (case (B)), no trans
port barrier was formed. This result suggests that the beam deposition profile is 
important for internal transport barrier formation. It should be noted that the power 
of 3 MW is lower than the predicted threshold power for the H transition in JT-60U 
(~ 14 MW) [1]. More detailed studies of its parameter dependence are in progress. 

5. CONCLUSIONS 

High temperature, high confinement, high fusion reactivity and a high bootstrap 
fraction were achieved simultaneously in the high j8p H mode. This result is 
encouraging for the conceptual development of steady state tokamak reactors such 
as SSTR. 

The sequential formation of internal and edge transport barriers played a major 
role in improving confinement. A low threshold power for the internal transport 
barrier formation was observed. The radial position of the internal transport barrier 
stagnated near the q = 3 surface. 

The mechanism of internal transport barrier formation is not yet understood. A 
comparison with recent theoretical approaches [10, 11] to this phenomenon is 
under way. 
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DISCUSSION 

R.D. STAMBAUGH: With regard to the internal transport barrier and toroidal 
rotation, can you comment on the dependence on co-, counter-, or balanced beams. 

Y. KOIDE: In the low heating power region, balanced beam injection and 
counter beam injection are more effective in producing an internal transport barrier 
than co-injection. 

M. ONO: You mention the density barrier as well. However, I do not see a 
steepening of the density profile in your graph. Would you please comment on this 
point? 

Y. KOIDE: In this discharge, local density measurement inside the internal 
transport barrier was not available. However, the density profile deduced from the 
line integrated measurement suggests density buildup in the internal transport barrier. 
In a similar discharge, we confirmed the peaked density profile by local 
measurement. 

R.J. GOLDSTON: You have shown very impressive values of nTr in the ELM 
free periods of these discharges. How high a value of nTV have you achieved in 
ELMy H modes? 

Y. KOIDE: (4-5) X 1020 keV-s-m"3. 
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Abstract 

OPERATION FOR HIGH PERFORMANCE IN THE NEW JET CONFIGURATION. 
H-mode operation has been demonstrated in the new JET configuration at plasma currents up to 

4 MA. Unlike the previous high current H-modes in JET, these plasmas have a clear divertor configura
tion. Typical H-modes in the old JET were ELM free for several seconds, limited by rising density and 
leading to a radiatively driven transition to the L-mode. The recent H-modes are typically ELMy with 
steady state density, and confinement is close to ELM free values. The ELM free period increases with 
increasing plasma current and triangularity, in double null configurations and with reduced recycling, 
consistent with the predictions of ideal ballooning at the edge. Initially, the fusion performance in the 
new JET was limited by high main chamber recycling, unfavourable density profiles and a short ELM 
free period. Now, the fusion performance achieved is in the middle of the range observed previously 
in the hot ion regime, and clear routes for further optimisation have been identified. 

1. INTRODUCTION 

JET has recently installed internal divertor coils, a new target plate assembly and 
a torus cryopump. These installations were designed to permit significantly 
improved divertor configurations for plasma currents, ultimately up to 6MA. 
Bearing in mind the future DT experiments in JET, it is desirable to investigate in 
the new JET configuration high fusion performance in regimes with steady state 
potential in addition to regimes with the maximum fusion yield. For this reason, 
ELMy, ELM free and enhanced H-modes are of interest. 

In the following sections a comparison is made between H-mode behaviour in the 
old and new JET configuration, experiments to elucidate the reasons for 
differences are described, progress towards high fusion yield in the hot ion H-
mode is reviewed, and finally H-modes at the highest plasma current are shown. 

2. H-MODE BEHAVIOUR IN THE NEW JET CONFIGURATION 

Fig. 1 shows a typical H-mode at 3MA in the new JET configuration at moderate 
neutral beam power and moderate density. The transition into H-mode occurs at 
the same power as previously [1], but the initial ELM free period is short (300 ms 

1 See Appendix to IAEA-CN-60/A1-3. 
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in this case), and thereafter ELMs are repetitive and density, stored energy and 
neutron yield become steady. Similar pulses have been extended to show steady 
state for times up to 20 sec [2], 

The confinement time in such plasmas over a range in current from 1 to 4MA 
and toroidal field 1 to 3.4T appears to be between 90 and 100% of ELM free H-
mode predictions (ITERH93-P). The ELM frequency increases strongly with 
power and decreases with plasma current in a similar manner to that observed on 
Asdex and DIIID [2, 3]. 

These H-modes contrast with the long ELM free behaviour typical of the old JET 
configuration [41. In the old results the density and radiated power increase 
throughout the ELM free period leading to a return to L-mode. 

3. PROLONGATION OF ELM FREE PERIOD 

There are a number of differences between the old and new JET which might be 
significant in determining the ELM behaviour including vessel temperature, 
proportion of bare inconel on the vessel wall, the plasma shape and diverted 
plasma geometry, the divertor chamber geometry and divertor tile design and 
cooling and finally the limiter configuration. 

Experiments on conditioning schemes, divertor tile heating, X point to target 
distance, diverted plasma flux expansion, top X point (ie. using the original 
divertor assembly hot tiles) have shown only small effects on the ELM free 
period. Plasma scenarios optimised for minimum gas input and the use of the 
cryopump can reduce the main chamber recycling. Fig. 2 shows that reduction 
of main chamber recycling can increase the ELM free period to as long as 1 sec 
for the "standard" plasma shape. Both double null x point configurations and 
more triangular configurations can extend the ELM free period to of order 2 
sec at 10MW. A scan of elongation, triangularity and strike point location at 
constant power plasma current, toroidal field and target density confirms that an 
increase in triangularity from 0.2 to 0.35 can extend the ELM free period from 
0.3 to 2 sec. Fig. 3(a) shows the triangular configuration overlaid on the 
standard configuration and Fig. 3(b) shows the H-mode behaviour in this 
triangular case. It can be seen that in addition to the long ELM free period the 
rising density and increasing radiation are similar to the old JET behaviour and 
the ELM free period is often limited by a return to L-mode driven by power 
balance considerations. Interestingly this higher triangularity is similar to the 
values typical of the old JET configurations. 

Reduction of recycling reduces the density gradient at the separatrix and both 
increasing triangularity and using double null configurations increase edge shear 
and therefore increase the ideal ballooning limit to pressure gradient at the 
separatrix. This leads to the hypothesis that the proximity to the ideal limit 
determines the ELM free period. The theoretical pressure gradient limit due to 
the ideal ballooning limit has been calculated using EFIT reconstructions of the 
plasma equilibria. These reconstructions assume zero edge current density, but 
more limited investigations show that edge current density has negligible effect at 
the 95% flux surface. The experimental pressure gradients are determined from 
ECE, reflectometry and LIDAR with spatial resolution varying from 3 to 10cm. 
Fig. 4(a) examines the relationship between global stored energy and calculated 
edge limit whereas Fig. 4(b) compares the measured edge profiles with the 
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Pulse No: 30726 

Fig. 1 Various time traces for a typical H-mode at 3MA in the new JET 
configuration. 

j 1 i i i i i i 
5 15 25 35 45 

Vertical Ha (10,3ph/st/sec) 

Fig. 2 ELM-free period plotted against main chamber recycling light for 
standard fat configurations, triangular configurations and top single 
null on the original tiles. Where appropriate the ELM free period is 
counted from the first clear H-mode signature or the start of the high 
power phase and ends at the first clear giant ELM or ELM associated 
with neutron yield maximum. 



214 JET TEAM 

2.0 

1.0 

Z(m) 0 

-1.0 

-2.0 

Triangular 31006 
Standard 31014 

(a) 

1.0 5.0 

10 

°\ 
0.5-

0 
4 
2 

1.5 

1.0 

4 
2 

10 
5 

20 

10 
6 

Puise No: 31006 
- P N S ( M W ) r 

(b) 

, c i - i* •* * » L 'ViV nm,_ 

-RDD(1015s-1) 

-TeoikeV) 

- P R A D ( M W ) 

- n^OO^m-3) 

_ WD1A (MJ) 

15 16 17 
Time (s) 

18 

Fig. 3 (a) The moderate triangularity configuration (solid) compared with the 
low triangularity FAT configuration (dashed), (b) time traces for the H-
mode with moderate triangularity. 
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5 Time traces for hot ion pulses with low main chamber recycling 
obtained by cryo pumping, (a) for the standard FAT plasma and (b) for 
the modest triangular configuration. 
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calculated limits. Taken together, and bearing in mind the caveats described 
above there is support for the hypothesis that the edge is limited by ideal 
ballooning, and that therefore the ELM free period is determined by the time to 
reach this limit. 

4. THE HOT ION H-MODE REGIME 

Fig. 5(a) shows time traces for an hot ion H-mode in the new JET configuration 
at 2.5MA. In comparison with the best hot ion with the old configuration at 3MA 
the ion temperature is similar but electron temperature stored energy and neutron 
yield are lower. Beryllium gettering and Helium GDC together reduce the 
mainchamber recycling but only to levels a factor 2 - 5 higher than previously 
obtained with the old JET. Further reduction in recycling was obtained using first 
one half of the cryopump, but the use of the full cryopump reduced the 
recycling to the levels previously obtained in the highest performance pulses. 
Fig. 6 shows that this reduction in recycling has brought a significant 
improvement in fusion performance. The reduced recycling reduces the edge 
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configuration. 
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density and allows the neutral beam fuelling to dominate the wall source and 
therefore develop more peaked density profiles where the beam deposition is 
more favourable. Note that there is a large scatter in the old results at low 
recycling, attributed to a variety of phenomena which can terminate the high 
performance phase [5] including carbon blooms, the early appearance of ELMs 
and sawteeth. In the new data the carbon bloom is absent as a result of good 
divertor design but the other phenomena have been observed in the new JET. For 
example the pulse in Fig. 5(a) is clearly ELM limited, whereas the more 
triangular configuration of Fig. 5(b) is limited in a more subtle manner (the so 
called slow termination) and not by ELM or sawtooth. Fig. 7 illustrates the 
difficulty in understanding such phenomena. Here early in the H-mode the 
recycling level is low, but 100ms after the sawtooth the rate of rise of stored 
energy decreases, and at the same time the target temperature increases indicating 
an increase in loss power from the core. The recycling light (Ha) increases, the 
magnetic activity changes in character and the edge temperature clamps. It is 
therefore difficult to separate cause and effect. 

The highest performance pulses from the old data exhibit enhanced global 
confinement (up to 1.8 times elm free H-mode scaling prediction), the so called 
VH-mode, whereas the new data has global confinement enhancement factors 
between 1 and 1.4. In both data sets the core transport is essentially the same [6] 
and therefore any differences must lie in the outer 20% of minor radius. Analysis 
has suggested [7] that the highest performing pulses in the old JET entered 
second stability. This would then indicate that the evolution of the edge bootstrap 
current and edge resistivity are important factors yet to be exploited in the new 
JET configuration. 

5. HIGH CURRENT H-MODES 

The highest current H-mode so far demonstrated in the New JET configuration is 
4 MA as illustrated in Fig. 8, for moderate target density. The general behaviour 
is similar to lower current cases such as Fig. 1, but the initial ELM free period is 
longer and the ELM frequency during the steady state phase is lower. The 
maximum D-D rate is reached at the first ELM and is comparable to the best hot 
ion cases at similar recycling. The stored energy approaches 10MJ which is 
comparable to previous 4MA data at similar loss power, but in this case is 
maintained steady state by the ELMs. The fusion triple product nD T¡0 XE reaches 
4.9 x 1020m-3skeVduring the transient ELM free phase and 2.5 1020m?s»keV 
during the stationary ELMy phase. The former value is quite promising and 
offers the prospect of further improvement along the lines already described in 
the previous section. The QDT equivalent for the ELMy phase is modest because 
the density is too high (1020m-*) and therefore the temperature is too low for 
optimum yield, again indicating a clear route for further optimisation. 

6. CONCLUSIONS 

The new JET configurations shows naturally ELMy H-modes which exhibit 
steady state character with good confinement demonstrated up to 4MA. The 
optimisation of this regime to higher plasma current with improved density 
control appears promising for JET DT experiments. Clearly still higher fusion 
performance is possible exploiting the hot ion regime, and promises the highest 
a particle power in the JET DT phase and therefore is most relevant for studies of 
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Fig.7 Various time traces for a slow termination event following a sawtooth, 
see text. 

Pulse No: 31893 

Time (s) 

Fig.8 Time traces for a 4MAI3.4T plasma in the new JET configuration 
showing both ELM free and stationary ELMy phase. 
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a particle heating. In this regime the control of core recycling and elm free 
period has brought improvement in performance to within the range previously 
obtained. Increase in plasma current in this regime offers immediate prospects of 
further improvement. The enhanced H-mode confinement (the VH) mode was 
achieved in the highest performance plasma in the old JET but has, as yet, not 
been clearly identified in the new configuration. The reduced recycling and 
improved triangularity recently demonstrated open up exciting prospects for this 
regime. 
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DISCUSSION 

F. WAGNER: You explain the higher ELM frequency through the higher edge 
density (due to enhanced recycling), which contributes to the edge pressure. Does 
this imply that the edge heat conductivity has a remaining favourable density scaling? 
Also, is the sawtooth behaviour typically changed in the new configuration, which 
might indicate that the enhanced edge recycling might not allow the current profile 
to broaden fully? 

P.J. LOMAS: We have no evidence that the edge heat conductivity has a favou
rable density dependence (inside the separatrix) but, of course, the heat flux analysis 
is particularly difficult. The sawtooth behaviour in the new JET is similar to that in 
the old JET. The current profiles also appear to be similar. 
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Abstract 

H-MODE AND VH-MODE CONFINEMENT IMPROVEMENT IN Dffl-D: INVESTIGATIONS OF 
TURBULENCE, LOCAL TRANSPORT AND ACTIVE CONTROL OF THE SHEAR IN THE 
E x B FLOW. 

The hypothesis of stabilization of turbulence by shear in the E x B drift speed successfully 
predicts the observed turbulence reduction and confinement improvement seen at the L to H transition. 
This same hypothesis is the best explanation to date for the further confinement improvement seen in 
the plasma core when the plasma goes from H-mode to VH-mode. Consequently, the most fundamental 
question for H-mode studies now is: How is the electric field Er formed? The radial force balance 
equation relates Er to the main ion pressure gradient VP¡, poloidal rotation vm, and toroidal rotation 
Vfr. In the plasma edge, direct measurements show that VP¡ and vei are the important terms at the L to 
H transition, with V/>¡ being the dominant, negative term throughout most of the H-mode. Since Er is 
observed to change before the change in VP¡, it is inferred that main ion rotation, probably vei, 
changes first, triggering the transition. Ex is seen to change before the change in fluctuations, consis
tent with E x B shear causing the change in fluctuations and transport. In the plasma core, Et is 
primarily related to u¿¡. There is a clear temporal and spatial correlation between the change in E x B 
shear and the region of local confinement improvement when the plasma goes from H-mode to 
VH-mode. Direct manipulation of ŵ ¡ and E x B shear using the drag produced by a non-axisymmetric 
magnetic perturbation has produced clear changes in local transport consistent with the E x B shear 
stabilization hypothesis. The implications of these results for theories of the L to H and H to VH transi
tions are discussed. 
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No. DE-AC03-89ER51114, and Grant Nos DE-FG02-91ER54109, DE-FG03-89ER5112 and 
DE-FG03-86ER51121. 
Permanent addresses: 

1 University of Maryland, College Park, Maryland, USA. 
2 Massachusetts Institute of Technology, Cambridge, Massachusetts, USA. 
3 University of California, Los Angeles, California, USA. 
4 University of California, San Diego, California, USA. 

221 



222 BURRELL et al. 

1. I N T R O D U C T I O N 

A simultaneous improvement in the normalized energy confinement and 
beta limits by factors of 2 to 3 above present H-mode values would significantly 
enhance the economic attractiveness of a tokamak fusion power plant [1]. The 
H-mode itself is one of the most ubiquitous and robust of the improved toka
mak confinement regimes, since it combines good energy confinement [2] with 
high beta [3] and with acceptable particle transport rates for helium exhaust 
[4]. The discovery of the VH-mode in DIII-D [5-7] and, subsequently, in JET 
[7,8] demonstrates that further confinement improvement of the H-mode is 
possible. Accordingly, understanding and optimizing the H-mode confinement 
improvement is an important issue. 

The H-mode was first discovered in ASDEX, a divertor tokamak [9], but 
has now been seen in a variety of magnetic confinement devices. H-mode 
has been obtained in all divertor tokamaks that have operated since 1982, 
in limiter discharges in several tokamaks [10-14], in a current-free stellarator 
[15-17], in a heliotron/torsatron [18,19], and in a linear tandem mirror machine 
[20]. Although most tokamaks produce H-mode with neutral beam heating, 
H-mode has also been produced with a wide variety of other heating tech
niques: electron cyclotron heating [15,16,21,22], ion cyclotron heating [10,23], 
lower hybrid heating [24] and Ohmic heating [25-28]. Furthermore, H-mode 
has been produced by biasing the plasma using an external electrode [29,30] 
or by biasing the limiter [20]. 

Because the H-mode confinement improvement appears in many con
figurations and has been produced by many means, an explanation of the 
confinement improvement requires some universal mechanism. One explana
tion which has this universality is stabilization of turbulence by sheared E X B 
flow [31,32]. Our results demonstrate that this is a good working hypothesis 
to explain the turbulence reduction and confinement improvement that is seen 
at the plasma edge at the L to H transition [33-41]. (The reasons why E X B 
shear is the fundamental quantity are discussed in Ref. [41].) The observed 
levels of E x B shear [35-39,41] significantly exceed those required theoretically 
[31] to affect the turbulence. In addition, this same hypothesis is the best 
explanation to date for the further confinement improvement seen in the plasma 
core when the plasma goes from H-mode to VH-mode [6,7,41-44]. In light of 
this, the most fundamental question for H-mode studies now is: How is the 
sheared radial electric field Er formed and how can it be controlled? Since the 
last IAEA meeting, we have made further tests of the E x B shear stabilization 
hypothesis on DIH-D, determined which terms in the radial force balance are 
important in forming Er, and have demonstrated active control of the E x B 
shear using drag from an external coil. 

The physics that influences the H-mode power threshold is a key question 
for H-mode studies. In order make progress in this area, we need to identify 
what causes the initial, negative change in Et right at the transition which leads 
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to the negative Er well seen in H-mode [36,39]. We have been considering this 
problem from the standpoint of the main ion radial force balance equation [41], 
which tells us to consider the relative roles of the main ion pressure gradient 
VPi and rotation perpendicular to the magnetic field across the transition. Our 
recent results indicate that main ion perpendicular rotation is the term that 
changes first, but that VPi becomes important shortly thereafter. Accordingly, 
the physics of the power threshold is apparently the physics that determines 
edge perpendicular rotation. 

Direct measurements of the main ion poloidal rotation VQ\ 3 ms before and 
3.5 ms after the transition show that vg\ is in the ion diamagnetic drift direction, 
which would give a positive (outward) contribution to ET [41]. Measurements 
made within 3.5 ms of the L to H transition show that, at that time and later in 
the H-mode, VPi gives the dominant, negative contribution to ET at the plasma 
edge. The magnitude of the contribution to Ev from the poloidal rotation 
is, however, comparable to that from the pressure gradient. Unfortunately, 
measurements this far from the transition cannot conclusively show whether 
VPi or Voi is the dominant term right at the transition. 

Owing to technological limitations on neutral beam modulation, we have 
been unable to make direct measurements of main ion poloidal rotation and 
pressure gradient continuously across the L to H transition. High time resolu
tion measurements of electron density rae, ion temperature 2], and ET across 
the L to H transition in plasmas with input power moderately above threshold 
have shown that ET begins to evolve several milliseconds prior to the change in 
the main ion pressure gradient. This shows that there is a period of time when 
the change in the main ion perpendicular rotation, probably VQ1} produces the 
dominant change in Er. These results provide more conclusive evidence for the 
previously discussed role of main ion rotation right at the transition [41]. 

Our measurements demonstrate that both the poloidal rotation and the 
pressure gradient terms are important in determining ET. Accordingly, for 
a theory to accurately predict Er, both the poloidal rotation and pressure 
gradient contributions must be considered. Until last year, theories focussed 
either on the role of the poloidal rotation [31,32,45-51], or on the role of the 
pressure gradient [52,53]. Based on recent experimental results [41], theories 
including both effects have appeared [54-57]. 

Our high time resolution measurements in moderate power discharges 
have also allowed us to make a stronger test of causality. If the E x B shear 
is stabilizing turbulence, then ET must change prior to or, at least, simulta
neously with the changes in the fluctuations. Previous measurements have 
been consistent with causality, but the 0.5 ms minimum time resolution of the 
Er measurement was insufficient to make a strong test of causality, since the 
ET evolution was too rapid to follow at this time scale [41]. In the present 
experiments, not only have we seen Er evolve for several milliseconds prior to 
the rapid change in fluctuation amplitudes, we also have Langmuir probe data 
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showing that ET and the density and potential fluctuation amplitudes evolve 
together on a 20 to 30 (Jts time scale at the time of the most rapid change in the 
fluctuation amplitudes. The hypothesis that E X B shear causes a reduction 
in fluctuations and transport is consistent with these measurements. 

Changes in the core ET when the plasma goes from H-mode to VH-mode 
are connected to changes in the toroidal rotation. Using an externally imposed, 
n = 1 magnetic perturbation, we have altered the toroidal rotation at constant 
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FIG. 1. Electron and ion temperature profíles for the DIII-D VH-
mode shot with the highest fusion triple product achieved to date. 
The triple product quoted in the figure is based on the global energy 
confinement time. As can be seen from the toroidal beta value 
written on the figure, this high triple product is also achieved in a 
plasma with a reactor relevant normalized beta value. 
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injected power and produced changes in local transport which are consistent 
with the hypothesis of E x B shear flow stabilization of turbulence. This is 
the first case where active control of Er in the core of a large tokamak has been 
used to directly influence transport. 

The confinement improvements in H-mode and VH-mode are consistent 
with the E x B shear stabilization hypothesis. This suggests that understand
ing and control of ET is of direct, practical interest for fusion research. For 
example, the confinement improvement in VH-mode plasmas results in energy 
confinement about a factor of two better than the JET/DIII-D ELM-free 
H-mode scaling [2] in both DIII-D [5-7] and JET [7,8]. As is illustrated 
in Fig. 1, these plasmas have the highest ion temperatures and largest fusion 
triple products seen to date in DIII-D. 

2. PHYSICS INFLUENCES ON Ev 

The physics which influences Er is conventionally discussed in terms of 
the radial force balance equation 

Er = (Zjenj)-1 VPj - Vti B^ + V4i B0 (1) 

where Zj is the charge of the ion, n¡ is the ion density, e is the electronic charge, 
Pj is the ion pressure, vg¡ and v^ are, respectively, the poloidal and toroidal 
rotation velocities and Bg and BQ are, respectively, the poloidal and toroidal 
magnetic fields. All quantities are specified for a specific ion, labeled j . This 
equation is valid at each point on any given flux surface and the quantities 
involved are local quantities. Indeed, ET itself is not a flux function. 

Applying Eq. (1) to the main ions by setting j = i, we see that there is a 
connection between Er and the cross field heat and particle transport (VPi), 
cross field angular momentum transport (v^) and poloidal flow (t^i). Our 
working hypothesis is that sheared E x B flow can influence turbulence, which 
in turn alters transport. Accordingly, there are several feedback loops whereby 
Er and its shear can change, allowing the plasma access to different confinement 
regimes. These include the usual cross field transport channels (particles, 
angular momentum and heat) as well as direct neoclassical or turbulent effects 
on vg\. A goal of our experiments has been to attempt to determine which of 
these feedback loops are important in various portions of the plasma and at 
various times in creating the sheared Er. 

Equation (1) neglects the radial component of the ion inertia term 
(m/Z)v • Vv which formally occurs in the radial force balance equation. The 
reasons why this term can be neglected have been discussed previously [41]. 

3. DIRECT MEASUREMENTS OF MAIN ION v0i and VJ* 

Previous spectroscopic determinations of Er involved using Eq. (1) with 
measurements made on various impurity ions [36,58-62]. The direction of 
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Vflj and the relative magnitude of the v$j and (2jenj) -1VPj terms were only 
established for impurity ions. Over the past two years, we have made a set 
of measurements concentrating on the main ions in helium plasmas. (The D a 

spectrum near the plasma edge in deuterium plasmas with deuterium beam 
injection is too complicated to analyze successfully.) These measurements 
utilized charge exchange recombination spectroscopy [59,63]. The initial mea
surements in this work were made at a time about 150 ms after the L to H 
transition [64]; the results presented here are within a few milliseconds of the 
transition. 

The main ion poloidal rotation near the plasma edge is in the ion dia-
magnetic drift direction in L-mode 3 ms prior to the transition and in H-mode 
3.5 ms after the transition [41,65]. In addition, as is shown in Fig. 2, in the 
H-mode, the main ion pressure gradient term is the dominant, negative term 
in Eq. (1). Both the poloidal and toroidal rotation terms separately give a 
positive contribution to ET. The toroidal rotation term, however, is relatively 
small at this time. These results are the basis for our conclusion that the main 
ion poloidal rotation and the pressure gradient terms are the important ones 
at the plasma edge near the time of the L to H transition. 

Later in the H-mode, all three of the terms in Eq. (1) can be important in 
giving the overall ET near the plasma edge [41,65]. The v^ increases gradually 
after the L to H transition, becoming more important later in the H-mode. 

This picture is different from that derived from carbon impurity measure
ments [36], for example, where the impurity vg$ is the dominant term right at 
the transition and where the pressure gradient term becomes important only 
late in the ELM-free phase of the H-mode [66]. These differences indicate 
that, as neoclassical theory points out [67], there is no reason for the poloidal 
rotation of the various plasma ions to be the same. However, Er derived from 
various species should agree; direct experimental measurements have confirmed 
this [64]. 

4. RESULTS FROM CONTINUOUS TIME HISTORIES 

Because of the need to modulate the deuterium neutral beams to suc
cessfully unfold the main ion spectrum in helium plasmas [64], to date we have 
been unable to directly measure the time history of vgi and VPi continuously 
across the L to H transition. (The time interval between beam pulses can be 
no shorter than 5 ms.) Accordingly, we have been unable to directly establish 
whether there is a phase of the transition where vg{ has changed but VP, has 
not. New diagnostics and more careful experiments have allowed us to make 
significant progress by attacking the problem from a different direction. 

In addition to the spectroscopic system [63], reflectometry systems [68] 
and far infrared (FER.) scattering system [69] which we have used previously, in 
the past two years we have acquired a fast reciprocating Langmuir probe system 
[70], a lithium beam system [71], and a superheterodyne electron cyclotron 
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emission system (ECE) [72]. By positioning the Langmuir probe at various 
locations in the plasma edge while the transition takes place, we have been 
able to acquire measurements of floating potential and ion saturation current 
at digitizing rates up to 5 MHz. The lithium beam system allows determination 
of variations in electron density ne [71] with digitizing rates up to 1 MHz. The 
ECE system allows measurements of electron temperature Te at digitizing rates 
up to 5 kHz. The reflectometers and FIR scattering make density fluctuation 
measurements at digitizing rates up to 5 MHz. 

In order reduce the power flux to the Langmuir probe, we studied L to 
H transitions in discharges with about 2 MW of neutral beam input power 
under conditions where the H-mode power threshold is about 1.5 MW [73]. 
As is shown in Fig. 3, possibly because of the low input power, this resulted 
in discharges where the whole time sequence of the transition is slowed down 
somewhat from ones that we have presented previously [36]. In addition, we 
injected the neutral beams before the discharges developed sawtooth MHD 
oscillations so that we could study L to H transitions that were not sawtooth 
triggered. 

The results in Fig. 3 show a clear, significant change in Er and its gradient 
a few milliseconds prior to the change in ne measured by the lithium beam. (In 
the edge of the plasma, lithium beam attenuation is negligible; hence, the colli-
sionally induced fluorescence from the lithium beam is directly proportional to 
ne [71].) Using the complete 15 chords of the lithium beam system reveals an 
increase in ne inside the plasma and a decrease on the open field lines, similar to 
that presented in Ref. [71]. The spatial location outside the separatrix. showing 
the earliest change in ne is the one used in Fig. 3. Assuming that charge 
neutrality is not violated, the lithium beam measurements demonstrate that 
Er evolves significantly prior to any measurable change in the main ion density 
nj. The ion temperature gradient measurements shown in Fig. 3 complete the 
picture, demonstrating that Er and its gradient have changed prior to any 
appreciable change in VPi. (Although there are changes in VTi prior to the 
earliest change in Tie, the results in Fig. 3 show that they are much too small 
to account for the change in Er.) Accordingly, Eq. (1) indicates that the initial 
change in Ee must have been due to a change in the plasma rotation. Since 
direct measurements have shown little change in v^ across the transition in 
helium plasmas, we believe that the initial Er change is due to a change in v$\ 
but we do not have conclusive evidence of this at present. 

The data from this sequence of shots also illustrates that the initial change 
in Er and its gradient take place before the dominant decrease in the amplitude 
of the density fluctuations. As is shown in Fig. 3, the most rapid decrease in 
fluctuation amplitude coincides with the drop in ne and with the most rapid 
decrease in the D a emission from the plasma edge. 

Langmuir probe measurements provide even faster time resolution for 
studying changes in ET by looking at changes in the floating potential. Infer-
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FIG. 3. Time history across the L to H transition of various signals 
from, a single-mill deuterium plasma with 2 MW deuterium neutral 
beam injection. Plasma conditions are a toroidal ñeld of 2.16 T and 
plasma current of 1.5 MA. Two L to H transitions are shown, (a) ET 
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X, is a few millimeters outside the separatrix. (b) Ion temperature 
gradient contribution (l/e)VTi to ET at the same two locations as 
in (a), (c) Signals proportional to ne from lithium beam system 
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enees based on the floating potential must, of course, be corrected for changes 
due to electron temperature. Since the ECE measurements indicate increases 
in Te across the transition, a decrease in floating potential means a decrease 
in the plasma potential. A more negative plasma potential is consistent with 
the more negative Ev obtained from spectroscopic measurements. In addition, 
the ion saturation current measurements allow one to monitor local density 
and/or temperature fluctuation behavior with excellent time resolution. 

As is shown in Fig. 4, the floating potential just inside the separatrix 
shows a slow decrease over a period of a few milliseconds followed by a more 
rapid drop. This implies that Er is continuously evolving over the initial 
several milliseconds and that it then changes more rapidly. This time history 
is consistent with the spectroscopic results presented earlier. At the beginning 
of the rapid drop, the potential fluctuation amplitude decreases significantly 
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FIG. 4 Time history across the L to H transition of the ion satu
ration current and ñoating potential from. Langmuir probes located 
0.5 cm inside the separatrix. Plots are given with two different time 
scales so that the slow evolution in the initial phase and the more 
rapid evolution in the second phase of the transition can he seen. 
Plasma conditions are similar to those for Fig. 3, but the shot is 
part of a different sequence. 
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in 20 to 30 fjs. The ion saturation current signals show a similar decrease in 
fluctuation amplitude in the same 20 to 30 fis interval. The decrease in the 
ion saturation current is consistent with the development of a steep electron 
density gradient just inside the separatrix after the L to H transition that is 
seen on the Hthium beam and on the Thomson scattering system. The decrease 
in fluctuation amplitude at the time of the drop in the ion saturation current 
is consistent with our FIR scattering observations of a decrease in density 
fluctuations when the ne profile changes. 

Combining the spectroscopic and Langmuir probe results produces a 
picture which is consistent with E X B shear causing the stabilization of 
turbulence. Er and its gradient start to evolve several milliseconds prior to 
the significant changes in fluctuation amplitude. ET continues to evolve up to 
the point where the fluctuation amplitudes drop abruptly; at this point, the 
changes in Ev accelerate. Since this acceleration occurs at the time that the n e 

starts to change, this acceleration is consistent with changes in VPi beginning 
to influence Er. However, the data clearly show that Er changes prior to any 
appreciable change in ViV The data are not consistent with any model in 
which the changes in VP¡ cause the initial change in Er. 

The L to H transitions seen in our recent data appear to have two parts. 
We speculate that all L to H transitions have this character, but that the 
transition usually happens too rapidly for the two phases to be resolved. There 
is an initial phase in which Er changes due to changes in main ion perpendicular 
rotation followed by a phase in which changes in VPi are also important. In 
the initial phase, the density and potential fluctuation amplitudes change little. 
In the later phase, there are large changes in the density and potential fluc
tuation amplitudes and significant reduction in electron thermal, ion thermal, 
and particle transport. In other words, the main ion rotation change is the 
trigger for the process, but the feedback loop containing VPi locks the plasma 
firmly into the H-mode. If vg\ dominates the perpendicular rotation, then the 
H-mode power threshold is determined by the physics which controls t/0¡. 

5. MAGNETIC BRAKING A N D IMPROVED CONFINEMENT 
DISCHARGES 

The core confinement improvement seen when the DIII-D plasmas go 
from H-mode to VH-mode [5-7] has been clearly related* to the change in 
the E x B shear [6,43,44]. Both spatial and temporal correlations have been 
established between the change in local E X B shear and the change in thermal 
transport. Local transport and density fluctuations change significantly in the 
same region where the sheared E X B flow changes most [6,43,44]. In addition, 
the E x B shear begins to change 20 to 40 ms prior to the first detectable 
change in the ion thermal transport [43]. 
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In the plasma core, the Er is associated primarily with the ion toroi
dal rotation. Previous work with magnetic braking using a toroidally non-
axisymmetric vertical field [74] in ELMing H-mode plasmas had shown that 
the toroidal rotation could be significantly altered without changing the neutral 
beam input power by means of this technique. In addition, these experiments 
showed that the toroidal rotation could be changed without significantly af
fecting the energy confinement. Accordingly, we devised an experiment to test 
the E X B shear stabilization hypothesis in VH-mode in which we altered the 
toroidal rotation and then investigated the effect on the local thermal transport 
[75,76]. 

Almost all the theories of E x B shear stabilization have been based 
on slab or, at most, cylindrical models. For comparing the theories with 
E x B shear effects at the plasma edge, such models have some justification 
for ignoring the toroidal nature of the plasma, since the H-mode shear layer 
is only a few centimeters thick. However, the VH-mode shear layer extends 
much further into the plasma. Accordingly, toroidal effects may be important. 
Recently, Hahm [77] has extended the E x B shear stabilization calculation to 
finite aspect ratio, flux surface geometry. He has shown that the quantity of 
interest is the shear in Er/RBe. This quantity can also be written as d^/dip, 
where $ is the electrostatic potential and if) is the poloidal magnetic flux 
function. If $ is constant on a flux surface, then Er/RBo is a function of 
ip only. 

In Fig. 5(a), (b), and (c), we see that, in VH-mode, the magnetic braking 
technique can alter the electric field, Er/RBo, and the shear in Er/RB$ in the 
core quite significantly. More importantly, as is seen in Fig. 5(d), there is 
a clear change in the local single-fluid thermal diffusivity in the same region 
where the shear in Ev/RBe has changed. There is also a corresponding change 
in the density fluctuations, with the level increasing when the E x B shear is 
reduced [78]. Accordingly, the results of this experiment are consistent with 
the predictions of the E X B shear stabilization hypothesis. 

In utilizing magnetic braking in a transport study, one must be sure 
that the effects of the non-axisymmetric magnetic perturbation itself are not 
affecting the transport by creating magnetic islands [79] or by inducing fast 
ion loss. These have been considered in detail [41] and found to produce little 
if any effect on the plasma. 

Although the plots in Fig. 5 show that E X B shear effects reach into 
about p = 0.55, plotting the same graphs in major radius makes clear that the 
region of significant shear is in the outer 15 to 20 cm of the discharge. Because 
of the elongated, highly triangular shape used in VH-mode discharges, the 
toroidal magnetic flux coordinate p is a nonlinear function of major radius. 
In comparing with JET VH-modes, for example [80], which have a different 
shape, it is not clear whether comparisons of E x B shear should be made at 
the same p or at the same physical distance from the separatrix. There are 
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theoretical reasons to believe that the thicker shear layer might penetrate the 
same physical distance from the edge [52,53,57]. 

Improved confinement has also been seen in discharges in which the 
elongation has been suddenly increased, thus increasing the plasma internal 
inductance [81,82]. Although a portion of this confinement improvement is 
probably associated with the change in inductance, a portion is apparently 
also due to the change in E X B velocity shear. This has been investigated 
by using the magnetic braking technique to slow the toroidal rotation in some 
of these shots after the elongation ramp is over. Changes in local thermal 
transport were seen, with the biggest changes also occurring where the change 
in the E X B velocity shear was the greatest. 

6. ASSESSMENT OF THEORIES 

The experimental results discussed in the last section can be used to assess 
how well theories of the L to H transition agree with the experiments. Since a 
fairly complete assessment was recently done [41,83], only a few comments on 
recently modified theories are necessary. 

The latest version of the self-regulating shear flow theories created by 
Carreras et ai. [55,56] is an extension of previous work [47-49]. The most 
recent version [55,56] also includes the effects of the main ion pressure gradi
ent. Although the pressure gradient terms were added based on experimental 
motivation [41], the structure of the model is such that it predicts a sequence of 
events very like those shown in Fig. 3. Because the turbulence drives initially 
couple only to the poloidal rotation, that term grows first. The pressure 
gradient feedback becomes important once the transport has been modified 
enough that the pressure gradient can start to build. The major changes in 
the amplitude of the turbulence occur after the pressure gradient term becomes 
important. This model also predicts that the time scale for the transition gets 
longer the closer the plasma is operated to the H-mode power threshold. At 
present, this model is a local one; hence, radial profiles cannot be produced. 

Hinton and Staebler's [52,53] transport bifurcation model was one of the 
first to point out the importance of the main ion pressure gradient term in the 
H-mode. Our experimental results indicate that the pressure gradient effects 
are important in locking the plasma into the H-mode. The theory has recently 
been upgraded to include poloidal rotation effects calculated from classical and 
neoclassical processes [57]. This model has the advantage that it is built into 
a transport code [57] so that it can produce radial profiles which, with proper 
choice of transport coefficients, greatly resemble the experimentally measured 
ones in H-mode and VH-mode. It remains to be seen whether a model which 
ignores turbulent effects on the poloidal rotation can successfully reproduce 
the sequence of events seen in the experiment across the L to H transition. 
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7. CONCLUSIONS 

In the plasma edge across the L to H transition, the main ion poloidal 
rotation and the pressure gradient terms are both important contributions 
to Er. Throughout most of the H-mode, the pressure gradient term is the 
dominant and only negative contribution. However, our latest measurements 
indicate that there are two parts to the L to H transition: An initial phase in 
which Er changes due to changes in the main ion rotation and a second phase 
in which the pressure gradient term becomes important. The major turbulence 
suppression occurs in the second phase. The sequence of events is consistent 
with increasing E x B shear causing the stabilization of turbulence. The time 
sequence seen in the experiment is well reproduced by the most recent version 
of the model of Carreras et al. [55,56]. 

In the plasma core, Er and the main ion toroidal rotation are the two 
important terms in the radial force balance equation. We have seen toroidal 
rotation changes 20 to 40 ms prior to the energy confinement improvement 
when the plasma goes from the H-mode to the VH-mode. These changes 
are consistent with models based on transport bifurcation [52,53]. Active 
control of the core ET using magnetic braking has shown that decreased E X B 
velocity shear in the plasma core results in increased local transport in the same 
region. These observations are consistent with the E x B shear stabilization 
hypothesis. 

Finally, because E X B shear stabilization appears to play a role in 
both the H-mode and VH-mode confinement improvement, we need means 
of actively increasing the E x B shear in the plasma core to further increase 
tokamak energy confinement. 
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DISCUSSION 

B. COPPI: How do you relate your results to those on the thermal barrier of 
JT-60U presented by Dr. Koide (paper A2-3)? Did you discover any relationship 
between the position of the barrier and that of a q integer surface? 

K.H. BURRELL: I believe that both our VH mode transport barrier and the 
internal transport barrier in JT-60U are the result of E x B shear stabilization. I 
speculate that the difference in the location of the steep VT¡ regions is due to the 
different toroidal rotation profiles; these are related to differences in neutral beam 
geometry. In DIII-D, we see no relation between the steep VTi region and the 
rational q surfaces, perhaps because our steep gradient region grows inwards from 
the H mode edge transport barrier. 

F.W. PERKINS: Since so much success was achieved by using a braking coil, 
can this be turned around to launch a travelling wave accelerating structure that 
would produce a thin velocity shear layer? 

K.H. BURRELL: Utilizing a travelling n = 1 perturbation should indeed allow 
control of plasma rotation. By tailoring the poloidal mode number spectrum, it should 
be possible to couple to different rational surfaces in die plasma, tiius affecting die 
shear in the rotation. However, the coil set to do this must be located inside the 
vacuum vessel, which would lead to considerable technological complexity in a 
reactor. 
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P.R. THOMAS: In your diagrams showing the temporal development of the 
radial electric field, temperature, density and fluctuations, it appeared that the Balmer 
alpha emission tracked the changes in Er, which pre-empted those in the pressure 
gradient and fluctuations. Do you have an explanation for this? 

K.H. BURRELL: This variation in Da is not a universal feature of shots like 
this. We have other cases where the Er change is as large but the initial Da change 
is smaller. One can speculate that these initial Da changes reflect small particle or 
energy flux changes that occur during the initial Er change. If the electron heat flux 
were to change somewhat, divertor Te could change which would alter Da emission 
in the divertor. There is some evidence for edge Te change during the initial Er 

change. 
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Abstract 

THE H-MODE IN ASDEX UPGRADE: PHYSICS AND OPERATING REGIMES. 
The confinement properties of single null poloidal divertor plasmas were investigated at plasma 

currents of up to 1.2 MA and heating powers of up to 12 MW. A large window for steady state H-mode 
confinement could be exploited. Controlled neon impurity and controlled deuterium gas puffing allowed 
the heat load onto the divertor plates to be considerably reduced without deterioration of the good 
H-mode confinement and plasma bulk parameters. The power thresholds for the L-H and H-L transi
tions as well as the ELM regimes were determined for different heating powers and radiated power 
fractions. 

1. Introduction 

Many features of ASDEX Upgrade [1] meet reactor requirements. The poloidal 
cross-section (SN divertor with R = 1.65 m, a = 0.5 and K = 1 . 7 ) and the poloidal 
field coil positions match the ITER design in proportion. Divertor operation 
with H-mode improved confinement seems to be required for ITER. ASDEX 
Upgrade is examining the H-mode in divertor operation with high heating pow
ers. The main aims of these experiments are: 

• to provide a good energy confinement time (2 X L-mode at sufficient (3 
(0N = 2) at qy = 2.7) in steady-state discharges without impurity accum-
mulation; 

• to produce strong boundary radiation compatible with H-mode divertor 
operation at high density (detached plasmas) in order to reduce the oth
erwise unacceptably large power load in the divertor. 

241 
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All experiments were carried out in single-null divertor operation with plasma 
currents 0.6 MA < Ip < 1.2 MA, 1.2T < Bt < 2.7T in both directions of the 
ion VB drift, with heating powers 1 MW < Pheat < 12 MW (NI and ICRH) 
and densities 0.3 xlO20 m~3 < ñe < 1.2 xlO20 m~3, usually in deuterium 
with boronized vessel walls. The plasma boundary conditions were changed by 
feedback-controlled impurity and deuterium gas puffs. Radiation losses from 
30% to 90 % of the heating power could thus be realized. Here Prad is the total 
radiated power, consisting of about 85% from the main plasma and 15% from 
the divertor. 

2. Operating Regimes 

The H-mode operating window in ASDEX Upgrade is shown in Fig. 1. The 
H-mode is attained for a heating power flux through the plasma surface area S 
above a threshold power Pthres/S > 0.04ñeBt [MW, m"2 , 1020 m"3 , T] for the 
favourable Bt direction, i.e. ion VB drift towards the X-point. The threshold 
is at least a factor of about 1.8 higher for the opposite field direction. For the 
favourable field direction this is relatively low compared with other experiments. 

T 1 1 1 p—i 1 1 1 1 1 J 1 1—j-| 1 1 1 r 

-2 - 1 0 1 2 
neIBtlsgn(VBt) [1020iri3-T] 

FIG. 1. Operation diagram for H- and L-mode discharges with ELM classification, to the right for the 
favourable, to the left for the unfavourable ion VB drift. 
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Close above the threshold, so-called dithering cycles (oscillating L-H-L transi
tions) are observed which with more power change into type III ELMs (charac
terized by the power dependence of their repetition frequency dusLAi/dP < 0 
[2]). Further increasing the power leads to ELM-free phases and finally to type 
I ELMs (characterized by duELM¡dP > 0). For the unfavourable field direction, 
only type I ELMs were observed. Type I ELMs easily provide true steady state 
(> 20TE) with good confinement (see next section) without impurity accumu
lation. The plasma energy loss per type I ELM (10-17 kJ) does not depend 
on Pheat in the whole operational window studied so far. Thus, steady state is 
determined by UELM-

Figure 1 also shows the power required to reach the /?-limit, assuming the ELM-
free energy confinement time given in [3], ñe=0.5 1020 m - 3 , and a value of ¡3^ 
— 2.8. The highest values of /? obtained so far are (3t = 3.7 %, /?JV = 3.9 and 
Pp = 2.1, all of them reached under transient conditions. Typical steady-state 
type I ELMy H-modes are routinely run at (3p « 1 and /?jv « 2 — 2.5. 
The heating powers applied, < 12 MW, may already lead to power loads unac
ceptable for plasma-facing components («5 MW/m2 on the target plates near 
the strike point inferred from thermography, averaged over many ELM periods). 
In good agreement with the ITER aims, a reduction of the power flux through 
the separatrix was required without reducing the plasma bulk performance, i.e. 
preserving the beneficial H-mode properties. In addition, high-density divertor 
operation with target plasma detachment is required for material protection. 
An experimental campaign was therefore carried out with a high divertor neu
tral density achieved by D2 puff in the main chamber and high edge radiation 
power losses by means of Ne injection [4]. Both the neutral gas pressure in the 
divertor (measured by a pressure gauge) and the fractional radiation power loss 
were feedback-controlled by the ASDEX Upgrade transputer system with a 2 
ms cycle time. At Ip = 0.8 — 1 MA and Bt = ±1.8 — ±2.5 T, heating powers of 
2-10 MW were applied. The main results can be summarized as follows: 
The H-mode is compatible with the radiated power fraction of Prad/Pheat < 

0.9 and with a dense cold divertor, as long as the net power flux crossing the 
separatrix exceeds the H-L threshold power as discussed in section 3. Just above 
this boundary small ELMs prevail, even for high heating powers. The good H-
mode confinement is not affected by the large edge radiation power produced by 
Ne. Pumping in the divertor is improved by the increased neutral gas pressure. 
A fall back into the L-mode occurs for too large a radiated power fraction but 
without disruptions, in the ç-range studied so far (Ç95 « 4). 
Figure 2 shows a 1 MA discharge with a NI power of 7.5MW with deuterium 
gas puff and controlled Ne injection optimized for a maximum radiated power 
fraction, marginally above the H-L back transition. In these cases, the divertor 
load is strongly reduced or even detached [5]. 
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FIG. 2. Steady-state H-mode discharge with 80% radiated power fraction by means of controlled Ne 
gas puffing. 
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3. H-mode Physics 

The global energy confinement time of type I discharges is in agreement (±10 
%) with the thermal ELM-free scaling relationship [3] in the operation ranges 
indicated in section 1. Consequently, the confinement time of type I ELMing 
discharges is a Ip/P1/2, the other dependences being weak. The good agree
ment with this scaling is explained by the fact that the fast ion contribution to 
the plasma energy and the ELM losses (both < 15 %) compensate each oth
er. Interestingly, the confinement of H-mode with high edge radiation losses 
obtained with Ne is also in agreement with this scaling [4]. 
The question of the maximum power fraction that may be radiated from the 
bulk before the plasma falls back into the L-mode emphasizes the importance 
of the threshold for the H-L transition, Pf[^es. The L-H and H-L thresholds de
pend on the operating conditions and are studied using the net power crossing 
the separatrix Psep = Pheat - Prad,core [6], where Prad,core is the power radiated 
inside the separatrix. For discharges without gas puffing, P¡lfes,sep < P¡íSes,seV 

(H-mode hysteresis) is found and P^es sep differs little for the two Bt direc
tions, in contrast to the higher value of P^es sep for the unfavourable direction. 
Thus, the hysteresis is wider for the unfavourable ion drift direction. In the 
discharges with strong gas puffing, P^essep is higher (by a factor of up to 3 for 
the favourable direction) than in the cases without gas puffing, and P{f^es sep is 
the same for the two Bt directions. Moreover, the hysteresis almost disappears. 
These observations suggest that the neutral gas density might dominate the 
H-mode transition physics in discharges with high neutral gas density. 
For the dithering cycle, close to Pthres, a model has been developed in which 
the radial electric field is a multivalued curve depending on an edge gradient 
parameter g oc T/n [7]. The 'Early Dithers'just following the first L-H transition 
are identified as short H-mode phases in an L-mode plasma. With the rise of 
the edge density in the H-mode, P^es also rises and the plasma falls back into 
the L-mode. The then reduced edge density again allows an L-H transition, 
as soon as P^es is low enough. In this picture, the fact that dithers are not 
observed with the unfavourable drift direction may be understood by the wider 
hysteresis, i.e. the edge density excursion does not suffice to switch back and 
forth between L- and H-mode. 

Density and temperature profile measurements during the H-mode give evi
dence of the transport barrier at the plasma edge. During ELMs, this barrier is 
'opened' for a short time interval of < 1 ms for typical type I ELMs and up to 10 
ms if the ELM is followed by a transient L-phase ('compound ELM', [8]). The 
ELM classification via their frequency dependence mentioned above also holds 
at large radiated power fraction if Pheat is replaced by Psep. Type III ELMs do 
not appear above a heating power of 2-3 MW (see Fig. 1) which points to a 
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FIG. 3. Edge electron temperature variation as measured by several channels of an ECE radiometer. 
All channels are shown with the same scaling and baseline subtracted. The bottom trace shows Da 

radiation from the divertor region. ELM activity is seen by the ECE measurement up to AR • = 7.5 cm 
inside the separatrix (Rsep = 2.15 m). 

stabilizing effect of the edge temperature as suggested in [8]. It may also explain 
the absence of type III ELMs with the unfavourable Bt direction because there 
Pthres is at least of this order of magnitude in the ñeBt range explored so far. 
Thus, in ASDEX Upgrade, we mainly operate with type I ELMs. 
An ECE radiometer for fast edge temperature measurements, a Li beam probe 
for edge density measurements, a moving Langmuir probe in the divertor and 
fast indirect measurements of the boundary, such as changes in the ICRH anten
na resistance [9], were employed for ELM and SOL analysis. According to these 
measurements, each ELM results in a fast flattening of the steep edge density 
and, less pronounced, of the electron temperature profile. Figure 3 shows the 
electron temperature variations (with baseline subtracted) during type I ELMs 
as measured by the ECE radiometer. The modulation of the Te-Profile due to 
ELM activity is visible in the complete simultaneously accessible radial range, 
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i.e. in a region to AR = 7.5 cm from the plasma edge. H-mode discharges 
with similar parameters but inward-shifted radial range of the radiometer (Bt 

decreased by 5%) show that the modulated region extends to about AR = 15 
cm. Inside the separatrix, Te rises with time between ELMs, whereas outside 
the ELM appears as a brief Te pulse. 

Each ELM leads to a SOL widening of several centimetres in contrast to < 1 
cm between ELMs. The power arriving at the target plates was measured by a 
fast infrared camera. Depending on the ELM type, the power load fraction onto 
inner and outer target plates differs: Type III ELMs put more load onto the 
outer target plates (0.7/0.3) whereas the larger load shifts to the inner target 
plate during type I ELMs. Amplification of the power density during an ELM 
can reach a factor of 20. With the input of measured data, the B2-EIRENE 
plasma boundary interpretation code can model well the observations from the 
plasma midplane down to the target plates [10]. 

4. Conclusions 

ASDEX Upgrade, designed to match ITER with regard to configuration proper
ties and boundary parameters, could show that improved H-mode confinement 
prevails in a wide operational range, due to the low H-L transition power. Type 
I ELMs, dominating at large heating powers, provide true steady state. For 
the rather clean deuterium discharges the power conducted by the SOL into the 
divertor leads to unacceptably large power densities (5 MW/m2 for Pheat > 7 
MW) for ELM-controlled H-mode plasmas. Experiments with divertor density 
controlled by gas puffing and radiation by controlled Ne puffing proved that the 
concept of a strong radiating boundary Pr ad I Pheat < 90 % is well compatible 
with steady-state H-mode confinement and unaffected plasma bulk performance. 
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DISCUSSION 

A.W. MORRIS: Is there a plasma density below which you do not observe 
H modes for any input power? 

W. KOPPENDORFER: We never observed a low density H mode limit below 
which the H mode is not attainable any more (rig > 1 X 1019 m"3). 

R.J. GOLDSTON: When you use just D2 puffing to detach the divertor 
plasma, how much does confinement degrade? 

W. KOPPENDORFER: Deuterium puffing did not suffice to detach divertor 
plasma (ELMs) at large heating powers. For the puffing we used, we did not see any 
noticeable reduction in confinement in H mode operation. 
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Abstract 

A NEW WAY TO ACHIEVE THE H MODE, AND SKIN SIZE ELECTROMAGNETIC TURBU
LENCE AND TRANSPORT IN THE HT-6M LIMITER TOKAMAK. 

The H mode has been achieved in the HT-6M limiter tokamak by a new edge ohmic heating 
method. The H mode physics is studied. The time sequences of L-H transitions are measured by differ
ent diagnostics and explained by a model. The C0 2 scattering results suggest that a skin size elec
tromagnetic turbulence coexists with the conventional electron drift turbulence in HT-6M low ¡3 ohmic 
plasmas, and both modes in the interior region are directly related to the global energy confinement. 

1. A NEW WAY TO ACHIEVE THE H MODE IN THE HT-6M LIMITER 
TOKAMAK 

Since the H mode was discovered on ASDEX, the physics of the H mode has 
been studied on almost every kind of machine. The H mode has been achieved on 
the HT-6M tokamak by applying edge ohmic heating (EOH) under a good wall condi
tion. HT-6M is a small air core tokamak that is operated in the circular limiter config
uration with main parameters R = 65 cm, a = 20 cm, Bt = 0.8-1.0 T and 
Ip = 60-70 kA. A rectangular voltage pulse of 18 V peak value is induced on the 
plasma plateau, which produces a fast current ramp-up to the second steady state. 
This short heating pulse, with 0.4 ms duration and about 400 J energy, can produce 
the H mode and sustain the H phase for a long time. The EOH method is different 
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FIG. 1. Typical edge ohmically heated H mode shot. 

from the previous ways of achieving ohmic H modes in other tokamaks [1]. The 
sequence of the OH-L-H-L phases after applying EOH is similar to those produced 
by NBI and other supplementary heating methods. 

Figure 1 shows the parameters of a typical edge ohmically heated H mode shot. 
After the EOH is applied, the L phase appears, followed by the L-H transition, which 
is indicated by a drop in Ha. During the H phase, the ion temperature T¡ and the 
electron density i^ and temperature Te increase. The energy confinement time 
increases by a factor of about 1.5, and the particle confinement is improved by about 
a factor of 2. 

The plasma current increment AIp ( -10% Ip) is initially located at the plasma 
edge after the application of EOH, and it heats the edge plasma. The edge Te 

increases and the global Te profile becomes broader. During the H phase, the impu
rity level is unchanged and fluctuation is reduced not only on the edge but also in 
the core. The edge Te and n,, profiles become steeper, which means that an edge 
transport barrier is formed and confinement is improved. The central density fluctua
tion measured by C02 scattering is suppressed. After the edge plasma current 
gradually penetrates to the core, the central Te rises by about 30% and the profile 
is peaked. The measurements by the multichannel HCN interferometer indicate that 
the n,, profile becomes broader. 

For a more complete understanding of the L-H transition, the fluctuations of 
edge ne, Te and plasma floating potential Vf, and the radial electric field Er are mea
sured. Figure 2 shows the time sequence of the L-H transition. After the EOH is 
applied (t = 194 ms), the Vf and Ha fluctuations increase dramatically, which indi
cates the L phase for a few milliseconds. The Vf fluctuation reductions are mea-
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FIG. 2. Time sequence of the L-H transition. 

sured by the Langmuir probes at two positions. One is behind the last closed magnetic 
surface (0.5 cm) and the other is in the Er shear region. The time-scale of the fluctu
ation reduction is about 200-600 ¿is. The H mode is mainly triggered by the sudden 
change of Er shear and is terminated by the growth of MHD modes. 

The L-H transition produced by the EOH may be explained as follows. At first 
the EOH increases the edge Te rapidly since the skin current penetrates on the time-
scale of the resistive skin time (rr « 5 ms). Then T¡ is increased by the ion-electron 
collisions on a much shorter time-scale (rie « 0.4 ms) so that the ion collision 
parameter i>*¡(v) decreases while the whole pressure gradient Vp increases. As soon 
as f*¡(v) reaches the critical value (~4) and Vp reaches a certain magnitude, a sud
den change of poloidal rotation may be triggered because the poloidal rotation is 
dominated by Vp and Er. The L-H transition time of 200-500 fis is longer than the 
characteristic time (T¡ « 50 ¡xs) predicted by Ref. [2], since the Vp effect should 
be taken into account. Finally, the fluctuation level is suppressed by the enhanced 
poloidal rotation, and the plasma confinement is improved. 

SKIN SIZE ELECTROMAGNETIC TURBULENCE AND 
TRANSPORT IN THE HT-6M TOKAMAK 

In recent years, considerable progress has been made in understanding the rela
tionship between turbulent fluctuations and anomalous transport [3]. Theories based 
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on electrostatic turbulence predict many characteristics of the observed fluctuations 
and the ratios of various transport coefficients but have difficulties with some scaling 
and radial profiles of transport coefficients. This circumstance has stimulated 
development of models based on skin size electromagnetic turbulence. However, this 
mode has not been observed experimentally till now. Therefore, it is worth while to 
search for direct experimental evidence of a skin size electromagnetic drift mode. 

For this purpose, experiments have been performed in a set of hydrogen 
ohmic discharges in HT-6M. The density fluctuations are measured with a C02 

laser collective scattering system. The system has the wavenumber range 5 cm-1 

< ke < 45 cm"1 with the resolution Ak = +2 cm"1. This diagnostic was con
figured along a control vertical chord to measure the turbulence coming from the 
interior (r/a « 0) or upper/lower edge (r/a « +0.75) region of the plasma. 

The wavenumber spectrum measured from the interior is shown in Fig. 3, 
where the turbulence level S(k#) oc k¿"a is integrated over the whole frequency range 
20 kHz-1 MHz. It can be seen clearly that the spectrum S(kfl) presents a remarkable 
feature, a plateau at kg « 15-20 cm"1. Beyond this plateau range, the spectrum fol
lows the kfl"" scaling with a « 2.6 for the interior. For the experimental parameters 
investigated here, this feature exists for all discharges. The spectra in the edge region 
are similar in shape, but different in amplitude and spectrum decay index a (a « 3.4 
for r/a « 0.75). This may imply that there coexist two distinct turbulent modes, one 
with the spectrum peaked in the range kgps < 1 and the other peaked in the range 
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kePs > 1. According to the models of the skin size electromagnetic turbulence pro
posed by Hirose [4], the mode growth rate peaks at kg « Wpe/c. In the case of 
HT-6M discharges, the inverse skin depth co^/c in the interior is found to be 
12 cm-1, which is in line with the plateau region of the spectra. All these results 
suggest that the skin size electromagnetic turbulence may exist in HT-6M low /? 
ohmic plasmas. 

It is of great interest to clarify the relationship of these two turbulent modes to 
the overall plasma confinement properties. To seek a correlation between the fluctua
tions and transport, we have to study the scaling of density fluctuations with various 
plasma parameters and confinement regions, and compare it with the scaling of 
energy confinement time rE. For this investigation, the dependences of fluctuations 
on Bt, iig and qa have been examined. The relative interior fluctuation level of ñe/n,, 
with two typical wavenumbers, k# = 10 and 30 cm-1, which are representative of 
two distinct modes, versus ne is plotted in Fig. 4. It is found that the fluctuation 
levels for both the modes scale inversely with ne, which is correlated with the 
Goldston scaling law, according to which TE scales with n̂ . for ohmic plasma. This 
implies that both modes are directly related to global confinement. During the EOH 
experiment, the changes in the density fluctuations due to the L-H transition have 
also been monitored. Figure 3 shows the comparison of the interior S(kg) before and 
at the L-H transition. It is obvious that the fluctuation levels are reduced significantly 
for all kg measured, indicating that both modes are suppressed at the transition. It 
should be noticed that the reduction of xe relative to the L mode phase is estimated 
to be 0.67, which is fairly consistent with an increase in Te of a factor of 1.5. The 
C02 measurements are clear evidence that the scattering system has a fairly good 
spatial resolution to unambiguously resolve fluctuations from the interior to the edge 
in spite of its small scattering angle, and the microturbulence measured by this diag
nostic originated in the plasma interior region. 

* * 
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FIG. 4. Wavenumber spectra of density fluctuations versus ne 
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DISCUSSION 

L. LAURENT: You have shown a clear correlation between density fluctua
tions and confinement time in an ohmic regime. Do you see the same trend during 
additional heating? 

Y.X. WAN: Yes. The density fluctuation increased when global confinement 
decreased in our preliminary ICRH experiment. However, we have not checked the 
change in S(kfl) for all values of k$. This will be done soon. 
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Abstract 

THE PHYSICS OF L- AND H-MODE CONFINEMENT IN JET. 
The results of numerical simulation of JET L, H and VH modes are presented. It is shown that 

L-H and H-L transitions are accompanied by fast and large modification of the transport coefficients, 
not only near the plasma edge but also across a large fraction of the plasma cross-section. Both experi
ments and numerical simulations show that giant ELMs on JET also have a global character and their 
penetration length increases with the amplitude of the D signal. Transport coefficients are of the order 
of the L-mode ones during these ELMs. Analysis also shows that within the experimental accuracy the 
transport coefficients are the same for VH and ELM-free H mode JET discharges. The difference 
between them is mainly due to impurity radiation, power deposition profile and differences in the plasma 
recycling and the related convection. 

1. INTRODUCTION 

It has been shown^ that the transport coefficients (electron and ion thermal 
diffusivities xe and x¡ , plasma diffusion coefficient D and perpendicular viscosity 
ji) in JET drop over a very wide radial region (0.5<r/a<l) in a very short time 
scale (Ax<3ms for xe)

 a t the L-H transition. A possible explanation is that plasma 
turbulence is correlated in radial direction by the plasma toroidicityt2!. Therefore 
any modification of the anomalous transport coefficients (at L-H and H-L 
transitions and during ELMs) could propagate across the magnetic field with the 
group velocity of plasma turbulence (which is much faster than the velocity of 
heat pulse propagation). Results of transport analysis of JET discharges are 
presented which support this idea and allow us to develop transport models which 
can describe the evolution of plasma parameters in L, ELM-free and ELMy H-
modes JET plasma. 

Permanent address: Russian Research Center, Kurchatov Institute, Moscow, Russian 
Federation. 
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2. EXPERIMENTAL RESULTS 

Fig.l shows the temporal evolution of the electron temperature at different radii 
measured by the new 48 channel ECE Heterodyne Radiometer for a typical low 
density discharge from the new campaign (#31078 with Bt=2.8T, Ip=2.5MA, 
ñe = 1.5-1019m-3, P N B I = 1 0 M W ) together with the D a signal. It is seen that both 
L-H and H-L transitions are accompanied by an abrupt change of electron 
transport over a very wide radial region (0.5 < r/a< 1). The direct comparison of 
experimental evolution of electron temperature with one calculated under the 
assumption of either local or global modification of Xe at the time of L-H 
transition for #31078 is shown in Fig. 2. This confirms our previous conclusion 
M about global modification of electron, transport during the transition. To 
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Fig. 2 Temporal evolution of measured (chain) and calculated Te under 
assumption of local (solid) and global (dotted) modification of %e. 

explain the fast response of the electron temperature using a local model for Xe» 
one has to take an extremely nonlinear form for 

Xe 
IVTP 

im+l 

with m > 20 

A global modification of plasma transport was also found to take place during 
giant ELMs. In particular it appears that each giant ELM on JET consists of a 
short (t<lms) broadband burst of MHD turbulence (Fig.3) followed by a much 
longer ( t»10ms) tail of enhanced transport which extends radially from the 
separatrix inwards for an extent depending on ELM's amplitude (Fig.4). This 
concept has been supported by recent measurements of density fluctuations 
during the L-H transition and giant ELMs, measured by a multi-channel, O-mode 
reflectometer, spanning the frequency range 18-70kHz, corresponding to critical 
densities in the range (0.4-6)xl019nr3. In the next section the result of numerical 
analysis of the plasma dynamics at the time of the L-H transition during ELMs 
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Fig. 3 Temporal evolution of Te at different radii and Da signal for shot 
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and in the ELM-free H and VH modes will be presented. The main objective of 
such analysis is to reveal the common and distinctive features of the transport in 
these regimes. 

3. PREDICTIVE MODELLING 

The evolution of electron and ion temperatures Te and T¡ was simulated while the 
plasma density, Zeff and the radiated power were imposed from experiment. 
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Power deposition profiles were taken from TRANSP analysis. The following 
model for electron and ion thermal diffusivities was used: 

_ C £ V T e 

co: 
+ a „^(^ x , = x r + a t £« a q 2 

eBn enB 
(1) 

'pe q R 

where the first term on right hand side of %e reproduces neoalcator scaling, %"eo 

is the ion neoclassical thermal conductivity and the second term on the right hand 
side of xe and Xi is an empirical Bohm-like coefficient, proposed and used in [31 
to reproduce L-mode confinement in JET. This analysis shows that the numerical 
coefficients a eandct¡ should be chosen ct¡L =3a e

L =9.9-10 -4 to fit JET L-
mode discharges. We found that the best agreement with old and new JET shots is 
achieved if we assume that cte anda¡ are reduced from cc¡L =3a e

L =9.9-10 -4 in 

L-mode to a ¡ H =3a e
H =0.54-lCT4 in H-mode plasmas. New boundary 

conditions for Te and Tj were used in our analysis which correspond to an 
assumption that the longitudinal heat flux in the SOL is proportional to 
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Fig. 4 Evolution ofDa and fast MHD signals during giant ELM (shot #30929). 
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Pulse No: 26095 

Fig. 5 Measured and calculated Te profile for L and H mode phase of shot II 
26095. 

the particle f low: Xe,in V Te,i |r=a = Pe , i D T e , i V n | r=a > w h e r e D = a n d 

>Ce ' X i 

Pe ~Pi~0.3 are numerical parameters. These boundary conditions allow us to 
reproduce the formation of the temperature pedestal after the L-H transition 
(Fig.5) and to explicitly take into account convective losses. 

In our analysis we also tried to quantify the difference between local energy 
transport in JET hot-ion VH mode and the ELM-free H-mode. To illustrate these 
points we chose the best hot-ion shot #26087 (Bt=2.8T, Ip=3.2 MA and PN B I 

=14MW) from the previous campaign-and two ELM-free H-modes from the 
current campaign ##30591 (Bt=2.8T, Ip=2.5 MA and PNBI=15MW) and 30725 
(Bt=2.3T, Ip=3MA and PNBI=7MW). The temporal evolution of the total 
measured plasma energy content and that calculated with our model during the 
ELM-free H-mode phase for all discharges are shown in Fig.6. They show that 
within the experimental accuracy we can fit both kind of shots with the same 
transport coefficients. The main differences between VH and ELM-free H-mode 
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lie not in transport properties but in the impurity radiation (the H-mode 
accumulates impurities much faster than the VH mode), power deposition profiles 
(centrally peaked for VH-mode and flat or even hollow for H-mode) and 
different level of convective losses (the latter is larger for #30591). This 
conclusion was recently confirmed by TRANSP analysis. 

Finally we have used our transport model for numerical simulation of the giant 
ELMs. The idea was to find the radial and temporal distribution of enhanced 
transport during giant ELMs and the magnitude of the %e and Xi increase. The 
analysis shows that giant ELMs can be modelled by assuming that the coefficients 

cce and a¡ have the following form: a J \M = ai: ¡ exp< - - —+ \, where 
[ A t Ar J 

t0 is the time of the beginning of ELM and At its duration, Ar is the 
characteristic radial width of ELM. We chose shot #30952 from new campaign as 
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a reference one because it contains ELMs of all sizes (see Fig.3). Our numerical 
analysis shows that we can reproduce the temporal and radial evolution of 
electron temperature by assuming that Ar increases as the D a signal increases 
(Ar=40cm for ELM at t=51.47s and Ar= for ELM at t= 52.27s). 

CONCLUSIONS 

New experimental results from JET support the idea of a global character of 
plasma turbulence. Both transport analysis and predictive modelling show that the 
plasma transport coefficients (%e, x¡, D and u,) experience very large (more than 
one order of magnitude) and very rapid reduction at a time of L-H transition not 
only near plasma edge but far inside plasma volume. The transport properties of 
ELM-free H-mode and VH mode on JET are very close. The difference between 
them is mainly due to the impurity radiation (which might be connected with 
plasma-wall interaction), power deposition profile and the different role of 
plasma convection. Finally experiment and numerical simulation show that giant 
ELMs on JET also have a global character and can be modelled as a temporary 
H-L transition triggered by an MHD event. 
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DISCUSSION 

W.D. DORLAND: Have you considered a model of transport characterized by 
strong local turbulence with an onset condition? The first two sections of your paper 
may be interpreted as evidence for marginal stability. 

V.V. PARAIL: We tried different local models, including one with both a 
conductive term and thermal pinch which corresponds qualitatively to your proposal. 
However, we failed to explain the experimental results with this model. 
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K. LACKNER: Your data would suggest that conditions near the plasma edge 
determine the transport coefficients everywhere. Can you reconcile this with the 
results of sawtooth propagation experiments which require an enhancement of xeff 
well in advance of the arrival of the sawtooth pulse at the edge? 

V.V. PARAIL: Our model gives moderate enhancement of Xeff during saw
tooth heat pulse propagation (of about 2). However, in principle, our model does not 
use any particular model of the turbulence. 

D. MOREAU: You have analysed several discharges with different H factors 
and concluded that the transport coefficients were the same. Can you tell us what 
were the common features in these discharges? In particular, were there differences 
in the rotation profile or the current density profile? 

V.V. PARAIL: All the discharges chosen were ELM free H mode discharges. 
They had different densities and currents. We have no information about toroidal 
rotation and current distribution for these shots. 
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Abstract 

H MODE OF HIGH TOROIDAL FIELD PLASMAS IN JT-60U. 
The H mode characteristics of tokamak plasmas have been investigated in JT-60U with neutral 

beam heating, high toroidal magnetic field (B, < 4.4 T) and high aspect ratio (R/a « 4). The depen
dence of threshold power on electron density is weak in the low density range (ñe < 2.5 x 1019 m~3), 
and there is a lower density limit for the transition. The H mode without an abrupt Da drop has been 
observed in the low target density range (ñ,, < 2 x 1019 m"3) at a high toroidal magnetic field (transi
tion free H mode). The confinement was gradually improved and then deteriorated by the appearance 
of ELMs. The particle confinement time of the main plasma is less than 1.5 times the energy confine
ment time in the ELM free H mode (H factor = 1.4-1.9). This result suggests that particles can be con
trolled even in the ELM free H mode when a well designed pumping system is installed. 

1. INTRODUCTION 

One of the most important issues for confinement improvement towards the 
requirements of ITER and SSTR [1] is understanding of the H mode at a high toroidal 
magnetic field. For this purpose, H mode characteristics have been investigated 
intensively in JT-60U with neutral beam heating, high toroidal magnetic field (Bt < 
4.4 T) and high aspect ratio (R/a « 4) [2-4]. For further optimization of the perfor
mance in H mode, we have to extend understanding on the threshold power for the 
L-H transition, H mode confinement characteristics and particle confinement in the 
ELM free H mode. 

1 Department of Energy Conversion, Kyushu University, Japan. 
2 STA Fellow; present affiliation: PTT Research, Netherlands. 
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2. THRESHOLD POWER FOR THE L-H TRANSITION 

Fusion reactors such as ITER and SSTR are designed on the basis of the 
H mode confinement scheme. In the ITER EDA, the threshold power (Pth) for the 
H mode transition was estimated by using the ITER threshold power scaling: 
P , 1 ^ (MW) = 0.04ñ; (1020 m"3) Bt (T) S (m2), where S is the plasma surface area 
S = 4fl-2Ra((l + K2)/2)°

 5 and R, a and K are the major radius, the minor radius and 
the ellipticity, respectively [5]. According to this scaling, P^ is reduced from 
330 to 100 MW in ITER as the electron density decreases from 1 x 1020 to 
0.3 x 1020 mf3. Since the a particle heating power around 50 MW was expected 
even in the L mode, the auxiliary heating power was designed to be about 
50 MW [5]. 

Figure 1 shows the comparison between the prediction by the ITER scaling and 
the experimentally observed threshold power in JT-60U H mode plasmas. All data 
of JT-60U shown in Fig. 1 were obtained at low density (ïïç = (1.5-2.5) x 
1019 m~3) with small ripple loss configurations and with a good wall condition. The 
predicted power from the ITER scaling is fairly low to explain JT-60U results. Hence 
the power of 50 MW may be insufficient to achieve the H mode in ITER. The depen
dence of the experimentally obtained Pth on the electron density in JT-60U is weak 
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FIG. 1. ITER threshold power scaling (0.04ne20B,S) and Pth obtained in JT-60U H mode plasmas 
(0.14 < ne < 0.22 x 1020 m-3). 
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in the low density range (ne < 2.5 X 1019 m"3), as shown in Fig. 2. It is found in 
JT-60U that there is a threshold density below which the H mode is never obtained. 
This figure shows that Pth cannot be reduced to zero by decreasing n ;̂ there is a 
minimum Pth (P{J}in) even with the density optimization. It is found that Pth

in strongly 
depends on Bt and is proportional to Bt

l 25_15 within the experimental accuracy in a 
wide range of magnetic field operation (1.6 < Bt < 4.3 T). The scaling of P£in = 
0.34R14a04Bt'-

5 or 0.39R1 V^B,1 2 5 is obtained by regression analysis including the 
published Pth data of other machines [3, 6-8], where P^in oc B,1-25"1-5 is assumed. 

Both scalings are in good agreement with the experimental data, and one of the 
scalings is shown in Fig. 3. Both scalings predict P{j 

3. H MODE CONFINEMENT CHARACTERISTICS 

In high toroidal magnetic field operation with a low target density (Bt « 4 T, 
rig < 2 X 1019 m-3), a clear reduction of Da emission is not observed even though 
there is an associated improvement in confinement (transition free H mode) [4]. The 
time evolution of the plasma parameters for a typical discharge is shown in Fig. 4 
(Bt = 4 T, Ip = 2.7 MA, ^(target) = 0.64 X 1019 m"3, PNBI = 25 MW). The 
value of the H factor (= 7E/rE

TER~89p, where TE and r£rER-89P are the energy confine
ment time and ITER-89 L mode scaling, respectively) increased gradually up to 1.9 

E16116 

T¡(0.97a) 
(keV) 

7.5 8 8.5 
Time (s) 

FIG. 4. Time evolution of a typical H mode discharge. 
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FIG. 5. Measured plasma pressure gradient and critical pressure gradient profile with and without 
bootstrap current just before the appearance of an ELM. 
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without an abrupt change of Da emission. The edge ion temperature, T¡(r/a = 
0.95), also increased gradually up to 5 keV. There was a strong correlation between 
the confinement improvement and the edge ion temperature [4]. The observed edge 
pedestals in ion and electron temperature profiles indicate the formation of an edge 
transport barrier. The formation of the edge transport barrier is similar to that in the 
conventional low field H mode in JT-60U. It was observed that the correlation time 
TC of edge density fluctuations measured by a reflectometer [9] became long in the 
transition free H mode (rc « 100 fis), compared with that in the L mode (TC « 
20 /is). This behaviour is also the same as that in the conventional H mode. The 
behaviour of all parameters in such discharges corresponds to the H mode charac
teristics, except for Da emission. 

The increase in the H factor was terminated with the appearance of ELMs, as 
shown in Fig. 4. Since both the edge temperature and the density increased, some 
MHD modes driven by the edge pressure gradient might be unstable. The stability 
of the ballooning mode has been analysed for the transition free H mode, where the 
time evolution of the plasma current profile including the bootstrap current was 
evaluated using a time dependent 1.5-D transport code. The experimentally obtained 
plasma pressure gradient at the periphery just before an ELM is close to the critical 
pressure gradient for a high n ideal ballooning mode, as shown in Fig. 5. This result 
suggests that the high n ballooning mode is a candidate for the origin of ELM activity. 

The dependence of the H factor on the q value is shown in Fig. 6. In these dis
charges, the beam ion ripple loss power fraction was 25-40% [10]. The H factor is 
estimated with the net power in which the ripple loss power is subtracted. In Fig. 6 
the L mode data with the small ripple loss (< 10%) are close to those with the larger 
ripple loss, suggesting the validity of the ripple loss correction. It is shown clearly 
that the H factor in the ELM free H mode increases with the q value: H factor > 2 
for q > 3.8. 

4. PARTICLE CONFINEMENT IN THE ELM FREE H MODE 

Particle control is important for the steady state operation of the H mode. For 
a reactor, the ratio of the effective particle confinement time (T£ = T™in/(l — y)) 
to TE needs to remain below 15 [11], where T™"1 is the particle confinement time of 
the main plasma and y is the recycling rate. To understand the particle confinement 
property, the value of rfain in the ELM free H mode (Bt = 4.2 T, Ip = 2 and 
3 MA, 1 x 1019 < ne < 3 X 1019 m"3) has been evaluated with the neutral particle 
transport code DEGAS [12]. The neutral particle source at the wall was determined 
so that the profile of D„ emission calculated by DEGAS agreed with the measured 
profile. The total influx of the neutral particles at the wall in the H mode is an order 
of magnitude smaller than that in the L mode. Since most of the neutral particles are 
ionized in the divertor and scrape-off region, the fraction of neutral particles penetrat
ing into the bulk plasma is estimated to be —30% in the H mode and 3-10% in the 
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L mode. The density dependence of T™3'" and rE is shown in Fig. 7. The values of 
Tp131" and rE increase with electron density, although the dependence of rE on density 
is weaker than that of T^in [13]. The relation between the H factor and the ratio 
TJPàin/TE in the H mode is compared with that in the L mode, as shown in Fig. 8. In 
the L mode (H factor = 0.9-1.2) the ratio T^VTE varies from 0.8 to 2.4, depend
ing on the electron density. In the H mode (H factor = 1.4-1.9) the ratio Tp"3'"/^ 
is smaller than 1.5. In these H mode discharges the values of rp/rE were smaller 
than 13. These results suggest that particles can be controlled even in the ELM free 
H mode with good energy confinement when a pump system with a practical pumping 
speed is installed. 
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FIG. 7. Density dependence of T™"1 and rE. Open and closed circles show the data for (Ip, Bt) -
(2 MA, 4 T) and (3 MA, 4 T), respectively. 
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5. SUMMARY 

(a) The H mode characteristics of tokamak plasmas have been investigated in 
JT-60U with neutral beam heating, high toroidal magnetic field (Bt < 4.4 T) and 
high aspect ratio (R/a « 4). The threshold power for the L-H transition predicted 
by the ITER scaling is rather low in comparison with the observations in JT-60U. 
The experiments in JT-60U show that there is a lower density limit for transition and 
the electron density dependence of P ,̂ is weak in the low density range (Hg < 2.5 
X 1019 m~3). Scaling of P£in including high toroidal magnetic field discharges were 
proposed: P£in = 0.34R1-4aa4Bt

1-5 or 0.39R1
 •5SL0%1 25. 

(b) The transition free H mode has been observed in discharges with a low target 
density at a high toroidal magnetic field (Bt « 4 T, ñg < 2 x 1019 m~3). The con
finement was gradually improved until the appearance of ELMs. The ballooning 
mode analysis taking into account the plasma current profile indicated that the high 
plasma pressure gradient near the periphery drives the high n ideal ballooning mode. 
The H factor becomes large for high q values: H factor > 2 for q > 3.8. This 
suggests good prospects for a high q reactor concept (SSTR, etc.). 

(c) The particle confinement time of the main plasma has been analysed with 
the neutral particle transport code DEGAS. The value of rp13'" is less than 1.5 times 
the TE value in the ELM free H mode (H factor = 1.4-1.9). This result suggests 
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that particles can be controlled even in the ELM free H mode with good energy 
confinement when a pump system with a practical pumping speed is installed. 
However, since the ELM free H mode in JT-60U is obtained only at low density 
(ñg < 4 x 1019 nr3), further investigation is necessary for the particle confinement 
in high density H mode. 
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DISCUSSION 

O. GRUBER: First of all, a comment on the H mode threshold power: with 
additional NBI heating, we were not able to investigate the low density regime, owing 
to shine-through effects. However, with ohmic heating we have observed an increase 
in the threshold power with decreasing density at fixed Bt. This may not contradict 
your observations. 

Now to my question: in your experiments to investigate the threshold power, 
is there a correlation between density and Bt such that a B,15 scaling is obtained 
instead of an ñgBt scaling? 
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M. SATO: Let me pass that question to my co-author Mr. Kikuchi. 
M. KIKUCHI: There is a correlation between Bt and ñg in our database. That 

is why we scanned the density at fixed Bt. This showed that the ñg dependence is 
weak. Various machines have reported various ñg dependences. We think that the 
colinearity in ñg and Bt is caused by the fact that high power injection at high Bt 

results in higher density. The scaling we have proposed is based on the low ñg data 
(as in the ITER scenario) in order to eliminate the ambiguity with regard to ñg 
dependence. 

S.A. SABBAGH: Did you consider only the largest volume plasmas in JT-60U 
for your study, or did you also consider smaller volume, high /3p H mode plasmas? 

M. KIKUCHI: For the power threshold study, a smaller volume was chosen in 
order to minimize the ripple loss effect, but the discharges were standard H mode 
regime. 
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Abstract 

TAE AND MHD ACTIVITY IN TFTR DT PLASMAS. 
The high power deuterium and tritium experiments on TFTR have produced fusion a parameters 

similar to those expected on ITER. The achieved 0J0 and the RV/3„ in TFTR DT shots are 1/2 to 
1/3 those predicted in the ITER EDA. Studies of the initial TFTR DT plasmas find no evidence that 
the presence of the fast fusion a population has affected the stability of MHD, with the possible 
exception of toroidal Alfvén eigenmodes (TAE's). The initial TFTR DT plasmas had MHD activity 
similar to that commonly seen in deuterium plasmas. Operation of TFTR at plasma currents of 
2.0-2.5 MA has greatly reduced the deleterious effects of MHD commonly observed at lower currents. 
Even at these higher currents, the performance of TFTR is limited by /3-limit disruptions. The effects 
of MHD on DT fusion a 's were similar to effects observed on other fusion products in D only plasmas. 

(1) MHD activity in the initial TFTR D-T plasmas 
Low m and n (m/n = 2/1, 3/2, 1/1, etc.) coherent MHD modes have 

been observed in the initial D-T plasmas on TFTR. The amplitude, 
frequency of occurrence and effect on plasma performance are 
similar to those observed in comparison D-only plasmas. The 
saturated level of the MHD activity agrees well with the predictions 
of the neo-classical model of MHD modes1. However, the theoretical 
models of the MHD behavior do not, as yet, explain why the higher 
m's (3, 4 or 5) are more commonly observed than the (m,n) = (2,1). 
Modeling of the effect of MHD on confinement suggests that the MHD 
can be responsible for up to a 30% decrease in the energy 

1 University of Wisconsin, Madison, Wisconsin, USA. 
2 Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA. 
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confinement time in the worst cases 2 , consistent with the 
degradations observed. In cases of weak MHD, typical of most of the 
higher current plasmas (Ip > 2.0 MA, qsh < 4), the effect is usually less 
than 5%. The decrease in neutron rate is consistent with the 
changes in the equilibrium plasma. It does not appear necessary to 
assume anomalous losses of fast beam ions to explain this decrease. 
Enhanced losses of fusion a's, correlated with the presence of MHD, 
are observed in DT plasmas. The losses are similar to those 
previously reported for DD plasmas3. 

Fishbone and sawtooth activity have also been observed in D-T 
plasmas. At present there is no evidence that the fusion a ' s have 
affected the sawtooth or fishbone stability. There is a tendency for 
the fishbone activity to be stronger in D-T plasmas; however, that 
may be more correlated with the somewhat broader pressure profiles 
often found in D-T plasmas, as compared to D-only plasmas under 
similar conditions. 

(2) The P limit and disruptions in D-T plasmas 
The DT fusion power which TFTR can produce is limited by 

pressure driven instabilities which can cause major or minor 
disruptions. The disruptive p limit in D-only NBI heated plasmas and 
D-T NBI heated plasmas appears to be similar. The P limit follows 
approximately the dependence predicted in the Troyon formula. In 
Figure 1 is shown the time history of the normalized toroidal p [pn = 

2.0 

1.5 

Pn 
1.0 

0.5 

3.5 4.0 4.5 5.0 5.5 
time (sec) 

FIG. 1. Time evolution of ¡3„ for three of the highest fusion power DT shots. 
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FIG. 2. Contours of electron temperature prior to a high /3 disruption, showing the n = 1 kink and 
ballooning precursors. 

ap(m) Bx(Tesla) (3 tor / Ip(MA)] for three D-T shots which include a 
major and minor disruption. In this set of data, as well as the 
broader data set including D-only operation, there is some variation 
in the p n which can be reached before major or minor disruptions 
occur. The variations may be correlated with changes in the 
peakedness of the plasma pressure profile. Some of the variation 
might also be attributed to a slightly stronger dependence on minor 
radius than is predicted in the Troyon formalism. 

The high P disruption in D-only or D-T plasmas appears to be the 
result of a combination of an n=l internal kink coupled to an 
external kink mode and a toroidally and poloidally localized 
ballooning mode 4 . In Figure 2 are shown contour plots of the 
electron temperature as measured at a 500kHz digitizing rate by the 
two ECE grating polychromators separated by 126° in the toroidal 
direction. The simultaneous absence of the ballooning mode on one 
GPC, and its presence on the second clearly demonstrates the toroidal 
localization of the mode. The ratio of the frequency of the 
ballooning mode and the n=l kink indicates that the ballooning mode 
has a toroidal wave number of about 10-15 (assuming only toroidal 
rotation). The kink mode can have a growth rate in excess of 
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FIG. 3. Radial profile of the radial displacement of the flux surface experimentally measured and 
compared with the linear PEST code calculation. 

104 /sec. This growth rate is much faster than the Sweet-Parker or 
tearing mode growth rates, and slower than the ideal growth rate. 
The experimentally observed growth rates are in reasonable 
agreement with the growth rate for collisionless plasmas. Here the 
inertia of the plasma plays a more important role than the 
resistivity5 and the growth rate is given approximately by ytAlfvén = 
q'ps/q or y » 3 x l 0 4 / s ec. 

The radial structure of the kink mode suggests coupling of a 
predominantly internal kink to a weaker external kink. The profile 
of the radial displacement of the flux surface due to the kink (and 
the ballooning mode) for a D-T shot generating a peak fusion power 
>9MW is shown in Figure 3. For comparison the radial displacement 
as predicted by the PEST stability code is shown. While PEST predicts 
that the n=l kink is unstable for this disrupting plasma, it also in 
general predicts that most supershot plasmas are similarly unstable, 
as q(0) is typically less than unity** and the plasma pressure is 
sufficient to drive an ideal mode. 

The kink mode can locally decrease the magnetic shear and 
increase the local pressure gradient so that the ballooning mode is 
locally destabilized. The thermal quench phase may result from 
destruction of flux surfaces by the non-linear growth of the n=l 
kink, possibly aided by the presence of the ballooning modes. There 
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is no evidence for a global magnetic reconnection as is seen in high 
density disruptions. The electron temperature collapses on a time 
scale of several hundred |isec with no local flatspots, indicating that 
the magnetic geometry is destroyed uniformly over the the plasma 
cross-section. The thermal quench phase is typically preceded by a 
large non-thermal ECE burst. The burst is at least 10 to 20 times 
larger than is predicted by the fast compression of electrons by a 
rapidly growing internal kink displacement7. 

Minor disruptions are more commonly observed than major 
disruptions. The type of precursor activity and the parameter 
regime in which they appear are very similar to those for the major 
disruptions. While the minor disruptions do not result in 
termination of the discharge, they do result in strongly degraded 
performance, compromising the usefulness of such discharges for 
D-T physics studies. While the minor disruptions result in a central 
electron temperature drop and a burst of H a emission from the 
plasma edge, they are not related to either sawteeth (which have a 
resistive precursor and a reconnection in the core) or ELM's (the H a 

burst results from a transient deposition of plasma energy from the 
core, rather than the plasma edge, on the limiter). The minor 
disruptions can cause a transient burst of fusion product losses. 
Figure 4 shows the lost a detector signal from which it is estimated 
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that 0.1% of the confined fast a's were lost in several hundred u.secs. 
The loss is smaller than in major disruptions, where up to 20% of the 
stored energy in the fast a population may be lost in several bursts 
spanning a few msec. This level and rate of a loss could cause severe 
damage to internal hardware in ITER. 

Experiments to increase the fusion power yield are planned. 
These experiments will make use of an increase in the toroidal field 
by 10-15% to increase the maximum plasma stored energy at the 
present p limit8. Experiments are also proposed to increase the (5 
limit through modifications of the current profile. Increasing the 
peakedness of the current profile (and decreasing the edge current 
density) has been demonstrated to increase the achievable (5 at 
otherwise fixed parameters9 . The increased fusion power will 
increase the p a , extending studies of a physics closer to normalized 
ITER a parameters. 

(3) Toroidal Alfvén Eigenmodes studies 
In ITER and future fusion reactors, the Toroidal Alfvén Eigenmode 

(TAE) activity may result in enhanced fusion a losses, causing 
decreased performance and endangering internal components. An 
important goal of the TFTR D-T experiments is to improve the 
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theoretical understanding of Toroidal Alfvén Eigenmodes, resulting 
in a higher level of confidence in code simulations of TAE activity in 
ITER. Fluctuations in the TAE range of frequencies have been 
observed under many conditions on TFTR, including shots with NBI 
at low magnetic field, ICRF H-minority heated plasmas, supershots, L-
mode plasmas and in ohmic shots with pellet injection. Figure 5 
compares the observed frequency of magnetic fluctuations to a semi-
empirical scaling relation for the expected TAE frequencies. 

The toroidal Alfvén eigenmode is a natural resonance of the 
plasma for which the frequency is determined by the ratio of the 
plasma mass to the restoring force due to sheared displacement of 
the magnetic field. The modes are usually damped by several 
mechanisms including Landau damping on the electrons, beam ions 
and thermal ions. The modes are destabilized by a super-Alfvénic 
fast ion population. 

An extensive series of experiments on TAE modes driven by fast 
ions from neutral beam injection10 (NBI) at ( B T = 1-1.2 T) and ICRF 
heating of an H-minority species11 (Bj = 3 T) has been carried out on 
TFTR for the purposes of experimentally verifying the instability 
thresholds predicted by the theoretical models. The range of 
parameters covered by these experiments is indicated by the shaded 
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FIG. 7. Reflectometer and Mimov coil spectra for ICRF shot. 

regions shown in Figure 5. These experiments have been very 
useful in the bench marking and improvement of the codes which 
are used to predict a-driven TAE behavior in TFTR and ITER. 

The TAE activity is primarily studied using the Mirnov coil system 
to measure the magnetic fluctuations at the plasma edge and the 
reflectometer for measurements of density fluctuations in the 
plasma interior. TAE modes have also been observed with the BES 
system and the ECE grating polychromator. The Mirnov system is 
used to measure the toroidal wave number of TAE modes and the 
reflectometer provides an internal measure of the TAE mode 
amplitude. 

In experiments using ICRF H-minority heating to create a super-
Alfvénic fast ion tail, a cluster of very narrow peaks in the 
frequency spectrum are typically observed. The separate peaks, 
corresponding to different toroidal mode numbers, n, are separated 
by 2 to 4 kHz. The measured n numbers range from as low as three 
in the low current ICRF plasmas to larger than 8 at higher plasma 
currents. Calculations of the mode frequency and stability with the 
NOVA-K code find reasonable agreement with the measured 
frequency. Figure 6 shows the magnetic fluctuation spectrum from 
an ICRF heated plasma with the experimentally determined toroidal 
mode numbers from the Mirnov coil array1 2 and the theoretically 
calculated TAE frequencies marked. TAE modes have also been 
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observed with 64 MHz ICRF H-minority heating at a toroidal field of 
4.6 T. In these experiments, the Mirnov and reflectometer spectra 
tend to have just one or two strong peaks (Fig. 7). The toroidal mode 
number is found to increase with increasing plasma current, 
dropping from n=6 at 1.8MA to n=3 at 1.4MA. 

The fast ion loss was measured and the level of loss was correlated 
with the measured amplitude of TAE activity over roughly two orders 
of magnitude3. These experiments used both ICRF tail and NBI fast 
ion driven TAE modes. The TAE-induced diffusion of a trapped fast 
ion population is suspected of being the source of ripple trapped ions 
responsible for the recently detected damage to the TFTR vacuum 
vessel. 

(4) Toroidal Alfvén Eigenmodes in D-T plasmas 
The highest fusion power shots on TFTR have produced fast a 

populations comparable with some dimensionless alpha parameters 
comparable to the projected fast a populations for ITER, e.g., RV|3 a . 
In Figure 8 is shown the typical structure of a TAE mode, 
superimposed on the a pressure profile as calculated in TRANSP. The 
amplitudes of the TAE modes peak at large minor radius and are 
typically only weakly coupled to the fusion-oc's. In typical TFTR D-T 

FIG. 8. Typical TAE structure as calculated with NOVA-K. 
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FIG. 9. Spectrum of magnetic fluctuations for plasmas generating up to 7.5 MW. 

supershots the thermal and beam ion Landau damping are stronger 
than the fusion-oc drive. Experiments were successfully done to 
reduce the thermal ion Landau damping; however, the a-drive was 
still not sufficient to overcome the beam ion Landau damping13»14. 

Experimentally the search for a-driven TAE activity in D-T 
plasmas is complicated by the presence of a mode near the expected 
TAE frequency in both D-D and D-T NBI heated plasmas. The mode 
has a relatively broad peak in frequency, with a spectral width of 
about 50kHz at 300kHz. The frequency of the NBI driven activity is 
found to approximately fit the semi-empirical scaling relation 
developed from the H-minority ICRF and low toroidal field ( B T = 1 
Tesla) NBI driven TAE mode data (Fig. 5). A mode at similar 
frequency has also been observed near the plasma center with the 
reflectometer; it is not known at this time whether the modes are the 
same. The toroidal mode number found for this peak is n=0. Non
linear numerical simulations of TAE modes by Spong 1 5 have 
predicted that the interactions of multiple TAE modes would result in 
an n=0 mode. The modes may represent a 'thermal' level of excitation 
or be driven by fast beam ions. For these plasmas the beam ion 
velocity is one third to one fifth the Alfvén velocity. 

In Figure 9 is shown the spectrum of the edge magnetic 
fluctuations for a D-T shot with 7.5MW of fusion power and for a 
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similar shot at 6.5MW and a D-only shot. The mode amplitude has 
increased by a factor of 2-3 in the 7.5MW shot. The NOVA-K code 1 3 

finds n=5 and n=6 core-localized modes in the region where q<l in 
this plasma (Figure 10). The localization of the mode near the plasma 
core increases the coupling of the fusion a's which makes the mode 
unstable. The calculated TAE mode frequency from the NOVA code 
was about 250 kHz, lower than the experimental frequency of 300 
kHz. In this experiment the toroidal mode number was not measured. 

No fusion product loss mechanisms beyond those seen in DD have 
been observed in full power DT shots with Sn as high as 3 . 2 x 1 0 * 8 
neutrons/sec and P a~1.8 MW. Scintillator probes located at 90°, 60°, 
45°, and 20° below the outer midplane detect alpha particle losses. 
The results from the 90° detector match the first orbit loss model in 
magnitude, Ip dependence and pitch angle distribution-. For detectors 
closer to the midplane, the first orbit loss model does not adequately 
fit the losses from DD or DT plasmas. Collisional and stochastic 
toroidal field ripple losses are being investigated as a possible 
explanation of the pitch angle distributions observed there. The 
anomalous delayed loss seen for DD fusion products has not yet been 
seen for a particles. No evidence of a loss due to a - d r i v e n 
instabilities has yet been seen. 

FIG. 10. NOVA-K calculation of the mode structure for the 7.5 MW fusion power shot. 



286 FREDRICKSON et al. 

S u m m a r y 
The high power deuterium and tritium experiments on TFTR have 

provided the first look at the effect on MHD activity of a fusion a 
population similar to that expected on ITER. In the TFTR DT 
experiments to date there is no evidence for a loss due to a - d r i v e n 
instabilities; however, one of the highest fusion power shots may 
have evidence of a-driven TAE activity. Theoretical calculations 
suggest that presently achieved a parameters in TFTR are close to the 
stability threshold for a-driven TAE modes. Low m MHD, fishbones 
and disruptions appear very much the same in D-only and DT 
plasmas. At the higher currents used in the DT experiments, the 
performance of TFTR is still limited by (3-limit disruptions. Studies of 
the p-limiting disruptions with the extensive MHD diagnostics set has 
provided valuable information on the structure of the disruption 
precursors. In particular, TFTR has provided the first clear evidence 
of strong ballooning activity in high p n plasmas. The enhanced loss 
of D-T fusion a's during MHD activity, e.g., (2,1) modes, is similar to 
that observed in D-only plasmas for other fusion products. 
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DISCUSSION 

G. FUSSMANN: What do you do about the inhomogeneities in the a particle 
losses? 

E.D. FREDRICKSON: The a losses are directly measured with detectors 20°, 
45°, 60° and 90° below the outer midplane. During disruptions, the losses are 
primarily to the 90° detector. 

R.J. HAWRYLUK: I would like to add that the loss of a particles during major 
and minor disruptions involves preferential loss towards the detector which is located 
in the bottom of the vessel in the VB ion drift direction. 
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Abstract 

TRITIUM TRANSPORT AND INFLUX, AND HELIUM ASH MEASUREMENTS ON TFTR 
DURING DT OPERATION. 

The evolution of the tritium density profile is inferred from 14.1 MeV t(d,n)a and 2.5 MeV 
d(d,n)3He neutron emissivity profiles measured in a deuterium neutral beam heated plasma into which 
a small amount of tritium gas has been puffed. For the first time, hydrogenic ion transport coefficients 
in the form of a diffusivity and convective velocity are determined. The particle diffusivities of tritium 
and 4He, and the deuterium thermal diffusivity are of similar magnitude, and thus are consistent with 
theoretically calculated ExB drift transport. The first measurements of helium ash have been made using 
charge exchange recombination spectroscopy. The measured radial ash profile shape is consistent with 
that predicted from simulations that include calculations of the central alpha ash source and thermal ash 
transport. This suggests that ash transport in the plasma core will not be a fundamental limiting factor 
in determining helium exhaust rates in a reactor. The authors also report the first spectroscopic measure
ments of tritium Balmer-alpha emission, which provided a measure of tritium influx from the limiter. 
Tritium influx persists in discharges subsequent to tritium neutral beam injection, decaying with an ini
tial decay of 7.5 discharges, and followed by a long term decay on the order of 400 discharges. Tritium 
transport and influx, and helium ash transport are important issues for profile control, retention, and 
ash removal in future reactors like ITER. 

* Supported by US Department of Energy contract DE-AC02-76CHO-3073. 
1 Los Alamos National Laboratory, Los Alamos, New Mexico, USA. 
2 University of Wisconsin, Madison, Wisconsin, USA. 
3 Joint European Torus, Abingdon, Oxfordshire, UK. 
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1.0 Introduction 

Tritium operation in TFTR [1,2] has provided a unique opportunity to 
study hydrogenic and helium ash particle dynamics in reactor relevant 
plasmas. In this paper we report on separate measurements of tritium 
transport, tritium flux from the limiter, and helium ash. The enhancement 
factor of ~ 100 in DT neutron cross section, compared to that for DD 
reactions, makes tritium an attractive particle source for studying transport, 
influx from the limiter, and fueling efficiency. This has motivated the 
development of neutron techniques [3, 41 to measure hydrogenic ion transport 
with similar accuracy to spectroscopic measurement of impurity transport and 
interferometric measurement of electron transport. Measurement of 
hydrogenic ion transport is fundamental to understanding the physics of 
plasma transport. In addition, characterization of local tritium ion transport is 
important to future reactors, such as ITER, because transport directly impacts 
reactor density profile control [5, 6]. Density profile control may provide 
operational flexibility to meet the requirements of stable core fusion power 
production and edge density control. Edge density control directly affects 
impurity influx, particle flux to the divertor, and helium exhaust removal. 
Furthermore, edge density control may require gas puffing, making particle 
fueling efficiency also an important issue. A pulsed gas valve on TFTR has 
been used to inject small amounts of tritium gas into deuterium neutral beam 
heated plasmas during tritium transport experiments (nt/nd < 2%). These 
experiments have resulted in the first measurement of tritium transport 
coefficients in the form of a diffusivity and convective velocity (Dj, VT). 

In a plasma optimized for helium ash production (nt/nd^ 1), helium 
transport has been observed with charge exchange recombination 
spectroscopy. In terms of future reactors, the viability of removing helium ash 
depends upon the local relationship between core energy transport and thermal 
helium transport, as well as edge helium transport and pumping speed [7-10]. 
Before this work, helium had been introduced by gas valves to study transport 
and ash removal [11,12]. 

The first spectroscopic observations of the tritium B aimer-alpha line 
have shown excellent sensitivity, and revealed tritium influx from the limiter 
at levels of up to 9% of the total hydrogenic influx. These measurements 
provide a unique opportunity to study tritium edge physics, and are being used 
to benchmark current models of neutral velocities and limiter erosion and 
redeposition important for ITER and other DT tokamaks. 
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2.0 Tritium Transport 

Measurement of hydrogenic ion transport has remained elusive, 
because no spectroscopic technique has been identified with sufficient 
accuracy to measure the local ion density. Fusion product techniques have 
been used to study 3He transport with limited spatial resolution, and a similar 
approach has been proposed to infer the trace tritium density in a deuterium 
plasma from the 14.1 MeV t(d,n)a and 2.5 MeV d(d,n)3He neutron 
emissivities [3, 4]. In the tritium beam experiments on JET, the local 
14.1 MeV t(d,n)a and 2.5 MeV d(d,n)3He neutron emissivity profiles have 
been measured, and the transport was studied using various mixing models to 
predict the local evolution of tritium and deuterium, with global introduction 
of tritium by neutral beam injection [13, 14]. 

On TFTR, tritium transport has been studied by puffing small amounts 
of tritium gas into deuterium neutral beam fueled plasmas. The local 
14.1 MeV t(d,n)a and 2.5 MeV d(d,n)3He neutron emissivity profiles were 
measured, and the ion density profile was inferred [15]. The introduction of 
the tritium in the form of a small gas puff permits the application of 
perturbative transport analysis techniques to ascertain the local transport 
coefficients [16, 17]. Because the amount of tritium before the gas puff is 
very small (nt/nd < 0.001), the transport coefficients represent the tritium 
transport coefficients for the background plasma. These results represent the 
first measurement of hydrogenic ion transport coefficients, in the form of a 
diffusivity and convective velocity in a tokamak plasma. 

The experiment examined tritium transport in high-performance, low-
recycling, neutral beam fueled plasmas, referred to as supershots. The specific 
plasma condition investigated was previously studied for electron, helium, and 
impurity transport [12]. Neutral beams were injected counter tangential and 
cotangential to the plasma current, to minimize plasma rotation, and were 
fueled with deuterium neutrals at a maximum energy - 1 0 0 keV and at 
14 MW of power. The tokamak operating parameters included a toroidal 
magnetic field of B§ = 4.8 T, a major radius of R== 2.45 m, a minor radius of 
a=0.8 m, and a plasma current of Ip = 1.15 MA. The central electron and ion 
temperatures were Te(0) ~ 7.5 keV and Ti(0) = 25 keV, respectively, and the 
central electron density was ne(0) = 5xl01 9 nr 3 . The global energy 
confinement time for this plasma was 0.16 s, which is approximately 3 times 
the ITER89P L-mode confinement scaling. The deuterium neutral beams 
were injected from 3 to 4 s. A tritium puff of gas (0.4 Pa-m3/s for 0.016 s) 
was applied at 3.5 s and resulted in approximately a factor of 2 increase in the 
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FIG. 1. Local 14.1 MeV t(d,n)a neutron emissivity profile resulting from a pure tritium gas puff. The 
14 MeV neutron profile starts out hollow and rapidly becomes peaked. 

total neutron source strength. It was estimated that the ratio of central tritium 
to deuterium density is nt/ nd = 0.01. 

The main diagnostics on TFTR for tritium studies are three different 
collimated neutron detector systems: a 5 channel 4He proportional counter 
array that is sensitive only to the 14.1 MeV t(d,n)oc neutrons, a 10 channel NE-
451 ZnS detector array that is sensitive to both the 14.1 MeV t(d,n)a and 
2.5 MeV d(d,n)3He neutrons, and a second 10 channel array with less 
sensitive ZnS wafer scintillators [18-22]. The proportional counters and the 
NE-451 scintillators were absolutely calibrated in situ using a DT neutron 
generator [22-24]. Figure 1 shows the time evolution of the local 14.1 MeV 
t(d,n)a neutron emissivity profile after the injection of the tritium gas puff 
near 3.5 s, as measured by the ZnS detector array. The 14.1 MeV t(d,n)a 
neutron emissivity is determined from the total chordal neutron measurement 
by subtracting the 2.5 MeV d(d,n)3He neutron contribution measured in 
similar deuterium plasma discharges and Abel inverting the resulting chordal 
neutron profile [15]. In Fig. 1 the local neutron emissivity due to the tritium 
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gas puff begins hollow and quickly peaks up within 0.05 s. The early hollow 
character of the neutron emissivity is indicative of a hollow tritium density 
profile during the early time of its evolution. 

Nuclear techniques for measuring plasma ion density have been 
described by Strachan, et al. [3, 4]. The techniques rely upon the majority of 
the neutrons originating from beam-target reactions. By taking the ratios of 
the DD and DT reaction rates, Idt /Idd> the beam species mix, neutral beam 
deposition, beam ion orbit losses on the first orbit, beam power, and beam 
slowing down time do not enter the measurement: 

Idt /Idd « nt/ nd 67.3 exp(0.72/T°-33), 

where T is the ion temperature in keV. In the supershot studied here, « 65% 
of the 2.5 MeV d(d,n)3He neutrons are from beam-target reactions and the 
remainder are thermonuclear and beam-beam reactions. Furthermore, only 
50% of the central 2.5 MeV d(d,n)3He neutrons are from beam-target 
reactions. To take the thermonuclear neutron contribution into account a new 
scale factor for the above equation can be calculated. Here an alternate 
algorithm was designed to infer the ion density profile. A response function, 
similar to a Green's function, is calculated relating the tritium ion density, 
nt(r,t), from the measured 14.1 MeV t(d,n)a neutron measurement, Sdt(r,t), 
for this plasma discharge. The analysis code TRANSP [25], using the 
measured plasma density, temperatures, Zeff, magnetics, and the neutral beam 
injection parameters, computes the local 14.1 MeV t(d,n)a neutron emissivity, 
Sdt (r>0> for a constant amount of tritium density, nt* = 5x10*7 m~3, at each 
plasma radius and for all time. This represents the 14.1 MeV t(d,n)oc neutron 
response for a fixed amount of tritium in the plasma including both beam-
target and thermonuclear reactions. Then the tritium density, nt(r,t), can be 
estimated from the measured 14.1 MeV t(d,n)a neutron measurement, SdtO\t), 
according to the simple relation 

nt(r,t)«nt*Sdt(r,t)/Sdt*(r,t). 

The Green's function here is nt /Sdt (r>t)- The tritium density evolution 
obtained by this technique for the small gas puff is shown in Fig. 2. The 
profile starts out hollow, fills in as tritium diffuses into the core, and reaches a 
slightly peaked shape in « 0.1 s. This behavior is similar to that of the 
electrons, previously measured on TFTR [26]. Note that the peak of the 
profile is near R= 2.67 m, which is within 1 cm of the position of the magnetic 
axis. The profile shape is somewhat less peaked than the deuterium density 
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FIG. 2. Evolution of tritium density profile inferred from the neutron emissivity profiles for a pure 
tritium gas puff. The tritium profile starts out hollow and fills in ~0.1 s, showing diffusive transport. 
The same characteristics were observed in previous electron transport studies. 

profile inferred from the electron density profile and the Zeff profile, and the 
helium and carbon profiles measured with charge-exchange recombination 
spectroscopy [11, 27]. The differences in the profile shapes can be partly 
attributed to the limited spatial resolution of the neutron measurements in the 
core of the plasma and a 15% uncertainty in the neutron calibration. 

The time-dependent density profile and the gas puff source are used in 
the TRANSP analysis code to calculate the tritium particle flux, T(r,t), from 
the 1-D particle balance equation: ôn/ck= - V»r + S, where S is the tritium 
source. Then at each radius, r, a regression analysis of the particle flux is used 
to determine the transport coefficients according to the relationship 

r(r,t) = -DT(r)Vn(r,t) + VT(r) n(r,t), 

where Dx(r) and Vx(r) are the local tritium transport coefficients. The same 
techniques have been used in the study of electron particle transport [16,17]. 

Figure 3 shows the tritium transport coefficients, Dx(r) and VTO"), as 
determined from multiple regression analysis. In addition, the transport 
coefficients of 4He measured by charge-exchange recombination spectroscopy 
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on similar plasma discharges are shown for comparison [12]. Also included in 
the plot is the deuterium thermal conductivity determined from equilibrium 
power balance analysis. The diffusivities are all similar in magnitude and 
profile shape: Dx ~ Dfje ~ %D- The similarity of the diffusivities has been 
observed in previous perturbative transport experiments on TFTR and is a 
prominent characteristic of transport due to drift-like microinstabilites [11, 12, 
16]. In addition, the similarity in the diffusivities has been shown to be 
attractive with regard to helium ash removal for future reactors, such as ITER 
[12]. There is an inward pinch in the tritium transport coefficients, and it is 
also similar to the helium values, except for a large value at the plasma edge 
for helium. Within the error bars, the tritium pinch is also consistent with 
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FIG. 3. Comparison of tritium and helium particle diffusivities and convective velocities. The diffusivi
ties of tritium, helium, and heat are of similar magnitude. These are attractive characteristics for future 
reactors like ITER. 
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neoclassical values for r < 0.5 m. Furthermore, the chordal DT neutron data 
can be simulated with the measured diffusivities, the measured pinch values 
for r > 0.5 m, and neoclassical values for r < 0.5 m. 

A quasilinear transport model, predominantly due to ExB drift, is 
applied to the present experimental data [28]. Here, the eigenmodes and 
eigenfrequencies of electrostatic and electromagnetic modes are calculated in 
toroidal geometry. The electron and ion temperature profiles, electron density 
profile, carbon density profile, and Zeff profile are used in the quasilinear 
calculation. The beam ion energy distribution and the ion density are 
calculated by TRANSP and are also used. The ratio of V/D is calculated at 
r/a = 0.2 and 0.5 for the ion species D, T, and 4He. These ratios are compared 
to the present tritium and the previous 4He results [12]. At r/a = 0.2 there is 
good agreement between the model and measurements: the model estimates 
V/D « -2.4 nr1 for helium, V/D « -3.2 nr1 for tritium, and D/% » 1.2 while 
the experimental values are V/D ~ -2.6 nr 1 for helium, V/D ~ -1.6 nr1 for 
tritium, and D/% ~ 1.5. The comparison at r/a = 0.5 is not as favorable and 
may be influenced by the measured carbon density profile having a local 
maximum there, and the transport model being sensitive to the impurity 
density profile. These transport properties of fusion fuel and helium ash will 
be further pursued. 

With the measurements of the ion density profile evolution, the fueling 
efficiency, defined as the ratio of tritium delivered to the plasma to the amount 
of tritium gas injected by the gas valve, can be determined. From the pure gas 
puffs and from previous trace tritium puffs (2% tritium and 98% deuterium) 
the fueling efficiency was estimated to be ~ 15%, although the tritium 
recycling coefficient was estimated to be « 2-5 % from modeling the neutron 
data with the TRANSP code and spectroscopic measurements indicate smaller 
values. The total number of tritium ions as a function of time, Nf, for the gas 
puff was calculated. The decay time constant for Nj is the effective tritium 
particle confinement time, tp*(T), and for this discharge is 0.16 s. During the 
same time period, the energy confinement time was 0.14 s. The tritium 
effective particle confinement time can be compared to that for deuterium, 
tp*(D), just after the termination of neutral beam injection, NBI. When NBI 
ceases, the major central fueling source in the plasma core stops and the 
subsequent density decay can be used to determine the global effective 
particle confinement time. For the same discharge the global tp* is found to be 
0.21 s and the energy confinement time is 150 ms. To the extent that these 
two decay constants can be compared, the tritium pump-out is faster than the 
deuterium pump-out, indicating that the tritium pumping by the limiter is 
faster than deuterium pumping. 
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3.0 Helium Ash Measurements 

DT operation provides a unique opportunity to measure alpha ash 
production. Initial measurements of radial ash profiles have been made using 
charge exchange recombination spectroscopy (CHERS). The n = 4-3 line of 
He+ (4686 Â), emitted after charge exchange of He2+ with beam neutrals, was 
observed with a fiber optic viewing array coupled to a 0.6 m Czerny-Turner 
spectrometer. Two similar plasmas were investigated, one with deuterium and 
tritium beam injection (21 MW), and the other with deuterium injection only 
(22 MW). The plasma had a current of 2.0 MA, a toroidal field of 4.8 T, a 
major radius of 2.52 m, and a minor radius of 0.87 cm. Five co-injecting and 
four counter-injecting neutral beams were used. In the DT plasma, four of the 
sources injected tritium. After 1.3 s of the 2 s neutral beam pulse, four of the 
nine neutral beam sources terminated injection, reducing the heating power to 
12 MW in both cases. This caused the plasma temperature to decrease, 
increasing the alpha particle slowing-down rate and increasing the population 
of moderate energy alpha particles, as well as the thermalized ash. Thermal 
helium profiles were evaluated for the two plasmas using the measured 
thermal helium line brightnesses. During the lower-power phase of the 
plasmas, a clear increase in the thermal helium spectral brightness is observed 
in the DT plasma, but not in the DD case. In addition, differences in the 
thermal helium line brightnesses in similar DD plasmas are an order of 
magnitude smaller than in this DT-DD plasma pair. The thermal helium 
profiles, consisting entirely of background helium in the DD plasma and of 
background helium and ash in the DT case, indicate that the local helium 
density increased by at least 30% in the DT case as compared to the DD 
plasma by the end of neutral beam injection. 

The difference in the amplitude of the profiles measured at the end of 
beam injection is used as a measure of the ash buildup. The residual helium 
ash profile, obtained by integrating over the last 100 ms of neutral beam 
injection, is shown in Fig. 4. Error bar estimates include the effects of 
uncertainties in background subtraction, beam attenuation and correction for 
ion plume emission [29]. The profile is characterized by a broad pedestal and 
a central peak. These characteristics are similar to those of the background 
helium profiles observed in other deuterium plasmas following gas puffing, as 
well as the background helium profiles in these two plasmas. As discussed in 
Ref. [12], the values of Dne and Vne shown in Fig. 3 yield profiles with 
similar characteristics, without the presence of a central source. 

Using the transport rates shown in Fig. 3, the helium profile shape was 
predicted with TRANSP. In addition to the transport, the calculation includes 



298 EFTHIMION et al. 

i 1—i 1—i—i 1—i r - i — i — i 1 — r 

DHe,VH e = 0 

D H e / V H e x 0 . 1 

D H e , V H e x l . O 

^ 
• • , T 

0.4 0.6 

r/a 

0.8 1.0 

FIG. 4. Measured and modeled alpha ash density profiles. The data are the difference of the profiles 
measured from a DD (76529) and a DT (76528) shot, and were measured at the end of the neutral beam 
injection phase. The residual represents a ~30% increase in the helium density in the DT case as com
pared to the DD case. The data are normalized to the modeled profiles by choosing the integrated total 
particle number to be equal to that of the three simulated profiles. Shown are the results assuming that 
the transport coefficients DHe and VHe are the same as those from Ref [12]. Also shown are results 
assuming no thermal ash transport, as well as results assuming DHe and VHe are one tenth the 
measured values. 

the effect of creation and thermalization of the alpha particles. The measured 
profile shape is in good agreement with predictions, and indicates that the 
shape determination is dominated by transport, not the presence of the central 
source. Also shown are the ash profiles obtained under the assumption of no 
thermal helium transport, along with the case for which the diffusion and 
convection were reduced by a factor of ten from the nominal values. The 
measured profile was normalized by choosing the integrated total particle 
number to be near that of the three cases shown (the integral varies by no 
more than 20% between the three cases). Agreement is clearly better in the 
case using the measured transport coefficients. These measurements, taken 
together with the transport coefficients measurements and the modeling, 
provide evidence that the ash transports readily from the ash source region out 
to the plasma boundary. This supports earlier inferences from the gas puff 
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data that a reactor with helium and energy transport properties similar to these 
supershots is compatible with sustained ignition: the ratio of the energy 
transport rates to the thermal helium particle transport rates is favorable. 
Further dedicated experiments will be performed to determine the alpha ash 
particle transport coefficients in DT plasmas themselves, as will experiments 
in long pulse, constant power neutral beam plasmas of both low and high 
recycling. 

4.0 Measurements of Tritium Influx from the Limiter 

The first spectroscopic measurements of tritium B aimer-alpha (Ta) 
emission from a fusion plasma were made on TFTR using a Fabry-Perot 
interferometer [30]. The data are a measure of the fueling of the plasma by 
tritium accumulated in the TFTR limiter, with additional contributions from 
neutral tritium generated by charge exchange of plasma ions. Recycling is an 
important factor in plasma performance and core plasma composition but it is 
more difficult to control than the beam fueling. Some of the tritium injected 
by neutral beams is retained on the plasma facing surface of the limiter and is 
available to be recycled on the next discharge; the remainder may be retained 
on the vacuum vessel wall, buried by co-deposition in the limiter or pumped 
out. Tritium co-deposition is potentially very important for ITER, and it is 
therefore important to understand this process in existing experiments. Even 
for surface materials like beryllium, which involve a much lower tritium co-
deposition fraction than carbon (e.g.- 1% H/Be vs. up to 40% H/C), the Be 
erosion rate in ITER may be so high that significant amounts of tritium may 
be trapped by co-deposition. Such tritium trapping raises safety and 
operational concerns. The use of carbon (under current consideration as a 
candidate surface material) in ITER is crucially dependent on obtaining 
acceptably low tritium trapping. 

Neutral tritium has a Balmer-alpha transition, T a , that is analogous to 
the H a and D a transitions long used in edge plasma diagnostics. This line has 
not previously been observed in fusion plasmas. In TFTR H a , D a , T a 

emission occurs in the inner plasma edge region where the plasma typically 
contacts a toroidal belt limiter that is constructed from graphite tiles. The 
emission is collected by a telescope and transferred via a fiber optic cable to a 
remote Fabry-Perot interferometer, which analyzes the spectrum (for more 
details see reference [30]). The T a intensity is expected to be low, even with 
100% tritium NBI, because the principle source of T a is tritium desorption 
from the limiter and this is highly diluted with deuterium from previous 
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FIG. 5. Comparison of the normalized line profiles from discharge #73447 (100% tritium neutral beam 
injection; bold trace) and an earlier deuterium comparison discharge before tritium injection (#73443; 
thin trace). A small displacement can be seen on the short wavelength side of the profile. The lower 
traces show the difference between these profiles magnified by a factor 4 (scale on the right hand side), 
and (dotted) an initial prediction of the Ta profile by the neutral transport code DEGAS. 

discharges. In addition the line is partially blended with the short wavelength 
wing of the D a profile. However the excellent reproducibility of the D a line 
shape in the discharges and the high optical efficiency (high signal level) 
available from the Fabry-Perot enabled T a to be measured at levels down to 
2% of the total hydrogenic influx. Figure 5 shows an overlay of the line 
profiles from a tritium beam fueled discharge and an earlier deuterium 
comparison discharge. A clear displacement can be seen in the line profile of 
the tritium discharge at the T a wavelength as expected from earlier 
simulations of the composite line profile. The T a line may be seen most 
clearly in a plot of the difference between the profiles amplified by a factor 4 
shown in the lower part of Fig. 5. By integrating under the difference profile 
and comparing to the integral of the total, the ratio Ta/(Ha+Da+Ta) was 
estimated to be 5% ±2%. The highest level of T a observed to date is 9%. 
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The spectral line profile maps the (non-thermal) velocity distribution 
of neutral hydrogen isotopes at the plasma edge. Also shown in Fig. 5 is an 
overlay of a T a line profile calculated by the Monte-Carlo neutral transport 
code DEGAS [31]. Such comparisons have highlighted ways to improve the 
treatment of sputtering and dissociation in DEGAS that are currently in 
progress. In deuterium only NBI discharges following tritium NBI, T a 

emission persists for several discharges. This can be seen in the Fig. 6 insert 
which shows the T a history after a sequence of major tritium NBI discharges. 
Also shown is the tritium/deuterium density ratio, nt/nd, in the core of the 
plasma derived from the measured DT/DD neutron ratio [32]. TRANSP 
modeling of the neutron emission per tritium ion in the inner 20% of the 
plasma radius predicts, in deuterium beam heated discharges, that the ratio of 
rid/nt is (187±5)"1 of the DT to DD neutron ratio. These data fit an exponential 
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FIG. 6. The decay, between periods of tritium injection, of the central (r/a < 0.2) tritium/deuterium 
density ratio as derived from the DT/DD neutron ratio. The long term decay (starting at discharge 
#73950) followed a 404 discharge decay constant. The short term decay is shown in the inset: 
(•) is the Ta/(Ha+Da+Ta) ratio showing the tritium influx from the limiter and (x) the central 
tritium/deuterium density over 9 deuterium discharges following a sequence of tritium NBI discharges. 
(Discharges #73453-#73462 were 100% deuterium NBI with the exception of #73457, which had 
1 tritium and 7 deuterium NBI sources.) 
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relation with a 7.5 discharge decay constant. The long term decay of tritium 
was considerably slower (Fig. 6). After the above experimental run, there was 
a period without tritium NBI (#73461-74430), the latter part of which 
included deuterium NBI discharges, permitting neutron measurements of the 
core tritium/deuterium density ratio (T a emission was too weak to be 
identified in these discharges). In the 500 discharges following # 73955, the 
DT/DD neutron ratio declined from 0.4 to 0.1 and hence the core nt/nd 
declined from 0.002 to 0.0005. These data fit an exponential decay with a 
decay constant of 404 discharges. This pattern of rapid and then slow decay 
was also observed in earlier deuterium-hydrogen exchange experiments 
performed previously on TFTR [33] and in the preliminary tritium experiment 
at JET [34]. This behavior was interpreted in terms of an initial rapid dilution 
of adsorbed and near surface atoms by NBI fueling followed by a slow 
diffusion of atoms from the bulk to the limiter surface. A quantitative analysis 
using the REDEP three-dimensional erosion/deposition code [35] is in 
progress, and is expected to provide key information for model validation and 
future predictive capability for both erosion/redeposition and tritium co-
deposition codes for ITER and other DT tokamaks. 

5.0 Conclusions 

Extended tritium operation on TFTR has provided a unique 
opportunity to study tritium and helium ash transport. For the first time the 
transport coefficients of a hydrogenic ion species in the form of a diffusivity 
and convective velocity (Dj, Vj) are measured. When compared to previous 
helium transport results [12] it is observed that the tritium, helium, and 
thermal diffusivities are of similar magnitude. The tritium inward pinch 
velocity, within its error bars is consistent with neoclassical values for 
r < 0.5 m, and is substantially greater than neoclassical values for radii 
r > 0.5 m. Furthermore, the helium ash in a DT plasma has been measured for 
the first time. Its transport appears to be consistent with previous 
measurements of transport coefficients for helium introduced to the plasma by 
gas puffing [12]. As observed in previous transport studies where helium was 
introduced by gas puffing [12], the helium ash diffusivity is on the order of the 
thermal diffusivity. All of the experimental results outlined above have been 
shown to be consistent with theoretically calculated ExB drift transport. This 
is important to the understanding of light ion transport and helps validate the 
theoretical model for future design of reactors. 
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The above mentioned experimental results have an impact on the 
design and operation of future reactors, like ITER. As discussed in Ref. [12], 
supershot-like transport coefficients would lead to some buildup of helium ash 
on axis in a reactor, but because the plasma volume is small in this region, 
fusion reactivity will be degraded by only 10%, and ignition will still be 
sustained. Furthermore, the tritium transport is an integral component, along 
with the density fueling and divertor pumping, in determining the density 
profile. Achieving density control in a reactor is important in balancing the 
requirements of stable core fusion energy production, and edge density 
control. The tritium results offer a strong inward pinch for radii r > 0.5 m in a 
supershot plasma. Within the error bars, the pinch at r < 0.5 m is consistent 
with neoclassical values. Additional measurements are planned to 
characterize tritium and helium transport in L-mode and H-mode plasmas in 
TFTR. 

The first spectroscopic observations of the tritium B aimer-alpha line 
have shown excellent sensitivity and revealed tritium influx from the limiter at 
levels of up to 9% of the total hydrogenic influx. These measurements 
provide a unique opportunity to study tritium edge physics. The line profiles 
reflect the H, D, T edge velocities and are being used to benchmark and 
improve the Monte-Carlo neutral transport code DEGAS. The decay of the 
tritium influx in discharges after tritium beam injection was directly observed 
in T a measurements and in the resulting decline in the central n¿/nt density 
obtained from neutron data. These data fit a pattern of initial rapid decay (7.5 
discharge decay constant) followed by a much longer decay (404 discharge 
decay constant). This pattern is being analyzed using the REDEP 
erosion/redeposition code and will provide key information for ITER and 
other DT machines. 
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DISCUSSION 

D.E. POST: To what extent does tritium recycle from your graphite limiters? 
P.C. EFTHIMION: After approximately 200 tritium discharges, the highest 

fraction of tritium, T/(T + H + D), recycled from the limiter is 9%. This fraction 
will very slowly increase with more tritium operation. 
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J. G. CORDE Y: Do you have measurements of the ratio of the particle diffu-
sivity of deuterium and tritium? 

P.C. EFTHIMION: I believe we have such data and should be able to provide 
the ratio of the diffusivities. 

W.D. DORLAND: You presented evidence that the pinch velocity is distinctly 
different near the edge of the plasma. Is the transition point the same as that reported 
by Durst et al. (Phys. Rev. Lett. 71 (1993) 3135), where two distinct modes were 
reported? 

P.C. EFTHIMION: I have not examined the transition point in the fluctuation 
data. I have been told that it is much closer to the edge of the plasma than the location 
of the anomalous particle pinch. 
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Abstract 

STUDIES OF ENERGY AND PARTICLE TRANSPORT IN JET. 
Investigation on H-mode transport has concentrated on pulses where elevated confinement can 

be achieved. At the time of the L-H transition a prompt transport reduction in the core (as well as at 
the edge) of the discharge is observed. Poorly performing, higher Zeff discharges appear to have sub
stantially the same core transport as record achieving pulses. New H-mode power threshold data were 
acquired in 1994, with ion B drift of both signs, confirming Pth to increase with Bt and ne. The trans
port of injected impurities indicates that, in L-mode discharges, the outer region of strong anomalous 
transport more or less coincides with the region of high shear (s > 1/2). Analysis of inward propagation 
of cold pulses supports the hypothesis that, when the edge temperature is perturbed, transport across 
the discharge suffers a prompt modification. 

1. INTRODUCTION 

The study of energy and particle transport at JET was mainly devoted, lately, to 
two basic activities: the further analysis of the database acquired in the 
experimental campaigns held until 1992 and the comparison of new observations 
from the present campaign (1994) with those made in the past. For the sake of 
conciseness the paper is organised in two sections dealing with the high and low 
confinement respectively. Where possible, reference is made to JET papers, 
recently published or submitted for publication, that will supply more extensive 
descriptions of phenomena illustrated here. 

2. H-MODE AND ELEVATED CONFINEMENT 

Investigation on transport in the H-mode regime has recently concentrated on 
pulses where elevated energy confinement can be achieved. In hot-ion pulses, 
enhancement factors for the energy confinement time (compared with the 
JET/DIII-D H-mode scaling) up to 2 are observed. The maximum kinetic energy 
that can be stored in these plasmas appears limited at a normalised beta f$N~2 [1] 
suggesting that the deterioration of transport observed at the highest levels of 
stored energy may be due to MHD instabilities [2]. This empirical constraint 
results in a favourable scaling of confinement with the toroidal magnetic field. 

1 See Appendix to IAEA-CN-60/A1-3, this volume. 
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Local power balance analysis 
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FIG. 1. (a) Time evolution ofxeff(P — 0.3) for two hot ion JET discharges. Time is measured starting 
from the application of the main neutral beam power, (b) Electron and deuteron density profiles during 
the ELM-free phases for the above discharges; also shown are the profiles of xeff during the ELM-free 
phase. 
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FIG. 2. Time evolution of thermal energy Wlh and bootstrap current IBS in a high ¡3p discharge (JET 
pulse 25 264) as deduced from the experimental data (dashed lines) and from the simulation performed 
by using the transport model proposed by Taroni, Erba and Parail (see paper A2-8, this volume). Also 
shown are the enhancement n(ITERH'P) of the energy confinement time over the ITER93H-P scaling and 
the Da signal. 

leads to a carbon bloom making recovery impossible [3]. JET pulses run in the 
new experimental campaign with higher Zeff, broader density profiles and 
different edge fuelling rate appear to have, over the whole radial range where the 
local energy transport analysis is reliable (p ~ 0.2 - 0.75), the same #eff as higher 
performance pulses performed in the previous campaign (fig. 1). 

High /?p discharges [4,5] are another well-known example of high confinement 
at JET. Global confinement time is shown in fig. 2 for one such pulse to exceed 
by ~ 75% times the ITER93H-P scaling in the phase following the end of the 
ELMs. The dimensionless physical parameters of this discharge are quite 
different from other confinement regimes, e.g. the safety factor q is 4 times 
higher and the normalised ion gyroradius p] is 2 times smaller than in typical 
hot-ion H-modes. One of the highest JET values of fi (-2.1) and the largest 
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bootstrap fraction of /B S~ 70 % were achieved in the ELM-free phase. The 
estimated experimental errors on energy content and on the bootstrap current are 
rather large (±20%) due to relatively large uncertainties on measured profiles 
near the plasma edge and to the lack of space resolved information on the ion 
temperature. A heuristic transport model [6] that aims to account for the effects 
of the short- and long-scale turbulence as well as of neoclassical mechanisms has 
been applied to simulate this pulse using the transport code JETTO. The same 
model has also been successfully applied for the description of transport in a 
variety of L-modes as well as a number of H-modes including hot-ion H-modes 
[7]. The same numerical coefficients used in [7] for ELMy and ELM-free phase 
have been used for the corresponding phases in this simulation. The time 
evolution of the energy content is reproduced within the experimental 
uncertainty. The bootstrap current is also computed predictively by the code and 
agrees, within error bars, with the experimental value of the non-inductively 
driven current (fig.2). 

Pellet enhanced performance (PEP) discharges [8] also attain enhanced energy 
confinement both in L- and H-mode, due to an improvement of the thermal 
diffusivity in the plasma centre. In that region several unusual conditions are 
produced during the PEP phase, including high densities, high pressure gradients 
and negative magnetic shear. This makes it difficult to validate different possible 
theoretical explanations for the observed improved performance, such as those 
related to access to the second stability region or stabilisation of ion temperature 
gradient driven modes [9]. 

In PEP pulses, depending on the degree of peaking of the ne and Te profiles, the 
shape of the q profile and the amplitude of MHD activity, strong accumulation of 
light impurities in the plasma centre can occur, occasionally leading to severe 
depletion of the main plasma ions (nD/ne < 30 %) on the magnetic axis [10]. 
Impurity accumulation appears however to have only marginal influence on the 
abrupt collapse of the PEP configuration. The phenomena observed are 
consistent with the effect of neoclassical forces associated to the logarithmic 
derivative of the deuterium ion density VnD I nD and of the ion temperature 
VTJ Tr In these pulses the light impurities are in the plateau collisional regime 
and both forces are strong and inward-directed. In contrast, no accumulation of 
light impurities is observed in the hot-ion pulses mentioned previously that also 
have strong pressure gradients in the plasma core, but where those impurities are 
in the banana regime. Indeed for those pulses hollow carbon density profiles 
appear to develop. This is also in agreement with the neoclassical theories that for 
collisionalities lower than unity predict a screening effect associated with the 
PTj/Tj force. 

New H-mode power threshold data over a range of toroidal field and density 
values have been obtained in the present (1994) JET experimental campaign, with 
the ion gradB drift (IGBD) directed both towards (positive) and away (negative) 
from the target plates. An earlier, partial analysis of these data [11] revealed a 
weak positive dependence of the threshold on plasma current, X-point position 
and distance of the limiter from the last closed flux surface. A more recent 
analysis has shown that with both positive and negative IGBD the power threshold 
P h scales linearly with the toroidal magnetic field Bv although it seems to be 
slightly higher than that of the older data. A very recent experiment, carefully 
prepared to verify the dependence of P th with the plasma density and carried out 
with positive IGBD in the line average density range 2.5 < ne (1019 nr3) < 4, has 
also shown that P h decreases when ne is lowered (fig. 3). Further dedicated 
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FIG. 3. (a) Time evolution ofDa light, total heating power, total radiated power, line integrated elec
tron density and stored energy from the diamagnetic loop for JET pulse 31 596 (BT = 2.4 T, Ip = 
2 MA). In the last phase of the discharge, at t ~ 22.4 s, the transition to H-mode occurs when the line 
average electron density that was slowly decreasing reaches the value of 3.65 x 1019 m'3. (b) Power 
threshold versus line average electron density in a set of discharges run at BT = 2.4 T, Ip — 2 MA with 
ion B drift directed towards the target plates. 

experiments are planned to verify the scaling of Pth with ne at higher densities 
and to investigate whether there is a minimum threshold power at lower density 
below which Pth might start to increase for decreasing ne [12]. 

Dependence of the threshold on nB for discharges in the present campaign 
carried out with positive IGBD, NEÍI heating and carbon-fibre-composite (CFC) 
target plates is very close to that found in the previous JET campaign (1991-92) 
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with IGBD of the same sign (on pulses mainly performed with the same heating 
and another type of CFC plates) and to the scaling proposed by the H-mode 
Database Working Group [\3].With negative IGBD the observed thresholds are 
twice as high for all the 1994 discharges (all run with counter-injection NBI) and 
the NBI heated ones of 1991-92 (co-injection). It should be noted, however, that 
significantly lower thresholds were found in the former campaign with ICRF 
heating and beryllium dump plates [11]. 

3. L-MODE AND OHMIC CONFINEMENT 

The time scale over which modifications occur across the plasma column at the 
time of the L-H transition [14] is interpreted as the evidence that non-local 
mechanisms are inherent in the L-mode transport processes. The time evolution 
of the electron temperature 7e , for example, indicates an almost immediate 
reduction of the thermal conductivity, following the drop in the D a signals, over a 
wide radial domain in the outer layers of the discharge. The affected region only 
excludes a central core about the magnetic axis, where no appreciable change in 
the behaviour of Te is detected. The speed of propagation, from the separatrix 
inward, of the temperature modulation is seen to be 160 m/s or larger. A similar 
speed of propagation is also deduced for the drop in the density fluctuation level 
at the plasma edge as measured by O-mode reflectometry. Recent analysis of 
data obtained with this technique has shown that a strong reduction in fluctuation 
power (by up to a factor of 20 in a frequency range extending up to 100 KHz) 
occurs in a 15 to 25 cm thick radial region next to the separatrix. The sharpest 
drop in the fluctuation corresponds to the region of the profile where the density 
gradient is highest. 

For the pulses analysed so far, the inner edge of the radial interval where the 
thermal conductivity drops coincides approximately with the radial position 
where q = 1. The same approximate coincidence is often observed [15], in L-
mode or ohmic regime, for inner edge of the region of high diffusivity for trace 
impurities in experiments performed using the laser-ablation injection technique. 
The analysis of these experiments has now been extended to a wider set of-
discharges nearly exploring the whole practical ranges of plasma current, 
magnetic field, density and additional power and including a few cases with 
evolving current profiles [16]. It appears that a central region of slow transport is 
always present, even when there is no q = 1 resonance in the discharge. Its size, 
however, is highly variable depending on the shape of the current profile. 

The boundary between the slow and fast impurity transport regions is 
experimentally identified by analysing the radial profiles of the perturbation to 
the soft X-ray emissivity induced by the injected impurities (fig. 4). After an 
initial phase of fast propagation in the outer region of the plasma, the inward 
progression of the maxima in those profiles is strongly slowed down as they 
reach an intermediate radial position that varies for pulses with different q 
profiles. Such a position appears to be regularly in very close proximity with the 
flux surface where the magnetic shear {s =plq-dqldp) is equal to 0.5. Within that 
surface the diffusion of impurities is always moderate, even when the electron 
temperature gradient is high. The observed shapes and variation trend of the 
profiles of Dimp, the impurity diffusion coefficient, suggest a strong dependence, 
at intermediate radii, of transport on s and possibly the existence of a threshold 
condition on that parameter that governs the transition from low to high 
anomalous transport across the plasma column. These findings appear not 
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FIG. 4. (a) Measured (solid lines) and simulated (dashed lines) radial profiles of the perturbation to 
the soft X-ray emissivity AeSXR induced by the injection of Ni. Data refer to consecutive quiescent 
phases between sawtooth crashes, (b) Local measurements of the transport parameters are obtained 
from linear regressions of the normalized Ni fluxes Y¡/n¡ versus the normalized Ni density gradients 
V/Ji/n^ The data points are from the first three quiescent phases between sawtooth crashes (empty, 
dotted and filled shapes, respectively); the different shapes refer to different radial positions. The 
Ni density profiles n{(p, t) are deduced from AeSXR(p, t) by using the iterative technique illustrated in 
Refi [19]. 
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FIG. 5. Time evolution of the electron temperature at different radii following injection of Ni in one 
ohmic discharge. The solid lines are from the simulation of the phenomenon using the transport model 
of Ref. [7] and a perturbation of the electron thermal diffusivity, Axe (p, 0 = \e (P> t¿}^H(t - to) 
x £exp(-t/0.15 s). 

inconsistent with theoretical predictions based on the analysis of toroidal 
coupling of adjacent resonant modes [17] or on the radial distribution of those 
modes in the discharge [18]. 

The local values of the D imp in the core region and up to radial positions of about 
p = 0.6 is now measured using a recently developed iterative technique [19]. It 
shows that at the different radial positions the local transport is dominated by 
diffusion and that the local transport parameters remain the same during several 
successive quiescent phases between sawtooth crashes, until the injected impurities 
are lost from the discharge. The measured values of D i m p in the plasma core 
(always between 0.1 m2/s and 0.3 m2/s) are generally higher, by a factor of 2 to 
10, than the neoclassical predictions. They also do not appear to undergo the 
strong variation with the magnetic field predicted by the neoclassical theories. In 
the outer fast-transport region, the effective average level of the impurity 
diffusion coefficient Dimp is seen to increase linearly with VTe (or with r e) , but no 
appreciable dependence on the plasma density is found when the electron 
temperature profile is kept constant. 
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FIG. 6. Amplitude A(u) anaphase <p(w) of the Fourier transformed temperature perturbation induced 
by laser blow-off injection of Ni in the discharge illustrated in Fig. 5. At values of the normalised minor 
radius above p = 0.77, the propagation is affected by the modulation of the radiated power induced 
by the injected impurity; within this radius, the influence of the radiated power on the radial profiles 
of A and (p is negligible. For 0.63 < p < 0.77, these profiles are consistent with a diffusive propagation 
characterised by a value of the incremental electron thermal diffusivity of x'e

nc = 2.5 m2/s. For 
p < 0.63, the propagation is much faster and consistent with the expected transient response of the 
plasma to a sudden modification of xe. 
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The radiation produced by the injected impurities induces a cold pulse, 
propagating from the plasma periphery inwards, which can be used to analyse the 
electron energy transport. A prompt change of the 7 e time derivative Te is 
observed over a very wide radial range (fig. 5). This is consistent with the 
hypothesis that a sudden modification of the electron thermal diffusivity %e is 
occurring practically at once over that radial interval. While at intermediate minor 
radii (p ~ 0.6 to p ~ 0.8) the rapidity of the response to the edge perturbation is 
seen to decrease moving inwards, further in (p < 0.6) Te does not vary 
appreciably with radius. This is also in agreement with the above hypothesis 
because the rapidity of the perturbation fe due to diffusive propagation is 
expected to decrease moving away from the source of the perturbation [20] as 
observed in the first region; further away and below a certain level the cold wave 
is mainly consisting of the transient response to the sudden modification of xe 
and its radial variation is much smaller. This is also seen in the radial plots of the 
Fourier amplitude A(co,p) and phase <f>(co,p) of the Fourier transformed 
temperature perturbation f (co,p) (fig. 6). In the inner region A(co,p) and <¡){(ú,p) 
do not vary appreciably with the radius while in the intermediate one the normal 
diffusive behaviour is observed. 
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DISCUSSION 

K. ITOH: When speaking of 'prompt' transport reduction, you quote an upper 
limit for propagation of 4 ms. What is the lower limit for the fast change which was 
observed in your experiment? 

R. GIANNELLA: I do not think that our experimental conditions are such as 
to allow us to define a lower limit for that time delay. 

W. DORLAND: Your cold pulse data are qualitatively consistent with our 
findings presented at this Conference, i.e. the plasma is marginally stable towards 
the centre and robustly unstable at the edge with respect to ITG modes. Do you 
agree? 

R. GIANNELLA: Yes, provided that a mechanism exists whereby the stability 
in the core plasma can be affected by modifying conditions at the plasma edge. 

H.K. PARK: If the PEP mode is favourable for ITER, what is the implication 
for ITER of the observed impurity accumulation in PEP mode? What impact will the 
depletion of the hydrogenic component have in terms of fusion products? 

R. GIANNELLA: I think that, at the centre of ITER discharges, light impurities 
will be in the low collisionality regime, so I do not think accumulation of light impuri
ties should be a problem there. The problem might arise with heavy impurities if 
ITER were to be operated in a regime without sawtooth activity. 
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Abstract 

EXPERIMENTAL CONSTRAINTS ON TRANSPORT. 
Characterization of the cross-field energy transport in magnetic confinement experiments in a 

manner applicable to the accurate assessment of future machine performance continues to be a challeng
ing goal. Experimental results from the DIII-D tokamak in the areas of dimensionless scaling and non-
diffusive transport represent progress toward this goal. Dimensionless scaling shows how beneficial the 
increase in machine size and magnetic field is for future devices. The experiments on DIII-D are the 
first to determine separately the electron and ion scaling with normalized gyroradius p„; the electrons 
scale as expected from gyro-Bohm class theories, while the ions scale consistently with the Goldston 
empirical scaling. This result predicts an increase in transport relative to Bohm diffusion as p. will 
decrease in future devices. The existence of distinct p* scalings for ions and electrons cautions against 
a physical interpretation of one-fluid or global analysis. The second class of experiments reported here 
is the first to demonstrate the existence of non-diffusive energy transport. Electron cyclotron heating 
was applied at the half radius; the electron temperature profile remains substantially peaked. Power 
balance analysis indicates that heat must flow in the direction of increasing temperature, which is incon
sistent with purely diffusive transport. The dynamics of electron temperature perturbations indicates the 
presence, in the heat flux, of a term dependent on temperature rather than its gradient. These two obser
vations strongly constrain the types of model which can be applied to cross-field heat transport. 

1. INTRODUCTION 

A fundamental obstacle in the design of a magnetic confinement fusion 
reactor is the lack of first-principles knowledge of the processes which govern 
cross-field particle and energy transport. The projected cost of such reactors 
depends sensitively on size [1], which makes inclusion of added performance 
margin by increasing the size an expensive design choice. The intuitive notion 
that larger devices have better confinement is validated by multiple machine 
databases, but the various "scaling laws" do not provide a unified answer for 
size scaling [2]. Therefore, the designer is not even sure how much margin 
he has. Furthermore, critical issues such as fusion yield and stability of the 
magnetohydrodynamic (MHD) instabilities depend sensitively on the plasma 

* This is a report of work supported by the US Department of Energy under Contract Nos DE-
AC03-89ER51114 and W-7405-ENG-48. 

1 Permanent address: Lawrence Livermore National Laboratory, Livermore, California, USA. 
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pressure profiles, not just the total stored energy, and prediction of the pressure 
profile requires knowledge of both the sources and the transport. It seems 
unlikely that a first-principles prediction of transport will be achieved in the 
course of the design of the next-step devices such as ITER; however, there 
is hope that the transport in future machines can be accurately predicted 
using dimensionless scaling. The first experiments to exploit the dimensionless 
scaling technique to determine independently the size scaling of electron and 
ion energy transport are reported in Section 2. 

Progress toward a first-principles description of cross-field plasma trans
port has been slowed due to the difficulty in evaluating the nonlinear turbulence 
which is the suspected cause of the transport, and the difficulty of accurately 
testing various models experimentally. Energy transport is quantified exper
imentally using a power balance analysis. This technique suffers in accuracy 
because it requires radial derivatives of relatively sparse experimental data. A 
more fundamental limitation, however, is that the transport must be charac
terized by a single parameter at each radius. The standard model is a linear 
force-flux relation with the heat conductivity as the unknown. Experiments 
which show this model to be inadequate to completely describe energy trans
port will be discussed in Section 3. Since this model is also invoked in the 
dimensionless scaling arguments, the implications of non-diffusive transport 
on the size scaling projections will be given in Section 4. 

2. DIMENSIONLESS SCALING STUDIES 

The use of dimensionless variables is a standard practice in theoreti
cal physics. A classical example is the description of fluid dynamics by the 
Navier-Stokes equation. The behavior of fluid can be predicted by knowing 
the value of a single dimensionless number known as the Reynolds number. 
The behavior of plasmas can be considerably more complex. Various approx
imations to the Vlasov-Maxwell system of equations used to describe plasma 
dynamics yield sets of dimensionless quantities which characterize the plasma 
[3,4]. Experimental studies of confinement and transport have focussed on the 
variation of engineering parameters such as density and current over which the 
experimenter has direct control rather than dimensionless quantities relevant 
to theories. This approach has been quite successful in finding the principal 
scalings of confinement, e.g., linear scaling with current I and degradation of 
confinement with the square root of the input power P. These dependencies are 
validated by their presence on tokamaks of all types. One critical dependence 
that this approach does not determine well is the benefit of increasing machine 
size. Because this scaling cannot be done on a single machine, multiple machine 
data sets must be used. This, of course, introduces systematic errors and 
biases resulting in a wide variation in predicted size scaling [2]. It is exactly 
this scaling, however, which is best determined by the dimensionless scaling 
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approach. Both neoclassical and quasilinear drift wave theory find a diflusivity 
of the form 

X = XB (P*)" F(P, v*> ff, R/a, is, . . .) (1) 

where F is an arbitrary function of all of the relevant dimensionless parameters 
except /?„, the gyroradius normalized to the machine size. The diffusivity is 
normalized to %B = cT/eB, the Bohm diffusion form, for convenience. Present 
day experiments can operate at values predicted for reactor operation for all di
mensionless quantities except p„. Therefore, the value of F can be determined 
without knowing the complex functional dependence of each dimensionless 
quantity. The exponent a is then determined by varying p^ while holding JP 
constant. The universality of a can be tested in much the same fashion as the 
universality of the current and input power scalings have been validated. That 
the knowledge of a determines the minimum reactor size can be demonstrated 
by the following argument. The optimum reactor operating temperature is 
determined by the fusion cross-section. The magnetic field strength is limited 
by technological constraints. The smallest reactor along a path of constant F 
will be the one at the optimum temperature T and maximum field B. Knowing 
F,T, B, and a, the only remaining unknown is the machine scale length in p*. 
Evaluating this at the optimum T and B gives the smallest possible reactor for 
a given fusion yield. Thus dimensionless scaling has the potential to accurately 
predict the transport behavior of future devices with little explicit knowledge 
of the parametric dependencies. 

Before presenting the DIH-D results, it is useful to discuss the theoretical 
expectations for the value of a. All low-frequency drift-wave calculations yield 
a diffusivity with a linear pm dependence. Neoclassical theory also gives a linear 
p* dependence. Both theories have a characteristic diffusive step which scales 
with gyroradius. With the diffusivity normalized to Bohm as in Eq. (1), this 
linear dependence of pm is known as "gyro-reduced Bohm" scaling or simply 
"gyro-Bohm." Although there are no theories which give a = 0, there is 
some experimental evidence of this scaling. This scaling is known as Bohm 
scaling since the diffusivity takes the form of the Bohm diffusivity multiplied 
by a constant. If radial transport were due to parallel transport along radially 
wandering field lines, then a must equal —1, to eliminate the B dependence. 
The scaling will be called "stochastic," since it would arise if no magnetic 
surfaces existed. Finally, the empirical scaling of confinement as IfP1/2 can 
be written in dimensionless variables as inversely proportional to (3q2. This 
transformation is not unique because the original formula is not dimensionally 
correct, but it is the simplest conversion to dimensionless variables. Along a 
path where F is constant, ¡3q2 is also constant. This would imply a = —1/2 to 
keep x constant. This scaling will be called "Goldston" scaling after the first 
appearance of such an empirical relation [5]. 

The pm scaling has been determined experimentally in three different 
regimes on DIII-D — low density rf heated, high density rf heated, and high 
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density neutral beam heated. In each case, the discharge shape and size are 
held constant while varying /?„. Keeping F fixed implies a fixed relationship of 
I, T, and density n to B in order to keep (3, v, and q fixed: 

n oc BA'Z , T o c £ 2 / 3 , Joe B 

which implies that pm oc B~2/3. The toroidal field is varied by a factor of two 
so that the resonant heating by the rf has the same deposition profile. This 
variation in B leads to a scan of pm by a factor of 1.6. By repeating many 
discharges, a well-matched pair was found for each regime. Both the electron 
and ion parameters were matched concurrently in the same discharge pair. 

In these experiments, it was possible for the first time to determine the p^ 
scaling independently for electrons and ions. Previous experiments assumed 
that the two species had the same scaling. In all three cases, the results 
were identical — the electrons scaled as gyro-Bohm, while the ions followed 
Goldston scaling. As an example, the neutral beam data are shown in Fig. 1 (a). 
Li addition to the data from the individual species the global confinement 
scaling and the effective one-fluid diffusivity are shown. Both are consistent 
with Bohm scaling. This points out a serious pitfall waiting for those who 
use one-fluid analysis. The only reason the global and one-fluid analysis give 
Bohm scaling is that the power is exhausted almost equally by the electron 
and ion fluids [see Fig. 1 (b)] and Bohm scaling lies between the gyro-Bohm 
and Goldston scalings. The Bohm scaling is a completely spurious result and 
is not indicative of the underlying physics ! 

The existence of distinct p+ scalings for ions and electrons provides a 
unifying explanation of previous results which appeared contradictory. A 
summary of the DIII-D data is given in Fig. 2. In all three regimes, the 
electrons exhibit gyro-Bohm scaling while the ion scaling is Goldston. The low 
density rf data has a global scaling close to the electron scaling because the 
input goes exclusively to the electrons. And, since the coupling to the ions is 
small at low density, the plasma transports most of the energy out through 
the electron fluid. This is similar to the experiments reported previously on 
DIII-D [6] and the Wendelstein VII-AS results [7]. In both cases, the one-fluid 
analysis of the low density rf heated discharges indicated gyro-Bohm scaling. 
For the high density rf case, the global scaling is Bohm since roughly equal 
amounts of power are exhausted by both fluids, even though the heating is 
directly to electrons. This is similar to the JET result [8] using fast wave 
minority heating, which predominantly heats electrons, at a density where the 
electrons and ions are strongly coupled. Finally, the neutral beam case is like 
the high density rf case except now the beam directly deposits power in the 
ions and the exchange term is not as important. This is similar to the TFTR 
result [9] that showed Bohm scaling for the one-fluid diflusivity. While these 
heuristic arguments do not constitute a proof that other experiments would see 
the same electron and ion scalings found in DIII-D, the appearance of distinct 
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FIG. 1. (a) Plot of the ratios of electron (solid square), ion (solid 
circle), and effective (open diamond) power balance diffusivities at 
full fíeld (2 T) and halffíeld (1 T) versus normalized toroidal ñux p. 
The discharges are heated by neutral beam injection at q = 5.8 and 
PN = 0.5. The electron ratio is consistent with gyro-Bohm scaling, 
while the ion ratio is consistent with Goldston empirical scaling (See 
text for the definitions of the labels.) Both the effective diffusivity 
and the global confinement exhibit Bohm scaling, (b) The fractional 
ñux exhausted in the electron channel. 
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scalings for the two species can provide a unified explanation of all previous 
results. 

If the scalings observed for electrons and ions are valid in reactor regimes, 
the confinement picture becomes very pessimistic at the smaller p% character
istic of reactors. For a two-species plasma at equal temperatures, the effective 
diffusivity can be written 

Xeff = 2 XB P* F 1 + 
/mA 1 / 4 G 
\mj F 

-3 /2 
(2) 

2.0 

1.0-

« 0.0-

•1.0 
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F I G . 2. The value of a plotted against the fraction of the total 
ñux carried out by the electrons for the three cases discussed in the 
text. The symbols are the same as denned in Fig. 1. The left set 
of points is the NBI case from Fig. 1. The middle set is the high 
density rf case and the right set is the low density rf case. The 
solid line is the value of a which an effective diffusivity analysis 
would find for electrons with exactly gyro-Bohm scaling and ions 
with exactly Goldston scaling. 
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FIG. 3. The p* scaling of the effective diffusivity for the case 
Te = 7-. The location of JET and TFTR experiments is specifíed 
by the reported results ofBohm scaling of the effective diffusivity. 
(Bohm scaling implies Xeñ/xB is independent of p„, which only 
occurs at the minimum of the graph.) ITER is projected to operate 
with /3„ approximately a factor of three smaller than JET. The 
ITER ignition design point does not lie on a p+ scaling path from 
the DIII-D L-mode results. The extrapolation is only valid along 
such a path in parameter space; therefore, an evaluation of ITER 
ignition performance is not strictly possible. 

where G is the dimensionless function analogous to F for the ions. It is 
clear that xeff does n o t have the appropriate form assumed for diffusivity 
[Eq. (1)]. The pm dependence is illustrated in Fig. 3. For equal temperatures, 
the stronger transport scaling dominates. As pm decreases toward reactor-
relevant values, the observed ion scaling dominates, and leads to more rapid 
transport. Because the highest performance machines of the present generation 
already observe Bohm scaling (which lies at the minimum of the curve), an 
unfavorable scaling of confinement with smaller pn is predicted. At the other 
extreme, for a neutral beam heated hot-ion mode discharge where all of the 
power is deposited and exhausted in the ion fluid, the observed scaling would 
predict that ion confinement would reach the neoclassical value at high />*. 
Results from DIII-D [10] agree with this prediction. Because the ITER ignition 
design point does not He on a path of constant F (and G) from the present 
experiments, a definite prediction of ITER ignition performance cannot be 
made on the basis of this data. Experiments which do lie on such a path are 
in progress. 

Effective p* scaling 
ITER 

TttR.JET 
'•-.»: 

-1/2 
P* 
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3. NON-DIFFUSIVE TRANSPORT 

As discussed above, most energy transport studies rely on power balance 
analysis which characterizes the transport by a single parameter, the heat 
diffusivity, at each radius. Most theories, however, take the form 

T = ÉP (3) 

where the elements of T are the fluxes of particles, momentum, and energy; F is 
composed of the generalized driving forces, usually gradients of the densities, 
momenta, and energy. The matrix M has diagonal elements which are the 
usual diffusivities, but the off-diagonal elements are non-zero, in general. The 
flux due to these terms will be called non-diffusive here because the total flux 
is not a simple linear force-flux relation. For particles, the flux has long been 
recognized as having a significant non-diffusive component [11]. The evidence 
for this is the existence of peaked profiles despite an edge-localized source. The 
electron temperature profiles have also been long recognized to respond much 
less to changes in the source than expected on the basis of a purely diffusive 
model. This observation is variously called "profile consistency" [12] or "profile 
resilience" [13]. A typical example is shown in Ref. 14 where the neutral beam 
heating profile is dramatically altered but no change in the temperature profiles 
is observed. The power balance analysis there does not require non-diffusive 
transport, only a dramatic change in the diffusivity. 

Electron cyclotron heating (ECH) experiments on DIII-D do provide di
rect evidence of non-diffusive transport [15,16]. Despite 80% of the input power 
being deposited outside of a normalized radius of 0.3, the electron temperature 
profile remains very peaked (Fig. 4). Power balance analysis of off-axis ECH 
discharges shows that the heat flux in the electron fluid must be inward (in the 
direction of increasing T) at radii smaller than the heating location to support 
the measured temperature (Fig. 5). The error in determining the flux is quite 
small and the best diagnosed cases have negative flux to 3 or. Thermodynamic 
constraints require the diffusivities to be positive; the total matrix is not 
required to be symmetric, but only to have a positive determinant to satisfy 
the Second Law [17]. A negative flux would imply a negative difiusivity in 
the power balance analysis in violation of these thermodynamic constraints; 
therefore, the heat flux must have a significant non-diffusive component. The 
plasma works effectively as a heat engine — moving heat against the electron 
temperature gradient, transferring it to the ions, and exhausting it through 
transport on the ion fluid. 

It has not been possible to determine from power balance analysis which 
driving terms are correlated with this inward flux. However, perturbative 
analysis of temperature modulations induced by periodically varying the input 
ECH power [18] indicates the heat flux must have the form 

q=-nxVT+ fT (4) 
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FIG. 4. Plot of electron and ion temperature measurements versus 
P.- The electron temperature does not respond to the localized 
heating as expected for a diffusive system. The heating location 
is well outside the sawtooth mixing radius. The discharge pa
rameters are I = 0.5 MA, ñ = 2.8 X 1013 cm'3, B = 1.8 T, and 
PECH = 0.85 MW. 

The function / is often written as nU where U has units of velocity in analogy 
to the standard particle balance equation. It is interesting that non-diffusive 
transport has now been observed in momentum transport experiments [19], 
indicating the ubiquitous nature of this phenomenon. 

Some progress has been made in reproducing this inward heat flux in 
quasilinear drift wave calculations. A fluid model which includes toroidal 
effects, impurities, and collisions in calculation of the transport matrix elements 
for particle, electron heat, and ion heat transport reproduces the inward flux 
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in a self-consistent simulation [20,21]. This model has also been successful in 
reproducing TFTR [22] and JET [23] profiles. Although some parts of the 
model such as the lack of ion Landau damping are not universally accepted 
in the theoretical community, the broad success of the model should invite 
broader testing by the experimental community and more intense scrutiny by 
the theoretical community. 

4. EFFECT OF NON-DIFFUSIVE TERMS 
ON DIMENSIONLESS SCALING 

At first glance, the results of Section 3 may appear to invalidate the work 
of Section 2, since Eq. (1) explicitly characterizes transport as a difFusivity. 

FIG. 5. Plot of ion, electron, and total heat flux versus p^ for the 
discharge shown in Fig. 4. The total flux is positive everywhere 
as required by thermodynamics. Error bands are calculating the 
variation on the fluxes due to potentially systematic errors in the 
input data. 



IAEA-CN-60/A2-13 329 

However, Eq. (1) can be extended to include off-diagonal terms. For example, 
if the heat flux is 

q = -nxVT- T%* Vn (5) 

then the diffusivity can be written x[l + (V^XxVx)]- Must x* = 0 to 
apply the concepts of dimensionless scaling? If % is written as Eq. (1) and 
X* = XB(P*)^G, then the necessary condition for this effective diffusivity to 
be an appropriate scaling variable is that a = 7; i.e., the p% scaling of both 
contributions to the flux must be the same. 

Preliminary analysis of perturbative transport data from modulated ECH 
shows that the off-diagonal term does indeed have the same /?„, scaling as the 
diagonal term. For low frequency modulation on DIH-D, the off-diagonal term 
dominates the simple estimates of the diffusivity [18]. Using the asymptotic 
formula for the phase estimate of the diffusivity in the limit of low frequency 
[18], this measure of the transport should increase with the square of the 
actual diffusivity. In the case of the low density rf dimensionless scaling pair, 
the global confinement time and the local power balance diffusivity scale in 
the same way (see Fig. 2). Using the ratio of the confinement times ñ a s a 
measure of the ratio of the true diffusivities, the low frequency phase estimates 
are found to vary as R1-8. This is taken as preliminary evidence that the 
off-diagonal term scales with p* as the diagonal term. 
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DISCUSSION 

R.J. GOLDSTON: A few years ago in the USA, we set ourselves a few tasks 
to unravel transport. One test was to perform the sort of dimensionless scaling experi
ments that you have done so nicely here. Another was to examine closely the time-
scale over which transport in the core changes at the H-L transition in order to see 
if the core is affected by 'action-at-a-distance' from the edge. In the light of your 
results and those presented by R. Giannella in paper A2-12, what do you propose we 
do next? 

T.C. LUCE: The experiments you refer to are a first step towards accompli
shing the goals of the Transport Task Force. From the physics point of view, in the 
dimensionless scaling experiments all of the macroscopic scale lengths (density, 
temperature, shear) changed from the L mode to the ITER demonstration discharges 
in the H mode which showed gyro-Bohm scaling (these data I presented orally in my 
talk; they are not in the paper). We can try to isolate the effects of each to see which 
one affects this change in p* scaling. From the point of view of prediction of future 
machine performance, a validation of the scaling observed in the ITER demonstration 
discharges on JET is essential. 

G.W. HAMMETT: Could you clarify how much T¡/Te varied in the earlier 
L mode p* scan? Near the core, there seemed to be a significant increase in T¡/Te, 
which is a sensitive parameter in some theories. 

T.C. LUCE: For the example given, Te/T¡ is well matched at r/a > 0.4, 
where the transport data are shown. Locality is an implicit assumption in dimension
less scaling, so a mismatch in other locations should not affect the results. In the 
complete data set, there is no systematic mismatch in Te/T¡ — sometimes the low 
field case is slightly lower, sometimes slightly higher — and no difference in the p* 
scaling is seen. 

J.G. CORDEY: First of all, I find the fact that the H mode is gyro-Bohm not 
too surprising since the global energy confinement time scaling for ELM free H mode 
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is also gyro-Bohm (ITER database group Washington 90). However, what is the scale 
size of the turbulence which can result in the ions being Goldston and the electrons 
gyro-Bohm in the L mode part of your paper? 

T.C. LUCE: It is true that the ELM free scalings are close to gyro-Bohm; 
however, the latest ELMy scaling is close to Bohm (see paper E-P3 by S.M. Kaye). 
The H mode ITER demonstration discharges (which are not shown in the paper) are 
ELMy modes with a duration of about 2.5 s. With regard to the scale size of the 
turbulence, the longest wavelength must be smaller than the ion gyroradius if an orbit 
averaging model is the source of the Goldston scaling. 

F. ROMANELLI: According to linear theory, the radial correlation length 
should depend on the equilibrium scale lengths. The difference in the equilibrium 
profiles might explain the difference in the ion scaling in the ITER-like discharges. 

T.C. LUCE: The change from L mode to H mode changes the density scale 
length, and the change in q95 from 5.8 to 3.8 changes the shear length. We have not 
yet determined experimentally what length or combination of lengths is important in 
determining the scale size of the turbulence. 





IAEA-CN-60/A2-14 

TRANSPORT AND IMPROVED CONFINEMENT 
IN HIGH POWER EDGE RADIATION COOLING 
EXPERIMENTS ON TEXTOR 

A.M. MESSIAEN1*, J. ONGENA1*, U. SAMM2, M.Z. TOKAR'2, 
B. UNTERBERG2, D. BOUCHER3, K.H. FINKEN2, E. HINTZ2, 
R. KOCH1, G. MANK2, G. TELESCA2, P.E. VANDENPLAS1, 
G. VAN OOST1, G. VAN WASSENHOVE1, J. WINTER2, 
G.H. WOLF2, P. DUMORTIER1, F. DURODIÉ1, H.G. ESSER2, 
H. EURINGER2, G. FUCHS2, D.L. HILLIS4, F. HOENEN2, 
L. KÔNEN2, H.R. KOSLOWSKI2, A. KRÀMER-FLECKEN2, 
M. LOCHTER2, A. POSPIESZCYK2, B. SCHWEER2, 
H. SOLTWISCH2, E. UHLEMANN2, R. VAN NIEUWENHOVE1*, 
M. VERVIER1, G. WAIDMANN2, R.R. WEYNANTS1 

1 Laboratoire de physique des plasmas — Laboratorium voor Plasmafysica, 
Association Euratom-Belgian State, 
Koninklijke Militaire School — Ecole royale militaire, 
Brussels, Belgium 

2 Institut fur Plasmaphysik, Forschungszentrum Jülich, 
Association Euratom-KFA, 
Jülich, Germany 

3 ITER Joint Central Team, La Jolla, California, 
United States of America 

4 Oak Ridge National Laboratory, Oak Ridge, Tennessee, 
United States of America 

Abstract 

TRANSPORT AND IMPROVED CONFINEMENT IN HIGH POWER EDGE RADIATION 
COOLING EXPERIMENTS ON TEXTOR. 

A stationary high level of edge radiation (7 = Prad/P,0t up to - 9 0 % with peak radiation up to 
~ 1 MW-m"3) has been obtained in TEXTOR by using silicon and/or neon as radiating impurities. 
The interpretation of these results shows a reduction of the bulk transport in the presence of edge radia
tion cooling. A detailed modelling of the properties of the radiating layer is presented. 

Researcher at NFSR, Belgium. 
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1. EXPERIMENTAL RESULTS 

First experiments have proven the viability of edge cooling with moderate 
auxiliary heating (NBI-co alone) [1]. More recent experiments have shown that a 
stable radiating layer could also be obtained at high power (using NBI-co + ICRH 
or balanced injection with possible addition of ICRH) up to the previously obtained 
¡3 limits of TEXTOR (i.e. j8p ~ 1.5 or /3t corresponding to a Troy on factor 
gT ~ 2) [2]. In Fig. 1, an example is shown where the radiation level is ramped up 
on purpose during the heating phase in order to check the radiation limit. It is remark
able that (i) during the whole heating phase (balanced injection + ICRH after 
t = 1.2 s) the energy content and thus the energy confinement time rE do not drop 
until the radiation limit is reached (7 > —0.95), leading to a M ARFE followed by 
a disruption; (ii) the radiation profile remains hollow with its peaks localized near 
the edge and a maximum power density of 0.8 MW/m2 with a total radiated power 
of 3.5 MW; and (iii) no trace of detachment is seen up to 7 ~ 0.95. 

The radiatively cooled discharges reveal a new regime in which 

(i) TE is not degraded but, on the contrary, can be significantly improved 
[3, 2, 4] at line densities well beyond i ^ = 3.5 x 1013 cm-3, compared to the 
value obtained in the absence of radiation cooling. Significant values of the enhance
ment factor fH with respect to ITER L-89P scaling (1.4 to 1.7) have been main
tained up to the maximum density reached. A stationary energy value of 200 kj 
(corresponding to gT = 2 and fH = 1.6) has been obtained for Ip = 485 kA and 
Hgo = 7.5 x 1013 cm"3, the density exceeding 1014 cm-3 for r/a < 0.45 and the 
q = 2 surface lying in the radiating zone [2, 5], inside the radiation peak. 

(ii) There is no impurity accumulation versus time, and the concentration of 
impurities remains low at the centre (about 1 %) [2, 5]. This is also confirmed by the 
neutron yield of the plasma which never significantly decreases but even rises 
because of the improvement of TE [2]. 

We also note that the reduction of the edge temperature due to radiation cooling 
leads to a decrease of the intrinsic impurities (C, O) released by sputtering [6]. 

2. INTERPRETATION AND MODELLING 

These results have been analysed and/or interpreted by using three codes: 

(i) RITM [7] which in cylindrical geometry models the transport and radia
tion processes in plasmas affected by impurity radiation (C, O, Ne, Si). This code 
self-consistently computes, in non-coronal equilibrium, the profiles of density and 
radiated power for each impurity charge state and the electron and ion temperature 
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FIG. 1. Time evolution of diamagnetic energy Edia, n~e0, auxiliary power and brilliance of Ne VIH. 
Also shown are the Prad and ne profiles (reminiscent of 'supershot'-like discharges) for different times 
(No. 55 778, L = 350 kA). 
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profiles. Input parameters are the auxiliary power deposition profile (as computed by 
TRANS for NBI and BRAYCOH [8] for ICRH), ñ^ and Ip. 

(ii) The TRANSP code for data and transport analysis. 
(iii) The predictive code PRETOR [9], which simulates the energy and particle 

transport by means of the Rebut-Lallia-Watkins model. 

3. RESULTS 

3.1. Confinement 

The total energy balance equation, which for d/dt = 0 is approximately given 
by Pconv(r) + PCOnd(r) + Prad(r) = Ptot(r)> shows that the centrally deposited power is 
mainly transported by conduction to the outer zones where it is radiated (see 
Fig. 2(a)). Furthermore, the transport in the bulk of the plasma is reduced with radia
tion cooling. This occurs mostly at high densities. An example for such a comparison 
between TRANSP results for boronized (y ~ 0.35) and siliconized (-y — 0.60) dis
charges at the same density (5 x 1013 cm-3) is given in Fig. 2(b). Shown are (i) the 
normalized heat conductivity £(r) = xe

n(r)/n(0), which adequately reflects the local 
transport properties and (ii) the profile of rE(r) = ¡E(r)dV/{Ptot(r)dV. Note that 

— i 1 1 1 1 1 1 1 1 — 

Power Flux ftot Flux 
(MW/m2) .--' ' ---. 

0.1 

0.05-

— i 1 1 1 1 1 1 1 — 

v 
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FIG. 2. (a) Power flow balance versus radius for Ne cooled (No. 55 236) discharge heated by 
NBI-co + ICRH (PNI = 1.45 MW, P[CRH = 1.9 MW, Ip = 350 kA) (from TRANSP simulation); 
(b) confinement time rE(r) and normalized heat conductivity ¡~(r) versus r/a for a siliconized 
(No. 53 035) and boronized discharge (No. 46 856) heated by balanced injection (PNI ==. 3 MW, 
I = 400 kA) (from TRANSP simulation). 
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through E(r) this last quantity also depends on the transport at the boundary. The 
improvement of local transport coefficients and confinement all over the plasma 
volume in the presence of edge cooling is striking. Similar results are obtained for 
Ne cooled discharges [10]. 

In a first modelling attempt by RITM, we use the following set of transport 
coefficients as validated by the experimental data: (i) for all ions (background (D) 
and impurities) a Bohm-like D x [11], (ii) particle pinch velocity vpinch = D x 

x (l/(2Te))(dTe/dr) only for the D ions, and (iii) predominantly gyro-Bohm elec
tron and ion thermal diffussivities xe,i (<* PeCsq

2e0f7|Ln|) [10]. This leads to good 
overall agreement for n^r), Tei(r) and Eei(r) and the other discharge parameters. 
Note that this is not a unique set of transport coefficients. There are indications that 
for L mode plasmas an additional L-r dependence has to be taken into account in the 
expression for xe,i-

The reason for the confinement improvement is probably linked to: (i) the 
slightly more peaked j(r) profile as calculated by RITM and also found with PRETOR 
or TRANSP with the hollow Zeff profile (see Section 3.3 below) or (ii) the reduced 
heat flow near the boundary leading to a possible decrease of the edge turbulence. 
A satisfactory agreement for most of the discharge parameters could be obtained with 
PRETOR only with a hollow Zeff profile implemented in the code by an outward 
impurity pinch velocity. 

3.2. Radiation 

An example of the modelling of Prad(r) by RITM for a discharge with a 
siliconized wall [3] is shown in Fig. 3 and is compared to the experimental data, 
together with the contributions from Si, C and O radiation. The Si and C fluxes (r¡ 
with i = Si, C) at the LCFS are self-consistently computed from a sputtering model 
and agree with the experimental data. Neon is treated as a recycling impurity, having 
fluxes based on experimental data. 

The total radiated power by the impurity i can be expressed by Prad = Eradir;, 
where the radiation potential Erad ¡ is the radiation per particle during its dwell time 
in the plasma. Erad>i increases strongly when the edge temperature Teedge decreases, 
but, on the other hand, Teiedge is a decreasing function of Prad and ñgo, and increases 
with Ptot. This non-linear coupling between Prad and Te>edge leads to an amplification 
effect, which may result in an unstable, radiating layer (through detachment or dis
ruption). However, the model and also the experiments show that, in contrast to the 
ohmic case, the plasma remains attached and stable with strong auxiliary heating and 
more than 90% of the power radiated. 

3.3. Impurity concentration and Zeff 

RITM predicts a hollow Zeff profile, as shown in Fig. 3, in agreement with the 
experimental observations [5]. It also shows that the ratio n¡/Prad, where n¡ is the 
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FIG. 3. Radiated power profile predicted by RITM together with the total radiation of the Si, C and 
O and comparison with the experimental data (No. 53 035). Separate contributions due to the dominant 
radiating charge states of Si are also shown. 

impurity density, can be minimized at high values of Prad and ñ^ as experimentally 
shown in Ref. [6]. This is also expected from a simple diffusion model because 
n¡ = TiXi/Dxedge = Prad gi5 where Xj(Teedge) is the ionization length and g¡ = 
V(Erad)i Dx ,edge) is a decreasing function of Te (due to the generally strong Te depen
dence of Erad ¡). It appears also that the value of n¡/Prad is lower (by a factor of ~6) 
for Si than for Ne [12], because their Erad>i values are comparable but Xsi <K XNe. 

3.4. Particle confinement 

The modelling shows an increase of rp. Indeed, radiation cooling tends to 
increase rp « X¡/Dj_ (for i = D or impurities). This also explains the much higher 
density reached for a given gas inflow in the presence of Ne injection. This effect 
can even be amplified by an increased wall desorption due to Ne. It also explains the 
results of the He removal experiments (appearing in Fig. 1, at t ~ 1.4s, as a pertur
bation in the traces due to the helium puff). The analysis shows an increase of the 
helium residence time with radiation cooling [13]. This negative effect for He can, 
however, be partly counterbalanced at high density by an increased pumping effi
ciency of the pumping limiter [14]. 
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4. CONCLUSIONS 

The experimental results indicate an increase of TE and TP and no harmful 
effects on the neutron yield. Furthermore, a satisfactory predictive modelling of 
radiatively cooled discharges has been obtained. As to the reactor relevance, the 
following facts are to be stressed: 

(i) The characteristic parameter, the radial heat flux Ptot/S, attains 
0.125 MW/m2, which is close to the ITER value. 

(ii) The same radiation level as with Ne and/or Si is possible in ITER if 
Te,edge at the separatrix is sufficiently low. In case of too high Te>edge, another radiat
ing impurity should be chosen. 

(iii) The central fuel dilution will not significantly affect the reactivity if the 
observed transport properties can be extrapolated to the reactor. 
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DISCUSSION 

L. LAURENT: Enhanced confinement requires neutral beam injection in the 
co-direction (and possibly counter-injection). How do you reconcile this point with 
the fact that the improvement in TE is due to the peaked current density profile? 
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A.M. MESSIAEN: In the experiments I presented, we started from the condi
tions leading to an improved confinement regime (see J. Ongena et al., Nucl. Fusion 
33 2 (1993) 283), which is obtained in the presence of co-injection (alone or in 
combination with counter-injection and/or ICRH). The cause of this improvement is 
not clear. In this regime, the improvement and the quality of the discharge decrease 
at large values of ñe0 ( ^4 x 1013 cm"3). 

With the addition of radiation cooling, confinement improvement is observed 
and is even enhanced at large densities. The mechanism is probably of another nature 
— as for the previously reported I mode — and shows similarities with the Z mode 
observed on ISX-B. Our modelling studies indicate two possible origins: (i) peaking 
of J(r) owing to the hollow Zeff profile; (ii) lowering of Te ^ which can reduce the 
edge turbulence. 

A. GROSMAN: Have you tried similar experiments with NBI and ICRH 
auxiliary heating, and do your results depend on conditioning procedures such as 
siliconization? 

A.M. MESSIAEN: Systematic studies have been made, with similar results, 
using co-injection or balanced injection with or without the addition of ICRH. No 
systematic studies have been undertaken yet with ICRH alone. 

Turning to the second part of your question, with a boronized wall (7 < 30%), 
a feedback controlled neon injection is used to increase 7 up to —90%. With a 
siliconized wall, where the silicon impurity source is sputtering, a 7 value between 
50 and 75% can be obtained in the experiments which I have discussed. The value 
of 7 can be further increased in these conditions by additional neon injection. 
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Abstract 

TRANSPORT AND TURBULENCE IN TORE SUPRA. 
Local transport and microturbulence in Tore Supra are studied. Edge and core fluctuations are 

compared, and their correlation with transport is established. Experiments with central pellet injection 
are described; here shear reversal has been achieved, leading to improved confinement. 

1. INTRODUCTION 

The present study is an analysis of the local transport and microturbulence in 
Tore Supra. Section 2 is devoted to a comparison of edge and core fluctuations and 
their correlation with transport. Section 3 describes experiments with central pellet 
injection where shear reversal has been achieved, leading to improved confinement. 

2. TURBULENCE AND LOCAL TRANSPORT 

2.1. Edge and core fluctuations in ohmic and heated discharges 

It has been shown in Tore Supra that saturation of confinement time with elec
tron average density is due to a saturation of electron heat diffusivity [1]. This study 
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k = 1500 m'1) and effective heat diffusivity \eff = \e + (n¡T/neTe)Xi at p = 0.6 in a heated discharge. 
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Te(keV) 

FIG. 3. (a) Temperature profiles with (open) and without (black symbols) ergodic divertor. Triangles 
correspond to measurements by Thomson scattering; squares are Langmuir probe measurements. The 
theoretical width of the ergodic layer is indicated, (b) Radial profile of turbulence level reduction mea
sured by reflectometry. 

has been complemented with an analysis of particle transport, by using code 
TRAP [2], where the diffusion coefficient D and the pinch velocity V are adjusted 
to fit the density profile in discharges with gas puff modulation. The diffusion coeffi
cient D and the pinch velocity V as calculated at p = 0.7 are shown in Fig. 1. The 
values of Dmod and Vmod coming from the modulated flux are also displayed. The 
values of the electron heat diffusivities at p = 0.7 deduced from the LOCO code and 
the level of density fluctuations measured by laser coherent scattering have been 
added in Fig. 1. All these quantities exhibit the same behaviour: they decrease with 
the average electron density <ne>, and then saturate. Conversely, the level of mag
netic fluctuations measured by cross-polarization scattering rises with the density in 
the saturated regime [3]. 

The level of magnetic fluctuations at p = 0.7 increases when the confinement 
is degraded by additional heating. This point is illustrated by Fig. 2, which shows 
a discharge where the ICRH power is switched off at constant density. The decrease 
of the level of magnetic fluctuations follows the decrease of effective diffusivity. The 
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density fluctuations measured by coherent scattering remain constant for a wave-
number of k = 1500 m~' and decrease for k = 1200 m"1. This suggests a modifica
tion of the wavenumber spectrum or that edge and core density fluctuations behave 
differently (the probed volume is larger for k = 1200 m-1). 

2.2. Effect of ergodic divertor on edge turbulence 

When the ergodic divertor (ED) is switched on in helium discharges, the density 
profile is weakly affected, whereas the temperature is deeply affected (Fig. 3). The 
plasma can be divided into three parts [4]: 

(i) The plasma core, 0 < p < ps (ps « 0.8 is the position of the electric field 
inversion point), where the transport is not changed. 

(ii) The ergodic layer, pT < p < 1 (pT is smaller than 0.93), where the heat 
transport is controlled by the stochastic field lines. The electron heat diffusivity is 
high (XT > 30 m2-s_1) and the electron temperature gradient is low (0.25 keV/m). 

(iii) An intermediate zone, ps < p < pT, where the temperature gradient is 
larger than twice the ohmic value. The thermal flux remains essentially unchanged 
at p = ps, which means that the thermal diffusivity is improved by a factor larger 
than two. Laser blow-off experiments, where nickel is injected into the plasma, show 
that the impurity confinement time is longer with the ED than in limiter discharges. 
The data analysis suggests a reduction of the diffusion coefficient in the intermediate 
zone and an increase of the convection term [5]. 

When the ED is switched on, the level of density fluctuations measured by laser 
coherent scattering at k = 400 m_1 decreases. Reflectometry measurements of 
density fluctuations show that the turbulence level is locally reduced for p > ps 

(Fig. 3). There are also preliminary indications that the wavenumber spectrum is 
modified: the scattering signal usually decreases for low and increases for large 
wavenumbers. This reduction of the turbulence could explain the lowering of the 
diffusivity and the presence of a temperature pedestal in this region. In correlation 
with this phenomenon, the shape of the frequency spectra changes: the ion part 
increases, and the electron part decreases. This modification is attributed to the dis
placement of the inversion point of the radial electric field towards the bulk of the 
discharge. The analysis of these frequency spectra shows that the jump of the radial 
electric field changes weakly, in contrast to the L-H transition. However, the stabili
zation could be due to the inwards penetration of the electric shear layer. 

3. MAGNETIC SHEAR REVERSAL WITH PELLET INJECTION 

Reversing the magnetic shear in the centre is known to improve confinement. 
This kind of profile has been obtained in Tore Supra with lower hybrid waves [6] 
and has recently been achieved by injecting a pellet into the plasma centre. In order 
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FIG. 4. Time evolution of plasma parameters for a typical Tore Supra shot with injection of a fast pellet 
(2 km/s, 2.5 x 102' D atoms) and ICRH. 

to obtain à central penetration in a hot plasma and, thus, a large density peaking 
factor, a two stage injector was used, which allows a pellet velocity of up to 
3.3 km/s [7]. High central pressure (8 X 104 Pa) and neutron emission rate 
(1.6 x 1014 s"1) have been obtained 300 ms after injection of a single pellet with 
3 MW of ICRH (Fig. 4). The central value of the density reaches 2 X 1020 nr3 , 
leading to a product of n¡(0)Ti(0)TB = 1.1 X 1020 nr3-keV-s. The increase of the 
central density during the relaxation phase indicates a modification of the particle 
transport near the centre, although no impurity accumulation is observed during this 
phase. A local energy transport analysis of several shots exhibiting such an enhanced 
performance has been carried out by using the LOCO and TRANSP codes, showing 
a reduction of the heat conductivities in a large central region where the current pro
file also appears to be modified (Fig. 5). Shear inversion experimentally deduced 
from Faraday rotation and soft X ray signals is interpreted as the result of the central 
temperature decrease in the initial phase, followed by the creation of a localized boot
strap current (=15% of the total current), when the pressure is maximum. 
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FIG. 5. Radial profiles of the current and safety factor after pellet injection deduced from polarimetry 
signals (five chords) and heat diffusivities calculated with LOCO (TRANSP analysis provides a similar 
result) 0.4 s after injection. The dashed curve in the upper part is the calculated bootstrap current 
profile. 

4. CONCLUSIONS 

This study can be summarized as follows: 

(i) In ohmic discharges, the local transport coefficients are well correlated with 
the level of density fluctuations. Measurement of core magnetic fluctuations in Tore 
Supra demonstrates that the turbulence in the bulk plasma is electromagnetic. In 
heated discharges, the level of magnetic fluctuations increases and follows the heat 
diffusivity. 

(ii) Reduction of the edge turbulence has been obtained with the ergodic diver-
tor. Preliminary measurements show that this stabilization mostly affects the low 
wavenumbers. This behaviour is correlated with the onset of a temperature gradient 
close to p = 0.8. A possible explanation is the inward displacement of the electric 
shear layer. 

(iii) Magnetic shear reversal has been achieved with central pellet injection, 
leading to improved confinement. A product value of n¡(0) T¡(0) TE = 1.1 X 
1020 m~3-keV-s has been reached in this way. 

XT(m-s ) 
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DISCUSSION 

R. GIANNELLA: Can you say what quantitative variation in VTe you find in 
the region of the 'thermal barrier' when comparing discharges operated with and 
without ergodic divertor? 

X. GARBET: The electron temperature gradient is increased by a factor of 
greater than two when the ergodic divertor is switched on. The error bar is of the 
order of 20%. 

F. WAGNER: Under ohmic conditions there is a universal relation between D, 
Xe, ñ/n and <n> for p = 0.6. Could one view the density scaling as being actually 
a power scaling with Pe, the power flux in the electron channel, as the relevant 
quantity? As the ions decouple from the electrons towards low density I conjecture 
that Pe (p = 0.6) would show a rather similar rig scaling to D and xe> f° r example. 

X. GARBET: It is true that the electron heat flux decreases with the density. 
Typically, it is equal to the total flux at low density and reduces to 60% of this flux 
in the saturated regime. However, the reduction is less important than the decrease 
in the transport coefficients. 

V. DYANI: You have shown that Xeff decreases at the same time as ÔB/B 
decreases and ông/ng increases. Why do you not assume that these decreases in xeff 
may be caused by the decrease in 6B/B? What is the level of ÔB/B measured with 
CPSD? 

X. GARBET: The level of density fluctuations shown here is measured at the 
edge. The level of core density fluctuations could increase with the additional 
heating. This means that it is not possible to say whether the increase in the heat diffu-
sivity is due to the magnetic fluctuations. With regard to the level of ÔB/B, there is 
still uncertainty concerning the wavenumber spectrum. If we assume that this 
spectrum is the same as the one measured by coherent scattering, a rough estimate 
would be 10"4. 
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Abstract 

STUDY OF TURBULENCE AND PLASMA POTENTIAL IN THE JIPPT-IIU TOKAMAK. 
By a novel use of a 500 keV heavy ion beam probe, the precise profile of plasma potential, fast 

changes of plasma potential in the case of sawteeth and pellet injection, and the local characteristics of 
plasma turbulence are observed in a tokamak plasma. 

1. PLASMA TURBULENCE 

In contrast to the conventional two point measurement in heavy ion beam probe 
(HIBP) turbulence studies, multiple point measurement with up to seven points has 
been performed. Because of the increase in the number of measurement points, we 
obtain a clear view of the propagation of turbulence in a tokamak plasma. Figure 1 
shows arrays of seven sample volumes when the primary beam is swept in five steps 
(a-e), and the correlation coefficient functions of detector signals at each step, 
proportional to the local densities of each sample volume. They clearly show that the 
main turbulence propagates in the electron diamagnetic drift direction in the core of 
a low density ((1-2) x 1013/cm3) OH plasma. Since the direction of arrays (d, e) 
near the plasma centre is rather poloidal, we are able to obtain a poloidal propagation 
velocity of about 10 km/s by a shift of the peaks of correlation curves. This velocity 
is much faster than the fluid velocity as with diamagnetic drift or the poloidal 
rotation velocity by the electric field, which is similar to the results of turbulence 
studies by HIBP in the TEXT tokamak [1, 2]. A sharp transition of the correlation 
curves characterized by the change of correlation time and frequency is observed near 
the plasma boundary. Since the sample volumes are expanded in the radial direction 
near the plasma boundary in this case, the measurement of the turbulence near the 

1 Plasma Physics Laboratory, Kyoto University, Uji, Japan. 
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Delay time (ps) 

FIG. 1. Schematics of five arrays (a-e) of seven sample volumes (sv) in a plasma cross-section, and 
five curves of cross-correlation coefficient functions ((svl, svl), (svl, sv2), (1, 3), (1, 4), (1, 6)) of 
secondary beam intensities from various sample volumes at each step. The injected thallium beam energy 
is 450 keV and B, = 3 T. For the array (e), each sample volume is about 1.5 mm x 5 mm in shape 
and its separation is about 7 mm. 

boundary is performed by a different array of the sample volumes and the propaga
tion of turbulence near the plasma boundary is in the direction of the ion diamagnetic 
drift. The change of the characteristics of the turbulence along the minor radius was 
recently found in TFTR using beam emission spectroscopy (BES) [3]. Those results 
showed that the turbulence propagating in the ion diamagnetic direction (ion tempera
ture gradient mode) dominates in the inner region of NBI heated high T¡ plasmas. 
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Our result shows the dominance of a pure electron drift wave in a linear ohmic con
finement plasma (fast electron wave unimodal), where BES measurement is not 
applicable owing to the absence of a strong neutral beam, and in NBI heated L mode 
plasmas. 

2. FAST POTENTIAL CHANGE IN TOKAMAK PLASMAS 

Although the physics of a quasi-steady potential formation in tokamak plasmas 
is still not well understood, we found a few cases of fast potential changes in tokamak 
plasmas and found explanations for these phenomena. One case is at a sawtooth 
crash. A sawtooth oscillation in the centre of a tokamak plasma column is character
ized by a rapid energy loss from the hot core region. For the first time it was found 
that a barrier potential (ambipolar potential), which is common in open ended plasma 
devices, is formed in the tokamak at a sawtooth crash. During the sawteeth enlarged 
by ion Bernstein wave (IBW) heating, the potential in the centre of the plasma shows 
a sharp rise associated with the decay of ECE temperature, as shown in Fig. 2. Its 
rise only occurs inside the sawtooth inversion layer. Outside the inversion layer, the 
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FIG. 2. Typical potential behaviours in an IBW heated sawtooth crash inside the sawtooth inversion 
layer measured by HIBP. The potential is measured by ND (normalized difference of upper and lower 
detector currents, proportional to the change of plasma potential). The conversion ratio from ND to 
potential is 1037 V/ND. 
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FIG. 3. ND during the sweep across the plasma. The point of measurement is swept slowly from about 
the plasma centre to the surface. A pellet is injected in this case when the point of measurement is 
about r/ap = 0.2. 

change is negative. The polarity and magnitude of these changes are consistent with 
the formation of a barrier potential due to the interaction of hot and cold plasmas in 
the decay phase of the sawtooth. 

A large and fast negative change of space potential in a tokamak plasma is 
observed, as shown in Fig. 3, when a hydrogen pellet is injected towards the centre 
of the plasma. Since the analyser has two-staged optical traps to suppress the effect 
of UV radiation from the plasma, the intense radiation at the pellet injection has a 
negligible effect on the potential measurement of Fig. 3. Accordingly, the principal 
error in a fast measurement of space potential by HIBP at a pellet injection may be 
due to a fast deflection of the beam due to the change of the plasma current profile. 
This error is found to be small from measurements with different entrance angles of 
the secondary beams to a parallel plate analyser, produced by rotating the analyser 
toroidally. The change of the potential may be due to the cooling of hot ions by a 
cold blob of pellet. When high temperature ions hit a cold and very high density 
blob, the ions are cooled and the Larmor radii of the ions grow smaller. Then the 
ions cannot go back to the initial magnetic surfaces. This means that the inner part 
of the plasma becomes electron rich and negatively charged by a potential of a few 
times the ion temperature. This explanation is consistent with the experimental results 
in terms of polarity and magnitude. The case may be very similar to the formation 
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of a negative plasma potential at the plasma surface due to the ion loss to the limiter 
or divertor plates. In both cases the ions cannot go back to the initial magnetic 
surfaces. 

3. POTENTIAL PROFILE 

By a novel use of simultaneous fast toroidal and slow poloidal sweeps of the 
HIBP, potential profiles in the JIPPT-IIU tokamak plasma are measured at the rate 
of 120 profiles per second [4]. So far the plasma potential profiles in other tokamaks 
have been measured using 10 or 20 discharges on a shot to shot basis. By this novel 
method, it becomes possible to perform a detailed study of potential profiles in toka
mak plasmas under ohmic, NBI and IBW heating. The main results are as follows: 
(a) the depth of the plasma potential at the centre increases drastically as the average 
plasma density and confinement time increase in a linear ohmic confinement regime. 
(b) The depth is a few times the ion temperature and the dependence on the ion 
temperature is difficult to obtain accurately because the additional heating always 
induces a density rise in JIPPT-IIU plasmas, (c) Different types of potential profile 
are observed, one with a large region of positive potential and one without it. 
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Abstract 

NON-DIMENSIONAL TRANSPORT SCALING AND ITS CORRELATION WITH LOCAL 
TRANSPORT PROPERTIES IN JT-60U PLASMAS. 

A scaling law for the stored thermal energy has been established for ohmically heated and NBI 
heated L mode plasmas in JT-60U and JT-60. Both global and local transport studies clearly show that 
die one-fluid thermal diffusivity has a p*0 '5 dependence located between Bohrn type and gyro-Bohm 
type scalings. The improvement in the energy confinement in the hot ion H mode and high 
/3p H mode plasmas results from the reduction of x¡ in the central plasma region. A two step heat trans
port reduction occurs during NBI heating in high /3p H mode plasmas. The first and the second steps 
result from the improvement in the plasma central region and in the plasma outer region, respectively. 

1. INTRODUCTION 

In discussing confinement and transport properties of tokamak plasmas, differ
ent types of plasma such as L mode, H mode [1], VH mode [2], hot ion H mode [1], 
supershot [3], high /3p H mode [4], etc. must be taken into account and compared 
with each other in order to clarify their characteristics. At present, the ITER 89 
power law [5] is widely used for a prediction of the energy confinement time, rE, 
of L mode plasmas. The degree of TE improvement in good confinement or high 
performance plasmas is often expressed by a so-called H factor on the basis of the 
ITER 89 power law. The H factor, on the other hand, includes the stored energy of 
the unthermalized fast ion or beam component. Therefore, in hot ion H mode or high 
j8p H mode plasmas, for example, in which the beam component of the stored 
energy becomes more than one third of, or sometimes half, the total stored energy, 
the H factor is not a sufficiently appropriate index to evaluate the improvement in 
heat transport. 
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In order to distinguish the improvement in thermal confinement from global or 
total energy confinement, a scaling law for the stored thermal energy, W ,̂, of 
L mode plasmas is necessary. In the next section a scaling law for W^ will be 
developed by using JT-60 experimental data. The ratio of the experimentally obtained 
Wth to the calculated W^ by this scaling law, the T H factor', is introduced in this 
paper. Results of non-dimensional transport experiments are also shown. The charac
teristics of xe and Xi for L mode, hot ion H mode and high /3P H mode plasmas are 
compared and discussed in Section 3. The time evolution of xe and x¡ in a high /3p 

H mode plasma during the NBI heating phase is discussed in Section 4. The conclu
sions of this paper are summarized in Section 5. 

2. NON-DIMENSIONAL TRANSPORT SCALING ANALYSES 

2.1. Scaling of stored thermal energy 

The stored thermal energy of JT-60 ohmically heated and NBI heated L mode 
plasmas can be expressed as [6] 

Wth = C(Ipne)1 / 2P^ (1) 

The absorbed power, Pabs, is the sum of the ohmic heating power and the effective 
NBI heating power absorbed by a thermalized plasma through a slowing-down 
process. Wth can also be expressed as 

Wth/Pabs = a2/4xeff (2) 

where the effective thermal diffusivity, xeff> includes the conduction and convection 
heat flows of both the electron and the ion channel, i.e. xeff

 = E (qiomi + <ïœnv)/ 
£ njVTj (j = electron, ion). It is now assumed that xeff

 c a n be described by the 
Bohm diffusion coefficient and non-dimensional parameters such as 

Xeff oc (T/eBt)(p»y(frh)
x (u*y (3) 

where p* = pja, v* = vjvhe
212. Here, pL, /?th, vh and i>ei are Larmor radius, ther

mal beta value, electron bounce frequency and electron-ion collision frequency, 
respectively. By eliminating xeff from Eqs (2) and (3), while keeping the constraint 
of Eq. (1), x and y can be expressed in terms of /x: x = (4 - ¿t)/6 and 
y = (n — l)/6. Finally, the formula, 

W = C M 0 1 5 + 0 ' 3 / t K 1 - 1 0 - 0 - 4 5 ' ' Rl07+0.73/t Q1 .15-0 .45M jl /2 ^j, 1/2 g(5+4n)/18 p l /3 i^\ 

is obtained where C = 0.047 e"1 2M and W, R, a, Ip, ñg, Bt, and Pabs are expressed 
in units of MJ, m, m, MA, 1019 m-3, T and MW, respectively. 

http://q1.15-0.45m
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FIG 1. Comparison of Wth scaling law and experimental data on the assumption of p = 0.5. 
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FIG. 2. Results of non-dimensional transport experiments for the qeg = 4.5 and 6.0 cases. 
F = (xmode, (2-4 T)/Xmodel (4.0 T)/(X% (2.4 T)/X% (4.0 T))- The thermal diffusivity follows the weak 
gyro-Bohm type scaling. 
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The fi value was changed from O to 1. It was found that the pi = 0.5 case gives 
good agreement between W^ scaling and the experimental data of JT-60 (hydrogen 
plasmas of JT-60 and deuterium plasmas of JT-60U) and ASDEX [7] (Fig. 1). The 
mass dependence is M0 3 , with fx = 0.5, which is consistent with the weak mass 
dependence of JT-60U ohmically heated plasmas [7]. The result using fi = 0.5 also 
shows that the W^ scaling of L mode plasmas is located between Bohm type and 
gyro-Bohm type scalings in a global sense. We call it 'weak gyro-Bohm type' scaling. 

2.2. Non-dimensional transport experiment 

The p* dependence of local Xeff has been studied by comparing Bt = 2.4 T and 
4.0 T L mode shots with almost the same $& and v* profiles. Figure 2 shows 
profiles of F = (Xmodel (2.4 T)/Xmodel (4.0 T))/(X-?(2.4 T)/Xe

e¿p(4.0 T)) in the qeff = 
4.5 and 6.0 cases. xttF ^s th® experimentally found value. Bohm type, weak gyro-
Bohm type and gyro-Bohm type scalings are tried as the Xmodei. The model of Xmodei 
by which F comes to be close to 1 is the best. Figure 2 clearly shows that the local 
Xeff also follows the weak gyro-Bohm type scaling in JT-60 plasmas. 

3. LOCAL TRANSPORT PROPERTIES 
OF HOT ION H MODE AND HIGH j8p H MODE PLASMAS 

In this section good confinement plasmas such as hot ion H mode plasmas and 
high /3p H mode plasmas, in which the H factor is clearly above 1, are examined. 
Figure 3 shows the profiles of plasma parameters and thermal diffusivities, Xe, Xi 

and Xeff, in the typical L mode, hot ion H mode and high |3P H mode plasmas. In 
this paper, Xe and Xi are evaluated by including the convective heat flow. 

The L mode plasma has a flat n,, profile. Xi is usually larger than Xe in the bulk 
plasma region. Xi has strong Ip and Pabs dependence, while Xe depends on these 
quantities only weakly [8], 

Hot ion H mode plasmas were obtained during the high toroidal field (4 T) 
H mode experiments [1]. The plasma volume is about 70 m3. The plasmas have 
paked T¡ profiles. The central T¡ reaches above 30 keV. On the other hand, the r^ 
profile is flat as in L mode plasmas. In this plasma, the H factor and the TH factor 
are 1.8 and 2.1, respectively. Xi in the plasma central region becomes very small. 
The Xe value remains at almost at the same level as in L mode plasmas. When Xe is, 
however, normalized by Te/eBt its value becomes smaller than that in the L mode 
plasmas. 

The high /3p H mode plasmas were obtained when the position of the magnetic 
axis was shifted to realize a more centrally peaked NBI heating profile. The plasma 
volume is rather small (V ~ 50 m3). The plasmas also have a highly centrally 
peaked T¡ profile. The central T¡ reaches up to 40 keV. The difference from the hot 
ion H mode plasmas is that the n,. as well as the T¡ profiles are peaked. The reduc
tion of Xi in the central plasma region is much more remarkable. In this plasma, the 
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H factor and the TH factor are 2.3 and 2.0, respectively. Although, in the high j8p 

H mode, the input power to the electrons is higher than that in the hot ion H mode, 
because of the higher equipartition energy transfer, Te is not very different in these 
two modes. Therefore, the xe value in the high j8p H mode is larger than that in the 
hot ion H mode. 

A comparison of the Wth scaling law and the experimental W^ of hot ion 
H mode plasmas with T¡(0) > 20 keV and Ti(0)/Te(0) > 2 is shown in Fig. 4. 
Apparently, the Wth of the hot ion H mode deviates from the scaling law. The W^ 
scaling law for the hot ion H mode and the high j8p H mode is under investigation. 

Since the characteristics of the hot ion H mode and high j3p H mode plasmas 
are their very centrally peaked T¡ profile and the high central T¡ value with reduced 
Xi value in the central plasma region, the transport model in which Xi decreases with 
increasing x¡ or T¡/Te is regarded as the first candidate. For this reason, the Rebut-
Lallia-Watkins (RLW) model [9] is applied to these plasmas. Figure 5 shows a com
parison of Te as measured by ECE and T¿ by CXRS with the calculated profiles. 
The experimental data are used as a boundary condition of simulation. It is found that 
the Te and T¡ profiles of both hot ion H mode and high @p H mode plasmas cannot 
be reproduced by the RLW model. Especially in high /3P H mode plasmas which 
have a peaked n̂  profile, the Te and T¡ values are strongly suppressed within half of 
the plasma minor radius, because of the Vr^ dependence in the xe and X¡ formula. 

FIG. 4. Comparison of Wlh scaling law and experimental data in hot ion H mode plasmas. 
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F/G. 5. Comparison of measured Te and T¡ data with values predicted by the RLW model. 

The improved confinement in the central region of the hot ion H mode and high 
/3p H mode plasmas cannot simply be explained by the reduction of x¡ by the Te/T¡ 
value. The high j3p H mode plasmas have a peaked r^ profile, which indicates that 
the particle diffusion coefficient and the radial particle flow are much different from 
those in L mode and hot ion H mode plasmas. Still more, high /3P H mode plasmas 
have a strong velocity shear region inside the plasma [10], which is assumed to have 
much to do with the improved energy confinement and the reduced heat transport. 
Therefore, particle transport and momentum transport must be considered at the same 
time, rather than ion heat transport alone, in order that the overall transport proper
ties of high j8p H mode plasmas can be understood. We are now applying the trans
port model, including toroidal flow velocity, to an analysis of high /3p H mode 
plasmas. 
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FIG. 6. Time evolution of ne and x, profiles in high ¡3p H mode plasma. 

4. TIME EVOLUTION OF IMPROVED CONFINEMENT 
IN HIGH 0p H MODE PLASMAS 

In the ohmic heating phase of high /3p H mode plasmas just before the begin
ning of NBI heating, the TH factor is almost unity. In order to make clear how the 
confinement improvement occurs during the NBI heating, we have carried out the 
local transport analyses considering the time evolution of fast ion and thermalized 
plasma by using the Fokker-Planck code. 

Figure 6 shows the time evolution of n,. and T¡ profiles of a high j8p H mode 
plasma with Ip = 2.1 MA and Bt = 4.4 T. After a 0.5 s duration of low power 
NBI (Pabs ~ 1.5 MW) to optimize the target plasma density, the intensive NBI 
heating of 28 MW starts at time (1), t = 5.55 s, shown in the figure. Both r^ and 
T¡ profiles become highly centrally peaked while being kept at small values in the 
plasma outer region (r > 2a/3) during the first 0.5 s. About 0.9 s after the beginning 
of intensive NBI heating (t = 6.4 s), H transition occurs. Then, i^ and T¡ in the 
plasma outer region begin to increase. The time labelled (3) in Fig. 6 is just after the 
H transition. 

The calculated xe and x¡ profiles at (1), (2) and (3) are shown in Fig. 7. The 
Xe value remains almost the same during the NBI heating. The central Xi begins to 
decrease just after the beginning of intensive neutral beam heating. In the outer 
region, on the other hand, x¡ increases with increasing Pabs through the slowing-
down process of the neutral beam, which is characteristic of the L mode. The TH 
factor is about 1.25 at (2). After the H transition, x¡ decreases in the outer plasma 
as well in the central region. The TH factor is about 2.0 at (3). It is unknown, at 
present, why the central heat transport alone is reduced first. Considering the L mode 
like transport properties in the outer plasma region, we may expect some condition 
of heat transport reduction, which separates the central region with good confinement 
from the outer region with poor confinement. This is another subject for future 
research. 
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FIG. 7. Profiles of \e and x, during the NBI heating phase of a high /3 H mode plasma. 

5. CONCLUSIONS 

In this paper we have established the scaling law for the stored thermal energy, 
which is described by non-dimensional parameters on the basis of experimental data 
of ohmically heated and NBI heated L mode plasmas in JT-60U and JT-60. It is clari
fied that the one-fluid thermal diffusivity has a p*°5 dependence, i.e. a 'weak gyro-
Bohm type' transport from both the global and local points of view. In hot ion 
H mode and high /3p H mode plasmas, the xe value is not too different from that of 
the L mode plasma. On the other hand, a remarkable reduction of x¡ occurs in the 
plasma central region, which gives the TH factor a value above 2. The Te and T¡ 
profiles of both the hot ion H mode and the high j3p H mode plasmas cannot be 
reproduced by the RLW model. The improvement in the energy confinement in high 
jSp H mode plasmas results from a two step reduction in x¡, which first occurs in the 
central plasma region and then in the outer plasma region. 
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DISCUSSION 

C.C. PETTY: What is the ratio of electron to ion heat conduction for the 
gyroradius scan which showed weak gyro-Bohm scaling? 

H. SHIRAI: The ratio of x¡ to xe is approximately 2:1 at the half minor radius 
(r/a = 0.5) for qeff = 4.5. 

T.C. LUCE: For the high /3p plasmas, at what radius does the ion diffusivity 
drop below neoclassical and does it drop below zero at some radius? 

H. SHIRAI: In the high @p mode plasma with Ip = 2.1 MA, x¡ drops below 
neoclassical in the region of r/a < 0.15. In some shots with large T¡ — Te in the 
plasma central region, Xi drops below zero near the magnetic axis (r/a < 0.1). We 
are investigating whether a heat pinch exists in such plasmas or not. 
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A b s t r a c t 

CONTROL OF ERROR-FIELD MODES AND ELMS IN ITER-SHAPED PLASMAS 
IN COMPASS-D. 

Studies on several devices, together with theoretical models, now indicate that large 
tokamaks are likely to suffer from error-field instabilities, especially m = 2, n = 1 mag
netic islands, even with the lowest magnetic error field level reasonably achievable. 
Experiments on COMPASS-D to demonstrate techniques using externally applied he
lical fields and ECRH for prevention and/or removal of error-field driven islands are 
discussed. Similar techniques are applied to attempt to produce ELMs or change the . 
ELM frequency in H-modes in single-null divertor plasmas on COMPASS-D. 

1 Introduction 

Experimental and theoretical studies [1, 2, 3, 4, 5] have shown tha t small 
error fields (B™=2,n=1 / B^ ~ 1 0 - 5 ) are likely to cause large magnetic islands 
and probably disruptions in tokamaks the size of I T E R , and have limited the 
accessible operational space in J E T , DIII-D. It is thus impor tant to determine 
whether it is possible both to prevent islands from occurring and to remove 
them once they have appeared. A series of experiments has been performed 
with this aim on COMPASS-D using resonant magnetic per turbat ion ( R M P ) 
fields and localised E C R H . Single-null divertor (SND) plasmas are used, (R — 
0.56m, a = 0.17m, b/a ~ 1.6, Ip = 1 0 0 - 2 0 0 k A , B^ = 0 . 8 2 - 2 . 0 T ) to simulate 
I T E R and J E T , with the ion grad-B drift directed down towards the X-point . 

1 University of Leicester, UK. 
2 University College, Dublin, Ireland. 
3 IFS , Austin, Texas, USA. 
4 University College, London, UK. 
5 University College, Cork, Ireland. 
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As on other devices, the best confinement in COMPASS-D is achieved in 
ELM-free H-mode discharges [6]. However, impurity accumulation during 
ELM-free periods and the large disturbance caused by the first ELM that 
does appear (e.g. to vertical position and hence the power in the plasma 
control systems), indicate the benefit of generating "controlled" ELMs in 
ELM-free discharges and to change the ELM frequency in ELMy discharges 
in large devices (such as ITER). 

2 Correction and prevention of error-field-driven modes wi th 
resonant magnetic fields 

An error field simulating a tilted poloidal field coil is applied and variable 
correction fields are applied. Two scenarios have been tested and described by 
a simple MHD model [7]: (a) "prevention" where the error field is reduced to 
prevent an island appearing at all (Fig. 1), and (b) "cure" where an existing 
island is removed. In both cases the error field is provided by an n = odd 
coil generating Br

n=2,n~1 ^ g#5 Gauss at the q = 2 surface. The n = 1 
correction coils located below the X-point are similar to those in JET and 
give B?=2'n=1 ~ 2.1G/kA at q = 2 (r ~ 0.12m). In the "cure" scenario if the 
correction field phase is chosen correctly, the driven island "unlocks" and on 
COMPASS-D generally decays as its rotation frequency rises, i.e. the island is 
removed. In a small number of cases a large quasi-stationary island remains — 
possibly related to the relative strength of the drag from the resistive wall and 
the plasma [8] as well as the mechanism whereby error-field islands grow to 
large amplitude. It is found that (i) a simple coil-set is adequate for correction, 
and (ii) the toroidal orientation of the correction field need not be precise, 
and such correction systems could be practicable for a device like ITER. 

3 Removal of error-field-driven modes wi th E C R H 

60GHz X-mode waves at 2cjce are launched from the low-field midplane to 
produce a narrow heating profile: FWHM of P(r) is ~ 1.7cm from ray-tracing. 
Magnetic islands are produced in these SND plasmas with the same coil-set 
as used for the magnetic correction described above. For high power heating 
(Pinj ~ 400kW, ~ 50% absorbed first pass) near q = 2, the island width, 
W is rapidly reduced: dWjdt changes in < 500/is and W settles in ~ 10ms, 
Fig. 2. Sawteeth reappear, the toroidal rotation recovers and the locked mode 
signal Br(n = 1) returns to the untorn level (no island). The effectiveness 
of removal is quantified by frem = [ABr{OH) - ABr{ECRH)} ¡ABr{OH), 
where ABr(OH,ECRH) is the change in Br(n = 1) from the untorn level 
as measured by external midplane saddle loops, allowing for the observed 
changes in toroidal location of the island as its amplitude changes. ABr itself 
can vary substantially (e.g. with ñ e) . Scanning the resonance across the q = 2 
surface (outboard part) gives maximum frem for | Tres — 7*0=2 ~ 

0.1a , with 
modest increases in island size if the power is deposited too far away (Fig. 3). 
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Fig. 1: Prevention of error-field island by applying a simple correction field. 
Note that an island appears soon after the correction field is removed at 150ms. 
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Fig. 2: Removal of error-field-driven locked mode in COMPASS-D by ~ 
400kW ECRH near q = 2. Ip = 180kA, SND plasma. Note the return of 
sawteeth and of Br(n = 1)(plasma contribution) to the untorn level. The 
Br(n = 1) rms signal is a toroidal average. Eddy current effects disturb the 
Br(n = 1) signals when IRMP changes. 
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to the untorn level. The points are classified according to ECRH power, and 
whether sawteeth reappear. Some effect may also be seen for central heating. 
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The island can be reduced to a neglible size for > 100ms (no upper limit 
found), comparable to the effective global skin t ime. The stabilisation seems 
to be primarily due to heating rather than current-drive — for rres ~ rq-2 
the current drive is very small for outboard resonance: Fokker-Planck/ray-
tracing calculations including t rapping indicate Icd <C lkA from a bipolar 
current drive profile with ~ lkA in each direction, and are supported by low-
power co- and counter-injection experiments. Modelling [7] indicates tha t 
heating-induced changes to the current profile are t ransient , and while the 
initial change of A ^ i is stabilising, A24 only weakly affects the penetra ted 
island size [3]. It may be tha t changes in the local t empera tu re and pressure 
are more impor tant (e.g. a;* and boots t rap effects). 

To test the concept of stabilisation by heating at the island O-point [9, 10], 
the toroidal location of the driven islands is varied with respect to the E C R H 
an tenna (A^ECRH)- Little sensitivity to A<f>ECRH IS seen, but this may be 
due to cross-field t ranspor t (%e) preventing adequate localisation of the heat 
to the island s t ructure; current drive should be more effective. 

Initial da t a shows tha t ECRH can also be used to prevent error-field is
lands appearing, again when the resonance is close to q — 2. 

4 T h e influence of resonant magnetic perturbations and E C R H 
on ELMs 

Some influence of external helical fields on ELMs has been reported pre
viously [11, 12] using various external helical fields. In the present work a 
simple saddle coil is again used, as in section 3. Two effects are observed: (i) 
an increase in the ELM frequency in ELMy H-modes (Fig. 4); (ii) penetrat ion 
of the R M P and production of ELMs in ELM-free H-modes, Fig. 5. For (i) 
there is no m = 2 penetrat ion, and the frequency change is presumed to be 
due to small changes in the edge profiles. 

In ELM-free H-modes, however, the observed change in toroidal impu
rity velocity Av^BIV) following a transition to ELM-free H-mode [6] has 
the same sign and similar size as tha t observed at penetrat ion in low-ñe 

Ohmic plasmas, and is consistent with AEr > 0, assuming strong poloidal 
flow-damping (Er is the radial electric field). This qualitatively accounts for 
penetrat ion at ñ e as much as a factor 4 above the ñ e-l imit for penetrat ion 
in Ohmic L-mode. It is seen tha t the soft X-ray profiles are eroded, for 
r/a £ 0.6 when the ELMs s tar t (t > 189ms), but not by the island alone 
(t = 187 — 189ms), in contrast to low-density locked modes where the core 
is strongly degraded, Fig. 1. The effect of the driven island is thus primar
ily to s t imulate ELMs. The s t ructure of Br at the vessel when locked and 
during spin-up is very similar (m ~ 2) to low-density error-field modes. The 
low-ra components of the R M P are not expected to interfere directly with 
the m ~ 6 — 13 ELM precursors [13], although lower-m signatures are seen in 
addition during ELMs. Although not fully reproducible so far, these results 
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Puise no. 12208 

Fig. 4: Increase in sawtooth-averaged ELM frequency induced by application 
of an external helical field from a simple saddle winding in Ohmic H-mode. 
Ip = 205L4, B^ = 1.31 T, ne = 9 X 101 9m - 3 . 

indicate that it may be possible to achieve a controlled alternation between 
ELMy and ELM-free H-modes by adjusting the helical field current. 

In contrast to the effect of RMPs, applying ECRH just inside the plasma 
edge (cf. [14]) decreases the ELM-frequency for a wide range of conditions (or 
triggers a transition to ELM-free H-mode), Fig. 6. This effect may simply 
reflect the commonly observed frequency variation of type-Ill ELMs with 
power (reducing rresfa delays the frequency change). 

5 Summary 

It has been demonstrated that simple low-m,n saddle windings can be 
used to correct for the type of error fields associated with a displaced PF coil, 
either to prevent the error-field from driving a magnetic island, or to remove 
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Fig. 5: ELMs stimulated during an ELM-free period by an applied helical 
field perturbation. Ip = l$bkA, Bj, = LOT, ñe = l x 102Om~3. The change in 
toroidal rotation at penetration is small compared to the slowing of v^ during 
the preceding ELM-free period. Central and off-axis SXR channels show that 
the effect of the ELMs is primarily at the edge, with core emission (assumed 
to be due to impurities) falling on a slower timescale. 

the island when it appears. Localised ECRH has also been used to remove 
or prevent error-field driven modes in SND plasmas, as long as the power is 
deposited near to q = 2. The mechanism appears to be associated with local 
heating rather than current drive, and there is no direct momentum input 
into the plasma. The frequency of ELMs in SND plasmas has been increased 
by applying helical magnetic perturbations and reduced by applying ECRH. 
Interestingly, ELMs have been stimulated in a controlled way by externally-
driven locked modes in ELM-free H-modes at densities much above the normal 
upper density limit for locked-mode production, using a simple saddle coil 
with low-m,n components. This would indicate increased sensitivity to error-
fields in improved-confinement modes without momentum input. 

This work was jointly funded by the UK Department of Trade and Indus
try and EURATOM. 
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Fig. 6: Reduction in ELM frequency induced by 2u>Ce ECRH in an Ohmic H-
mode. Ip = 217kA, Bj, = 1.32T, ñe = 8 x 1 0 1 9 m - 3 . The power is injected from 
the low field side, where the resonance also lies. The frequency is averaged 
over each sawtooth to correct for the decrease in frequency at each sawtooth 
heat pulse. 
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DISCUSSION 

J.D. CALLEN: How does the radial region in which the ECRH has a stabilizing 
effect on the locked modes compare to the initial magnetic island width? 

A.W. MORRIS: The effective range of ECRH location is comparable to the 
initial island size. It is also comparable to that which produces stabilizing changes 
in A ' in toroidal MHD calculations. 

F.C. SCHÜLLER: K. Hoshino in paper A5-9 points out that it is important to 
heat the m = 2 island at the O point or the X point with ECRH. In the latter case, 
the heating effect is small. Have you any comment as to how this worked out in 
COMPASS? 
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A.W. MORRIS: We varied the phase of the locked island relative to the ECRH 
launch position expecting an effect. However, none was found even though the 
10-20% experimental uncertainty would not exclude the 20% effect seen in JFT-2M 
(paper A5-9). It may be that, in the low density discharges on COMPASS-D, cross-
field diffusion prevents adequate heat localization at the O point and axisymmetric 
effects dominate, but further investigation is needed. 
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Abstract 

CONTROL OF THE RADIAL ELECTRIC FIELD IN A TOROIDAL PLASMA. 
The radial electric field is controlled by changing the direction of the neutral beam from parallel 

(co-injection) to antiparallel (counter-injection) to the direction of the plasma current in a tokamak, 
while it is controlled by second harmonic ECRH, NBI and pellet injection in a heliotron/torsatron. 

1. INTRODUCTION 

The radial electric field Er is considered to be one of the key parameters for 
improving plasma confinement. In order to control Er profiles, ECRH and/or NBI 
is applied in tokamak and heliotron/torsatron plasmas. Detailed radial profiles of the 
electric field are obtained from the radial profiles of toroidal and poloidal rotation 
velocity measured with multichannel charge exchange spectroscopy. 

1 Plasma Physics Laboratory, Kyoto University, Uji, Kyoto, Japan. 
2 Research Institute for Applied Mechanics, Kyusu University, Kasuga, Japan. 
3 Faculty of Engineering, Okayama University, Okayama, Japan. 
4 European Community Science and Technology Programme. 
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2. CONTROL OF THE RADIAL ELECTRIC FIELD BY NBI IN JIPPT-IIU 
AND CHS 

In a tokamak, the toroidal rotation velocity profile can be controlled by switch
ing the direction of momentum input of a high energy neutral beam from parallel 
(co-injection) to antiparallel (counter-injection) to the direction of the plasma current. 
Figure 1 shows the radial electric field profiles normalized by the central ion tem
perature for parallel injection and near-perpendicular injection (9°) in the JIPPT-IIU 
tokamak. The radial electric field is negative for a plasma with perpendicular NBI. 
It becomes positive near the plasma centre for co-injection, while it has a large nega
tive value for a plasma with counter-injection of a neutral beam. This result illustrates 
the offset part of the rotation (spontaneous rotation) and its combination with the rota
tion driven by the external torque. Since the offset toroidal rotation velocity is in the 
counter direction (negative electric field), the absolute value of the electric field is 
much larger in counter-injected than in co-injected plasmas [1]. Density peaking 
associated with this negative electric field indicates the improvement of particle 
transport in a tokamak. 

On the other hand, in the CHS heliotron/torsatron, even parallel NBI cannot 
drive toroidal plasma rotation large enough to change the radial electric field, since 
parallel viscosity is dominant in the configuration (Rax = 97.4 cm, a magnetic field 
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FIG. 1. Radial electric field profile in the JIPPT-IIU tokamak, where a is the plasma minor radius. 
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FIG. 2. Radial electric field profile in the CHS heliotron/torsatron, where a is the plasma minor radius. 

ripple of 2-3% even at the magnetic axis) [2]. The radial electric field in a high 
density plasma is negative regardless of the direction of the neutral beam in a 
heliotron/torsatron, as shown in Fig. 2. The radial electric field depends on other 
bipolar fluxes such as ion orbit loss, charge exchange loss, and neoclassical and 
anomalous ion/electron fluxes; it does not dominantly depend on the NBI direction. 
When the magnetic axis is shifted towards the direction in which more fast ion loss 
is expected (inward for counter NBI and outward for co NBI), a more negative elec
tric field is observed. When the electron density is decreased below 1 X 1013 cm-3, 
the negative radial electric field becomes smaller, as expected in neoclassical theory, 
but no positive radial electric field is observed in NB heated plasmas in CHS. 

3. CONTROL OF THE RADIAL ELECTRIC FIELD BY ECRH IN CHS 

The radial electric field is more easily controlled by use of bipolar fluxes due 
to ECRH than by the momentum input of NBI in CHS, because of magnetic field 
ripple. ECRH has been considered to enhance a positive radial electric field, because 
it heats the electrons and enhances electron ripple loss. In order to produce a positive 
electric field, 53 GHz ECRH is injected into the NBI plasma with a helical field of 
0.92 and 1.9 T in CHS. The experiment is restricted to the NB target plasma, because 
charge exchange measurement requires NBI. The positive radial electric field is 
observed only when off-axis second harmonic ECRH is applied to a low density 



378 IDA et al. 

0 0.49 
- s - 0.61 
-o - - 0.72 
- • - 0 . 8 2 

Electron Root 

Ion Root 
• • i » • 

0 40 80 120 160 
ECH (kW) 

FIG. 3. Radial electric field at each averaged minor radius as a function of ECRH power in CHS. 

0.0 0.2 0.4 0.6 0.8 1.0 
P 

FIG. 4. Radial electric field profiles for ECRH and for ECRH plus counter NBI in CHS. 
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(rig < 1 x 1013 cm-3) NB heated plasma [3]. As seen in Fig. 3, there is a critical 
ECRH power for the radial electric field to jump to positive values (electron root). 
This jump of the radial electric field is more visible near the plasma edge and is con
sidered to be due to the ECRH enhanced electron loss. No positive radial electric 
field is observed even if a plasma with similar electron density and temperature is 
sustained only by NBI. The perpendicular acceleration of ripple trapped electrons is 
one of the possible explanations for this electron loss, since this radial electric field 
change has not been seen for on-axis heating or fundamental resonance heating. 

The ion dynamics would also be important in determining the total radial elec
tric field. As shown in Fig. 4, the positive radial electric field produced by ECRH 
disappears when the neutral beam is injected in the counter direction. No improve
ment of energy transport by the positive electric field is observed at the transition to 
the electron root. This is because the radial electric field shear is not large enough 
to suppress fluctuations. However, if the viscosity for plasma rotation is decreased 
by the reduction of edge neutral density, or the focusing of the ECRH power 
improves, a larger radial electric field shear will be produced and an improvement 
of energy confinement will also be expected. 

4. CONTROL OF THE RADIAL ELECTRIC FIELD BY PELLET INJECTION 
IN HELIOTRON-E 

Radial electric field profiles are measured before and after pellet injection for 
NB heated plasmas in Heliotron-E. The Er profile before pellet injection is similar 
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FIG. 5. Radial electric field profiles before and after pellet injection in Heliotron-E. 
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to that for NB heated plasmas in CHS (more negative towards the plasma edge). 
However, as shown in Fig. 5, Er becomes more negative and has a peak at half the 
plasma minor radius after pellet injection, where the electron density is more peaked 
at the plasma centre. This experiment suggests that Er can be controlled through the 
density profile with pellet injection. 

5. SUMMARY 

In conclusion, the radial electric field is controlled by changing the direction of 
the neutral beam from co to counter in relation to the direction of the plasma current 
in a tokamak, while it is controlled by the injection of second harmonic ECRH, NBI 
(either co or counter direction) and pellet injection in a heliotron/torsatron. 
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DISCUSSION 

T.N. TODD: Please could you tell us what the range of penetration of the pellet 
was in the Er modification experiments, and the associated change in density 
profile? 

K. IDA: In this experiment, the pellet penetrated to 1/3-1/2 of the plasma minor 
radius. After pellet injection, the density profile starts to peak at the plasma centre 
and simultaneously Er becomes more negative. We have no other data for a wide 
range of penetration of the pellet, because of the limited range of the target electron 
density and/or pellet speed. 

J.D. CALLEN: As a follow-on to the preceding question, since you presumably 
did ECRH near the plasma centre and NBI heating is usually distributed rather 
uniformly through the plasma, why are the effects on the electric field concentrated 
near the plasma edge? 

K. IDA: Since bipolar loss enhanced by NBI or ECRH is integrated towards 
the plasma edge, the bipolar flux tends to be largest at the plasma edge even when 
the heating is taking place at the centre. Therefore the effect of bipolar loss on Er 

is concentrated near the plasma edge. 
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Abstract 

HIGH BETA EXPERIMENTS IN CHS. 
High beta experiments were performed in the low aspect ratio helical device CHS with the volume 

averaged equilibrium beta up to 2.1 %. These values (highest for helical systems) are obtained for high 
density plasmas in low magnetic field heated with two tangential neutral beams. Confinement improve
ment brought about by turning off the gas puffing significantly helped to create high betas. The magnetic 
fluctuations increased with increasing beta, but finally stopped increasing in a beta range of </3> > 1 %. 
The coherent modes appearing in the magnetic hill region showed a strong dependence on the beta 
values. Dynamic poloidal field control was applied to suppress outward plasma movement with the 
plasma pressure. This procedure gave rise to fixed boundary operation of high beta plasmas in helical 
systems. 

1. INTRODUCTION 

CHS is a heliotron/torsatron device (toroidal/poloidal mode numbers: m = 8/ 
Î = 2, major/minor radii: R = 1 m/a = 0.2 m) with relatively low aspect ratio 
(Ap = 5) among the varieties of helical system design [1]. The vacuum rotational 
transform increases from the centre t(0) ~ 0.3, to the edge, t(a) ~ 1.0. The magnetic 
shear is stronger at the edge. In high beta configurations, a large Shafranov shift 
forms a magnetic well in the central region, which also increases the magnetic shear 
at the boundary. Figure 1 shows the Mercier stability conditions for the magnetic 
configuration which was used in the high beta experiments. The pressure profile is 
assumed to be proportional to Peq(r) = 1.71 (1 - (r/a)1 -7)15 X 1016 eV/cm3, which 
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-DMh'2, where DM is the standard Mercier criterion [2J. The region surrounded by a thick solid line 
is Mercier unstable: D, > 0. The thinner lines are contours with steps AD¡ = 0.2. 

was obtained from complete plasma profile measurements (n,,, Te, T¡) for the <|8> = 
0.7% discharge. A self-stabilization effect is expected to manifest itself for high beta 
plasmas [2]. 

The magnetic well structure in CHS depends on the plasma position. An out
ward shifted configuration has a magnetic well in its vacuum field. The magnetic 
fluctuation signal decreases when the plasma position is shifted outward with the 
vertical field control. However, the global confinement database of NBI discharges 
shows better confinement for the inward shifted case [3]. Since in the present status 
of CHS experiments limitation of beta is imposed by the confinement, the inward 
shifted configuration was used for high beta experiments. 

HIGH BETA DISCHARGES 

Figure 2 shows the time behaviour of one of highest beta discharges. Two 
hydrogen beams (NBIs) were used in balanced tangential injection (1.8 MW 
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FIG. 2. Time behaviour of high beta discharge: (a) diamagnetic average beta; (b) line averaged 
density; (c) gas puffing rate (hydrogen), (d) NBI absorbed power (PJ and radiation power (Prad). 

port-through power). Strong gas puff (hydrogen) was turned off when the plasma 
energy started to decrease, because of the confinement degradation at the high density 
limit. The diamagnetic beta value increased during the phase of density decrease 
(reheat mode [4]) and reached a peak value of 2.0% with an average density of 
rie = 6.5 X 1019 m"3 and an average magnetic field of 0.57 T. The equilibrium 
calculation including the beam contribution gives a 2.1% average equilibrium beta, 
which is the highest beta value realized so far in helical systems. 



384 OKAMURA et al. 

2.5 

2 -

£ 1.5 

CO 
73 

CO. 1 

0.5 -

0 
0.4 

-

_ 
o 

I 

0 

o 

I 

I 

® 

® ® 
o 

® o o 

°°œ 

® 

O 

I 

1 

ocPo ° o 
° o 
° o 

reheat mode 

during gas puff 

i 

-

_ 

0.5 0.7 0.8 0.6 

«i(1020m"3) 
FIG. 3. Diamagnetic average beta as a Junction of line averaged density. Open circles: maximum beta 
values during gas puffing; double circles: peak beta values in reheat mode. 

Titanium gettering was used for wall conditioning. The repetitive use of Ti get-
tering gradually increased the practical density limit, which gave rise to an increase 
in beta. The beta values are plotted as a function of the average density in Fig. 3. 
For the data points with gas puffing (open circles), the betas are almost proportional 
to the densities. Beta values larger than 1.7% are obtained with the reheat mode, 
which appears only for densities n^ > 5.5 x 1013cm"3. 

Since high beta discharges are produced with limits of operational parameters 
(low magnetic field and high density), the global energy confinement time is lower 
than the LHD confinement scaling [5] (TE/TLm ~ 0.6 during gas puffing). The 
reheat mode operation gave a 30% improvement in confinement to these high density 
operations. It was reported [6] that, for discharges with an average beta of </3> 
< 1.5%, no degradation of global confinement had been observed in comparison 
with the LHD scaling. The conclusion has now been extended to </3> < 2.1%. 

MAGNETIC FLUCTUATION MEASUREMENTS 

Figure 4(a) shows the dependence of the magnetic fluctuations (3-100 kHz) on 
the average betas. The root mean square values at the probe position normalized by 
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the equilibrium poloidal field are plotted. The closed circles in the low beta region 
of </8> < 0.5% give maximum values of continual burst type coherent signals 
(m/n = 2/1, where m is the poloidal and the toroidal mode number, which appear 
only with a single beam injection in the co-direction. The continuous signal levels 
increased almost in proportion to the beta value for </3> < 1 %, but stopped increas
ing for </3> > 1%. Coherent components with m < 2 are replotted in Fig. 4(b). 
Each mode appeared in a different region of beta values. The m/n = 2/1 mode 
increased rapidly with the beta value up to 1% decreased for higher beta values 
finally disappeared for </?> > 1.4%. The m/n = 1/1 mode appeared for ((3) 
> 0.5%, together with m/n = 3/2 and 4/3 modes, which have small amplitudes. The 
m/n = 1/1 (or 2/2) mode became the largest coherent mode for </3> > 1.3%. 

The vanishing of the m/n = 2/1 mode can be understood as a result of self-
stabilization as shown in Fig. 1. Stationary fluctuations with m/n < 2 are possibly 
resistive interchange modes because they appeared in the magnetic hill region which 
is Mercier stable. Experimental observations show that the saturation level of these 
fluctuations did not increase for </3> > 1 %. A comparison with a theoretical model 
is needed for this dependence to be understood. 

4. DYNAMIC POLOIDAL FIELD CONTROL 

The plasma position moves outward by 0.8 cm when the plasma beta reaches 
2%. The formation of a self-induced magnetic well is the combined effect of such 
an outward shift of magnetic surfaces and a Shafranov shift. Dynamic poloidal field 
control (PGC) during the discharge was performed in order to fix the plasma 
boundary position when the plasma beta increased. This method is also useful in a 
technical sense when the plasma boundary is to be fixed during a high beta discharge, 
from the point of view of interference between plasma boundary and plasma 
periphery conditions such as limiters or divertors. Figure 5(a) shows the outward 
movement of the plasma edge density profile measured with a lithium beam probe 
in a no-PFC discharge. When the poloidal field was varied, as shown in Fig. 5(b), 
this movement was suppressed as we can see in Fig. 5(c). When the plasma column 
shift is suppressed, the self-stabilization effect of the magnetic well becomes weaker. 
Nevertheless, the average beta increased by about 10% with PFC, which is due to 
the effect of the global confinement dependence on the plasma position in CHS. The 
magnetic fluctuations in PFC discharges were roughly 1.5 times larger than in no-
PFC discharges, which also reflects the general dependence of the magnetic fluctua
tions in CHS on the plasma position. 
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DISCUSSION 

S.M. HAMBERGER: During the unstable phase, did you observe fluctuations 
in density or temperature in addition to the magnetic fluctuations? 

S. OKAMURA: For the magnetic configuration which I described in my talk 
(magnetic axis position Rax = 92 cm), we did not observe any noticeable fluctua
tions in density or temperature. 

F. WAGNER: Could you please clarify your statement that no confinement 
degradation is observed up to </3> = 2%? Is there no power degradation or is the 
power degradation compensated by the increase in density? 

S. OKAMURA: I meant that no additional confinement degradation was 
observed which was introduced by the increase in the beta value. The global confine
ment during the high beta campaign followed LHD scaling. Since the increase in the 
beta value was mostly due to the density increase with roughly constant heating 
power, the global confinement time actually increased during the campaign. 
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Abstract 

GLOBAL PARTICLE BALANCE AND LOCAL PARTICLE TRANSPORT IN THE FRASCATI 
TOKAMAK UPGRADE. 

An investigation of global and local particle confinement properties for gas fuelled discharges in 
the Frascati Tokamak Upgrade is presented. 

1. INTRODUCTION 

Knowledge of particle transport mechanisms in tokamaks is very important 
since they affect some parameters that are of crucial importance in a burning plasma, 
such as the density limit, the ash removal properties and the tritium inventory. In this 
paper, we present the results of an extensive experimental investigation on the parti
cle confinement properties carried out in the Frascati Tokamak Upgrade (FTU) for 
gas fuelled discharges in the density range from 3 X 1019 to 2.5 X 1020 m-3. 

1 ENEA guest. 
2 Istituto di Fisica del Plasma CNR Milano, Italy. 
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It is found that the rate of rise of the number of electrons in the discharge agrees 
well with the electron deposition rate due to the gas fuelling, once the scrape-off layer 
(SOL) transparency is taken into account. Furthermore, an inward velocity smaller 
than the Ware velocity over most of the plasma column is required to account for the 
observed density profiles. When the experimental radial velocity, measured by per
turbing the density profiles, is modelled by a convective velocity, U, and a diffusion 
coefficient, D, it is found that this model is not always able to describe the experi
ments and, when this occurs, U is nearly linear with the minor radius while D is 
almost flat and sensibly lower than the experimental electron thermal diffusivity. 

2. EXPERIMENTAL ARRANGEMENT AND DATA REDUCTION 

FTU is a high field, medium size tokamak [1,2]. The maximum toroidal mag
netic field is 8 T, and the major and minor radius are 0.935 and 0.3 m, respectively. 

The flux surface geometry used is the one obtained from the equilibrium recon
struction, and the volume defined equivalent radius, p = (V/2Ro) m/ir, is used as a 
magnetic surface label. The electron temperature profile is measured by the electron 
cyclotron emission with a time resolution of 5 ms [3] and by a Thomson scattering 
system [4] at ten time points. The line integral of the electron density is measured 
by a five channel DCN interferometer, and the electron density profile is obtained 
by Abel inversion of the interferometer signals, which yields results that are in agree
ment with the Thomson scattering measurements when available. 

The electron density and temperature profiles in the SOL used in this paper are 
both of the form T/n(x) = T/nLCMs exp(—x/XT/n), where the parameters T/nLCMS and 
XT/n are calculated from the scaling laws [5] obtained in FTU by the measurements 
of five arrays of fast reciprocating Langmuir probes. The absolute value of gas flow 
through the piezoelectric valves, Tv, is measured by the pressure drop across a short 
capillary placed just before the valve itself. 

3. PARTICLE SOURCES 

The particle source strength, S(p), due to ionization of H or D atoms is obtained 
from the neutral atom density profile na(p), calculated with a neutral transport code 
which solves the continuity equation for the neutral population self-consistently both 
in the main plasma and in the SOL. The code uses the experimental valve inflow as 
input and retains the effects due to particle reflection and desorption from the walls. 
As a result of the calculation we also obtain the energy spectra of the fast neutrals 
emitted by the plasma and the intensity of the Ha emission. It is found that the 
model used provides a good fit to the experimental fast neutral energy spectra and 
Ha emission. 
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FIG. 1 (a) Time behaviour ofTv (dashed line), Se (dotted line) and Ñe (jull line); (b) time behaviour 
of i\f (dashed line) and r¡eff (full line). 

The contribution of the impurities is evaluated by means of an impurity trans
port code, constrained to match the X ray and UV emission measurements. The 
result of this analysis is that the source of electrons due to impurities is negligible 
in all the discharges considered. 

Some global quantities will be used in the following and are defined as follows: 
The total number of electrons in the discharge, Ne, and the total rate of electron 
production, Se, are the volume integral of n^ip) and S(p), respectively. The fuelling 
efficiency, rj{, is defined as the ratio between the time derivative of Ne and Tv. A 
quantity which more properly describes the properties of the bulk plasma is the effec
tive fuelling efficiency, r¡sfí, defined as rj^ = Ñe/Se. 
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FIG. 3. Experimental radial flow velocity profile at different times during the initial density rise of a 
high density discharge. The neoclassical flow velocity at 0.5 s is also shown. 
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4. PARTICLE BALANCE RESULTS 

A global particle balance analysis has been performed for a wide range of FTU 
ohmic discharges, both in hydrogen and in deuterium. To this end, the rate of 
variation of the total number of electrons in the discharge, Ne, is compared with 
Se(t) and Tv(t). Such a comparison is shown in Fig. 1(a) for the initial density rise 
of a discharge reaching Hg = 7.5 X 1019 m~3 at 0.35 s. The agreement between Ñe 

and Se indicates that the SOL plasma plays a crucial role in determining the amount 
of gas reaching the plasma core. This fact is confirmed by Fig. 1(b), where % and 
77eff are plotted. The fuelling efficiency in this discharge is lower than 0.5 over most 
of the density rise while 77eff is close to unity. 

The fuelling efficiency decreases with density and, in the high density region, 
reaches values as low as 0.1 or less; however, r¡efí is always close to unity which is 
confirmed by Fig. 2, where Ne, at the end of the density rise, is plotted against Sint, 
the time integral of Se, for a large number of FTU discharges. 
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FIG. 4. Time behaviour of (a) Tv ; (b) vr (full line) at r = 0.1 m and (c) 0.15 m. The dashed curves 

are the velocities obtained from the expressions U — Ddne/nedp. 



394 ALLADIO et al. 

5. PARTICLE TRANSPORT 

In order to analyse the particle transport the net plasma flow velocity, vr(p, t), 
has been calculated from the evolution of the experimental density profiles and from 
the particle source profiles, using the continuity equation for the density. In Fig. 3, 
we plot vr versus p at different times during the initial density rise of a high density 
discharge (ñg = 2.0 x 1020 m~3). Similar results are also obtained for lower density 
discharges. As we see, an inward velocity over most of the plasma column is required 
to account for the observed density profiles. Over most of the plasma cross-section, 
this velocity is significantly lower than the neoclassical Ware velocity corresponding 
to the electric field obtained from a calculation of the current density diffusion. 

The same analysis has been performed for discharges where a density profile 
perturbation is induced by gas valve modulation consisting of two successive gas 
pulses. In Fig. 4 we show the time behaviour of Tv and the resulting vr at two 
different radii for this discharge. We attempt to fit the data with the empirical expres
sion, of common use, 

vr(p, t) = U(p) -
D(p) âne 

IleGo, t) dp 
(1) 
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FIG. 6. U and D as functions of p. The error bars include the contribution of the source uncertainties 
and the errors of fitting. The dashed line indicates the Ware pinch velocity and the dotted line the 
experimental electron thermal diffiisivity (divided by ten). 

where the parameters U and D do not depend on time. Figure 5 shows vr plotted 
versus — d\n(n¿)ldp at p = 0.1 m for various instants of time during this discharge, 
indicating that vr is reasonably approximated by a straight line which provides U 
and D for this value of p. When this procedure is repeated for other values of p, the 
curves of Fig. 6 are obtained. By using the values of U and D thus determined and 
the experimental nj(j>, t), the quantities vr from the empirical expression are shown 
by the dotted lines of Fig. 4. It can be seen that for this discharge the empirical 
expression is a good approximation. It should be noted that this is not true for all 
discharges, and in many cases Eq. (1) is totally inadequate, thus suggesting that 
different mechanisms are involved in the particle transport process. When Eq. (1) 
holds, U is nearly linear with p and D is almost flat, in contrast to the behaviour of 
the electron thermal diffusivity (Fig. 6), which increases with p and is sensibly 
greater than D. 
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DISCUSSION 

M. ONO: When you estimate the inward pinch velocity, how does it compare 
with the neoclassical value (i.e. Ware pinch velocity)? 

V. ZANZA: The neoclassical Ware pinch velocity is compared with the 
experimental inward pinch velocity in Fig. 3. Although they are of the same order 
the profiles are different in shape. 

G. LE CLAIR: Did you deduce the particle confinement time and how does it 
compare to the energy confinement time? 

V. ZANZA: The particle confinement time, when only the particle sources 
inside the LCMS are taken into account, is longer than the energy confinement time. 
This is confirmed by the fact that D is lower than xe • 



IAEA-CN-60/A2-22 

EFFECT OF TOROIDAL FIELD RIPPLE 
ON FAST-ION LOSS IN JT-60U 

Y. KUSAMA, K. TOBITA, T. NISHITANI, K. TANI, 
K. NAGASHIMA, M. NEMOTO, S. PETROV1, 
V. AFANASSIEV2, Y. KOIDE, A. MORIOKA, 
M. HOEK3, K. USHIGUSA, and the JT-60 TEAM 
Naka Fusion Research Establishment, 
Japan Atomic Energy Research Institute, 
Naka-machi, Naka-gun, Ibaraki-ken, 
Japan 

Abstract 

EFFECT OF TOROIDAL FIELD RIPPLE ON FAST-ION LOSS IN JT-60U. 
The fast-ion loss induced by the toroidal field ripple was studied from the neutron decay after 

short-pulse nearly perpendicular beam injection in JT-60U. The neutron emission decayed faster than 
evaluated with the classical slowing-down time and the neutron decay time decreased with increasing 
ripple amplitude or decreasing plasma current. These observed characteristics were consistent with 
those of the ripple-induced loss. An orbit-following Monte Carlo (OFMC) code reproduced the time 
evolution of the neutron emission fairly well, irrespective of the banana drift loss fraction. The calcu
lated total ripple loss fraction, which was a summation of the ripple-trapped and the banana drift loss, 
agreed with experimental results within ±20%. These results show that the OFMC code can predict 
the banana drift loss as well as the ripple-trapped loss, as demonstrated previously in JT-60U. The heat 
flux due to the banana drift loss ions was measured by infrared thermography. Banana drift loss ions 
hit the edge region of armor tiles located between adjacent toroidal field coils. The heat flux was as 
high as —0.3 MW/m2, even when the banana drift loss fraction was less than 1% of the absorbed 
neutral beam power of 7.2 MW. The total loss power due to the banana drift loss of beam ions was 
consistent with the OFMC calculation. 

1. INTRODUCTION 

The concentration of the heat load on the first wall due to the fast-ion ripple 
loss is one of the issues to be resolved for a tokamak fusion reactor. The fast-ion 
ripple loss arises from two major processes: ripple-trapped loss and banana drift loss. 
In JT-60U, the heat flux onto the first wall due to the ripple-trapped loss of neutral-
beam-injected fast ions was evaluated from the measurement of temperature rise of 
the first wall. A quantitative agreement between the experiments and the 
computation using an Orbit-Following Monte Carlo (OFMC) code [1] has been 
shown in the previous studies [2, 3]. After these works, the study on the banana drift 
loss has been conducted in JT-60U to understand the whole aspect of the ripple loss. 

1 A.F. Ioffe Physico-Technical Institute, St. Petersburg, Russian Federation. 
2 STA fellowship (from A.F. Ioffe Physico-Technical Institute, St. Petersburg, Russian 

Federation). 
3 STA fellowship (from Sweden). 
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The evaluation of the total ripple loss and banana drift loss fraction from the 
temporal behavior of the neutron emission and the measurement of the heat flux onto 
the first wall due to the banana drift loss ions are presented. 

2. TOTAL RIPPLE LOSS AND BANANA DRIFT LOSS FRACTION 

The time evolution of neutron emission after a short-pulse beam injection 
was followed to investigate beam ion loss [4, 5]. Nearly-perpendicular beams are 
helpful in investigating the banana drift loss of beam ions because the beam injection 
produces fast ions trapped initially in banana orbits at p>0.2-0.3. The beam is 90-
keV D° and the power fractions are E : E1/2 : Ei/3=78% : 15% : 1%. The plasma 
volume was increased up to 80 m3(S~2%) and the plasma current was limited as low 
as 0.4-1.3 MA because the ripple loss appears clearly in a plasma with a large 
toroidal field ripple (6) and/or a low plasma current. In order to avoid perturbations 
in the plasma parameters like temperature, density and MHD activity, the beam 
power was limited to 3-8 MW and short-pulse beams of 40-50 ms duration were 
injected. The plasma parameters were H^=(0.2-1.2)xl019 m"3, Teo= 1.2-4.6 keV, 
Zeff=2-6. The ion collision frequency was in the range of 2.5-4.0 s"1 in the 
experiment and the collision frequency was in an intermediate region between the 
stochastic ripple diffusion [6] and the ripple plateau diffusion [7]. 

The neutron emission rate following the short-pulse beam injection decayed 
approximately exponentially and the neutron decay time, xn, was defined by an e-
folding time. A correlation between xn and the neutron decay time evaluated from a 
classical slowing-down time of beam ions (xs/2.3: a factor 2.3 arises from 

1 1 1 1 I 1 1 1 1 I i 1 1 1 I 1 1 1 1 I 1 1 1 1 ; 1 1 1 1 

• • « • l 1 1 1 1 I 1 1 t 1 I 1 t 1 1 1 1 1 1 i I 1 1 1 1 

0 0.1 0.2 0.3 0.4 0.5 0.6 

X s / 2 . 3 (S) 

FIG. 1. Correlation between r„ and TS 12.3 for Vp=40 m3, 65 m3 and 80 m3. Ip is fixed at 0.7 MA. 
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FIG. 2. (a) Comparison between the experimental and the calculated neutron decay for Ip=0.4 MA 
and Vp=80m . The solid line shows the neutron decay calculated with the assumption that there is no 
fast-ion loss, (b) Temporal evolution of the time-integrated total ripple loss fraction. The ripple-trapped 
loss and the banana drift loss are shown separately. 

ODDVb^Eb2-3) was investigated. Figure 1 shows the correlation for different plasma 
volume; Vp=40 m3, 65 m3 and 80 m3. The effective safety factor qeff was kept in the 
range of 7-10 because the ripple loss changes with qeff [2, 3]. Error bars in xs/2.3 
determined from the scatter of xs in the high neutron production area (p=0.3-0.6). In 
the case of Vp=40 m3(8~0.1%), xn is almost equal to or slightly below xs/2.3. This 
result shows that no significant loss of beam ions is found in a small 6 case. 
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FIG. 3. Comparison between the experimental and the calculated total ripple loss fraction for two 
banana drift loss fractions. 

However, the significant loss of beam ions is indicated from the drastic discrepancy 
between xn and xs/2.3 for larger Vp of 65 m3 and 80 m3. Moreover, the saturation in 
xn is found in a large xs regime and the saturation value increases with decreasing 
Vp. The loss in larger Vp may be understood from a drastic increase in 5 with Vp, 
and the significant expansion in ripple trapping region, ripple well depth and radial 
displacement of the banana ion (Ar) during a single banana motion. The correlation 
between xn and xs/2.3 for different plasma current shows that xn decreases with a 
decrease in Ip. The dominant mechanism is thought to be the increase in Ar with 
decreasing Ip. This observed correlation between xn and xs/2.3 for different Vp and Ip 
is consistent with those of the ripple loss. 

The decay of the neutron emission rate was compared with calculation using 
the OFMC code. Figure 2(a) shows the experimental and calculated decay for Ip=0.4 
MA and Vp=80 m3. The neutron emission was normalized to the value at the beam 
turn-off. The figure shows that the neutron decay can be reproduced fairly well by 
the OFMC calculation. A temporal evolution of the time-integrated total ripple loss 
fraction after the turn-off of the beams is shown in Fig. 2(b). In the figure, the ripple-
trapped loss and the banana drift loss are distinguished. Due to low Ip and large Vp, 
the total ripple loss is enhanced up to 63% and the banana drift loss contributes up to 
about a half of the total ripple loss. The calculated total ripple loss fraction, which is 
a summation of the ripple-trapped and the banana drift loss, is compared with the 
experimental data in Fig. 3. Here, the experimental loss was estimated from the ratio 
of the observed neutron decay to the evaluated decay with classical slowing-down 
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and no fast ion loss as shown by the solid line in Fig. 2(a). The figure indicates that 
the OFMC code can explain the experimental results within ±20% for the evaluated 
banana drift loss fraction in the range of 20-60%. These two comparisons of 
temporal evolution and total ripple loss fraction between experimental and OFMC 
results indicate that the OFMC code can predict the total ripple loss including the 
evaluation of the banana drift loss, irrespective of the fraction of banana drift loss 
[8]. 

3. MEASUREMENT OF BANANA DRIFT LOSS OF BEAM IONS 

The heat flux onto the first wall due to the ripple loss was measured with an 
IRTV camera during NBI heating. Since B t and Ip were directed counter-clockwise, 
the ion VB drift directs upwards and ripple-trapped loss ions hit an outer upper 
region of the first wall. The banana drift loss ions also hit the same portion of the 
wall because of the small gap between the first wall and the separatrix. In a 
thermogram obtained with the IRTV camera, we could observe an elliptically shaped 
heat spot due to the ripple-trapped loss and a vertical belt-like heat deposition due to 
the loss of banana drift ions along the edge region. The length of the heat belt was 
~50 cm and the width is ~6 cm, which is about one third of the tile width. The 
banana drift ions hit the edge region of armor tiles located between adjacent toroidal 
field coils. In Fig. 4, the toroidal heat flux profile at a peak of the highest 
temperature increases during NBI. The broad heat deposition profile in the figure is 
formed by the ripple-trapped loss. The heat flux due to the banana drift loss is 
superposed on the profile and the net heat flux from banana drift loss is ~30 W/cm2. 
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FIG. 4. Toroidal heat deposition profile on the first wall during NBI heating when the ion V5 drift 
is directed upwards. The JT-60U tokamak has 18 toroidal coils. Adjacent coils are located at a toroidal 
angle of 0° and 20°. 
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Using the net heat flux, the length and the width of the heat belt, the total loss power 
to the first wall due to the banana drift loss of beam ions was evaluated to be ~80 
kW. Here, toroidal periodicity was assumed though banana drift ion loss is localized 
on the first wall. 

We compared the experimentally obtained total loss power through the 
banana drift loss of beam ions with calculation using the OFMC code. Plasma 
parameters were as follows; Ip=1.2 MA, qeff=5.0, n e=lxl0 1 9 nr3 , Teo=3.3 keV, 
T¡o=4.9 keV, Zeff=2.8 and absorbed beam power was 7.2 MW. An OFMC result 
showed that the total loss power due to the banana drift loss was 50+14 kW, which 
corresponds to 0.7±0.2% of the absorbed beam power. It can be concluded that the 
experimental total loss power due to the banana drift loss is consistent with the 
OFMC result. Another point is that the heat flux is as high as ~0.3 MW/ra2 even 
when the total loss power is 0.7% of the absorbed beam power. Putvinski et al. 
pointed out that the heat flux due to the banana drift loss of alpha particles at the 
protective limiter in ITER reaches 1 MW/ra2 [9] when the power loss fraction is less 
than 1 %. The experimental result in JT-60U and the evaluation for ITER suggest that 
the edge of the armor tile and/or the limiter must be carefully designed in ITER to 
avoid heat concentration at the edge due to the banana drift loss of alpha particles. 

4. CONCLUSIONS 

In JT-60U, the loss of beam-injected fast ions was investigated from the 
neutron decay after the turn-off of the short-pulse beam injection and the decay was 
compared with the OFMC calculation. It was confirmed that the OFMC code can 
reconstruct the temporal behavior of the neutron decay fairly well for different 
banana drift fractions. The calculated total ripple loss fraction explained the 
experimentally measured ripple loss fraction within ±20%, in a wide range of the 
banana drift loss fraction. These results indicate that the OFMC code can 
quantitatively predict the banana drift loss, as well as the evaluation of ripple-trapped 
loss previously demonstrated in JT-60U. 

Heat flux due to the banana drift loss of beam ions was measured. The heat 
load was on armor tiles located between adjacent toroidal field coils. The 
experimentally obtained loss power through the banana drift loss was consistent with 
the OFMC calculation. 
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DISCUSSION 

R.J. GOLDSTON: Can you explain the toroidal peaking of the banana drift 
losses? Is this due to the fact that the toroidal magnetic field is not tangential to the 
vessel surface? 

Y. KUSAMA: The toroidal magnetic field expands between adjacent toroidal 
coils and the first wall surface is not tangential to the toroidal magnetic field. There
fore the banana drift ion loss is considered to be peaking toroidally. 

L. LAURENT: Do you see enhanced losses in the presence of MHD activity 
(sawteeth or m = 2 mode)? 

Y. KUSAMA: In the short pulse beam injection experiment, MHD activity was 
not observed because beam power was limited to a low level (3-8 MW) in order to 
avoid MHD activity. 
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Abstract 

ALFVÉN EIGENMODES ACTIVE EXCITATION EXPERIMENTS IN JET. 
The newly installed JET AlfVén Eigenmodes (AE) active diagnostic is described along with the 

first experimental results. The aim of this diagnostic, which is based on external antenna excitation and 
synchronous detection of the plasma response, is a systematic study of the AE properties, in particular 
in terms of damping and stability. Direct information on frequencies, mode structures and, most impor
tantly, damping rates of the excited global resonances can be obtained. TAE modes have been excited 
and identified by the dependence of their frequency upon magnetic field and density. The first direct 
measurements of the AE damping rates in different regimes corresponding to distinct dominant absorp
tion mechanisms are reported. 

1. INTRODUCTION 

The understanding of the interaction between magnetically confined toroidal 
plasmas and fusion generated alpha particles is one of the key issues in the 
preparation of thermonuclear ignition experiments. In tokamaks and stellarators, 
energetic particles generated by fusion reactions or additional heating can excite 
via resonant interaction global Alfven Eigenmodes (AE), which can in turn 
trigger anomalous fast particle losses [1]. The parameter space over which 
ignition and safe operation can be achieved may be limited in the presence of 
these instabilities both by the induced degradation of alpha confinement and by 
the possible first wall damage due to localised energy deposition by the mode 
scattered resonant particles [2]. The natural occurrence of Alfven Eigenmodes is 
related to the balance between different damping mechanisms and the fast particle 
driving. AE spectra, mode structures and instability thresholds can be investigated 
by simply observing fluctuations in the appropriate frequency range [1]. 
Energetic particles driven AE activity has been reported for NBI and ICRH heated 
discharges in different tokamaks, including JET [3]. These passive measurements, 
however, cannot provide qualitative information concerning damping and driving 
effects. A more comprehensive understanding of the MHD activity in the Alfven 
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regime can be reached via a study of the plasma response to externally driven 
perturbations. External antenna excitation and coherent detection of different 
probing signals at the edge and in the plasma core are combined in the Alfven 
Eigenmodes active diagnostic at JET. Such a diagnostic has the unique advantage 
of providing a direct measurement of the damping rates of the Alfven 
Eigenmodes in different plasma conditions. 

2. EXPERIMENTAL SET-UP 

i) Active antenna excitation 

The JET saddle coil antennas are used to excite the Alfven Eigenmodes. The 
launching apparatus, developed to cover the frequency range of pressure, 
toroidicity and ellipticity induced AE (30 to 500 kHz), encompasses a remotely 
controllable function generator, a 3 kW broad band power amplifier, an 
impedance matching network, a power distribution and an isolation unit. The 
power distribution unit connects the amplifier output to the active antennas, 
allowing different combinations of antenna phasing that can preferentially excite 
specific toroidal and/or poloidal mode numbers (n: all, odd, even, (2,6,...), (4, 
8,...); m: odd, even). Input current and voltage are measured at the distribution 
unit, whilst the voltage measurements on both the active and passive saddle coils 
are taken at the isolation unit. Currents on the saddle coils are measured at the 
end of the 80 m transmission line. Maximum currents and voltages induced in the 
saddle coils by the AE exciter in the present configuration are of the order of 30 
A and 500 V, respectively. Correspondingly, the magnetic perturbations in the 
plasma are predicted to be such that 6B/B<10"5. As a result, the excited AE 
amplitudes are not expected to enhance the transport of energetic particles. 

ii) Diagnostic method 

The excitation frequency is swept across the shear Alfven gap regions, where AE 
are expected. The plasma response is extracted from background signals via 
homodyne detectors, providing in phase and quadrature components of the 
signals, or, in a complex representation, their real and imaginary parts. Different 
probing channels are considered: The voltage and current of the excited saddle 
coils provide the antenna impedance. The induced voltage on the passive saddle 
coils and the fast magnetic coils measure the perturbation of the radial and 
poloidal B-fields, allowing a mode analysis both in the poloidal and toroidal 
conjugate planes. Other non-magnetic diagnostics, such as heterodyne ECE and 
reflectometry, will be coupled to the synchronous detectors to reconstruct the 
radial structure of the excited global mode. 

3. DATA ANALYSIS AND REPRESENTATION 

The antenna-plasma-detectors transfer function can be directly obtained by 
dividing the complex amplitude of the different probes response by that of 
the current driven in the active antenna. The individual AE manifest themselves 
as resonances in the transfer function, which can be expressed as 

a + i b — 
H(a,) = 5fi 

(00 ü)0 ü)0 
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where to is the angular frequency of the exciter signal, (OQ the resonance (real) 
frequency and 7 the damping rate, a and b are real numbers that, for small 
damping (to0»7), are proportional to the in phase and quadrature components of 
the detected signals. To represent the plasma resonance in terms of complex 
conjugated poles (p, p*) and residues (r, r*), the complex transfer function H is 
decomposed in partial fractions. If several (N/2) resonances occur in the 
measurement range, this representation reads 

H(co,x) = £ I ( T I ^ L + T I n H ) = ^ 
~ 2 ico-pn i (0-pn A 

where p=ito0+7 and x indicates explicitly the space dependence of a diagnostic 
signal. B and A denote polynomials in iw with real coefficients and degree N-l 
and N, respectively. For a given resonance only the numerators (the residues) 
depend upon the position, whilst the denominators, i.e. the poles, are common. 
Since the signals may contain direct coupling with the antenna, an additional 
quantity, dependent upon position, must be added: 

„ , . B(x) _ . . B'(X) 
H(CO, x) = - ^ + D(x) = — ^ 

A A 

B'(x) can have a higher degree than B(x) to account for the antenna-probe 
coupling transfer function. The data analysis, based on the fit of a set of space 
resolved measurements of complex transfer functions with rational functions in 
ico with real coefficients [4], leads to a representation of the eigenmodes in terms 
of complex poles and of the corresponding space dependent residues. The latter 
correspond to a measurement of the wave amplitude as a function of space, i.e. of 
the single mode structure. The pole provides two pieces of information. Its 
imaginary component gives the actual frequency of the mode, co0. When no fast 
particle driving terms are present in the plasma, the real part of the pole, 7, 
corresponds directly to the damping rate. For modes which are stable but for 
which a finite fast particle induced growth rate exists (7drive # 0,7damping > 7drive)' 7 
is the difference between the damping rate and the growth rate: 7=7damp¡ng " 7drive-
The cases of marginally stable (7drive ~ 7damPing) a n d unstable modes damping < 
7drive) are more complicate and would necessitate a data analysis in terms of non
linear models. Note that the synchronous detection chain can also be used in 
passive mode, with the reference frequency being swept across the expected AE 
frequency domain, but with no current driven in the saddle coils. In this case the 
frequency and amplitude of an unstable mode can be estimated, but, due to the 
lack of knowledge of the driving source spectrum, no information on its damping 
can be gathered. 

4. FIRST EXPERIMENTAL RESULTS 

i) Passive studies 

Preliminary passive studies using two saddle coils and five magnetic probes 
indicated some broad band (Af>30 kHz) activity around the TAE frequency, 
fTAE, when neutral beam heating at moderate power is applied to the JET diverted 
plasmas (frAE^Aifvén^qRo) a n d vAifven—B/(4jtn¡m¡)1/2) . These studies helped in 
identifying the frequency domain of interest for the first phase of the active 
studies, which have subsequently been undertaken in the range 60-180 kHz. 
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Variation of the measured Eigenmode frequency with toroidal magnetic 
field (#31591). In the interval considered B is varied linearly between 
2.2 T and 3 T. The density and plasma current are kept constant. The 
same saddle coils as in Fig.l are active, but with opposite phase. Here 
and in Fig.3,fTAE is calculated for constant q (q=1.5). 
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ii) Results with active AE excitation 

In this region several Eigenmodes have been clearly observed in the ohmic phases 
of JET pulses in different plasma configurations. An example of a resonance seen 
in an ohmic plasma is shown in Fig.l. When the frequency is swept across the 
resonance, the magnetic probe signal amplitude describes a circle in the complex 
plane. The maximum value of the perturbed magnetic field measured by the 
pick-up coil is of the order of 10"6 T. The relatively low damping rate (Y/CO=1%) 
seems to suggest the absence of continuum damping. 

iii) Eigenmode identification 

To verify the 'Alfvenic' character of the observed resonance, the dependence of 
the observed resonance frequency upon the magnetic field and density was 
investigated. In the first case (Fig.2) only the toroidal magnetic field is varied. 

Time (s) 

Time (s) 

Fig.3 TAE frequency (top) and quality factor (bottom) for different densities 
within JET shot #31150. The line integrated density varies between 
5.2x1019 m2 and llxlO19 nv2; B = 2.7 T, Ip = 2 MA. One active saddle 
coil on the top is used. 
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The measured frequency agrees with fTAE calculated with the simplifying 
assumption that q=1.5, which for realistic JET profiles corresponds to the most 
unstable TAE mode [5]. The damping coefficient is not observed to vary 
throughout the scan. Fig.3 shows a case in which the density is varied, with 
toroidal field and plasma current practically constant. The observed mode 
frequency follows the calculated fpAE- These two results clearly show that the 
observed resonances are related to the Toroidal Alfven Eigenmodes. Quality 
factors (Q=CO/Y) of the order of ten at the beginning of the scan suggest that in 
this regime continuum damping can be responsible for the mode absorption. 
After t=49s, the profiles are modified in such a way that n(r)q2(r) becomes 
approximately constant, and a second regime, in which the Alfven gaps are open 
and no continuum damping is possible, is entered. 
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iv) Effect of variations in the plasma current 

A scan in the plasma current, for constant toroidal field, was performed in shot 
#31638. Variations in the mode frequency as well as in its damping coefficient 
clearly appear in the AE data (Fig.4). The observed frequency does not follow 
the simply calculated fTAE, for fixed values of q and for densities taken at the 
corresponding radial position, but it increases as the plasma current is raised. The 
mode structure does not vary significantly throughout the scan, as shown in the 
poloidal reconstruction reported in Fig.5 for two different times. An increase in 
the plasma current produces an outward displacement of the resonant surface 
corresponding to a fixed value of q (e.g. q=1.5). The corresponding variation of 
the density along the radial profile would translate into a variation of vAlfven, and 
thus of fTAE, which is compatible with the observed Eigenmode frequency 
variation. A quality factor larger than 100 seems to exclude the presence of 
continuum damping for this shot and is consistent, for its order of magnitude and 
its variation with the density, with the predicted effect of electron Landau 
damping [6]. 

v) Effect of additional heating 

Preliminary results concerning AE excitation in the presence of fast particles 
generated by NBI and/or ICRH indicate that the damping rate is changed by 
additional heating. Experiments with the AE active diagnostic in conjunction with 
NBI, IRCH and Lower Hybrid additional heating, current drive and profile 
control, are under way. 

5. CONCLUSIONS 

The combination of external antenna excitation and synchronous detection of the 
plasma response constitutes the basis of the Alfvèn Eigenmode active diagnostic 
at JET. The experimental apparatus has been installed and tested and the 
diagnostic method has been successfully demonstrated. MHD global modes have 
been excited and identified as Alfven Eigenmodes by the dependence of their 
frequency upon the density and the toroidal magnetic field. The damping rates of 
TAE modes have been experimentally measured for the first time. Control of 
antenna phasing and space resolved magnetic measurements allow a 
determination of the excited mode structure. These experimental investigations 
on the behaviour and specifically on the damping, of the Alfven Eigenmodes in 
JET, complemented by MHD and kinetic modelling, are expected to provide an 
important contribution to the assessment of the Alfven Eigenmode stability in 
future thermonuclear experiments. 
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Abstract 

HIGH POWER LOWER HYBRID CURRENT DRIVE EXPERIMENTS IN JT-60U. 
The paper describes the latest results of lower hybrid current drive (LHCD) experiments in 

JT-60U. The main purpose of the experiments is to investigate the current drive efficiency and current 
profile controllability of LHCD in high current discharge plasmas. A good coupling was obtained by 
using gas puffing near the launcher even when the plasma was ~ 0.15 m away from the launcher mouth. 
Progress was made with a simplified 48 x 4 multijunction launcher in reaching fully driven current 
up to 3.6 MA and current drive efficiency up to 3.5 X 1019 m"2-A-W_I. The current drive efficiency 
was improved with increasing driven current. The current profile was well controlled at Ip < 2 MA 
by changing the wave spectrum. It was observed that the deposition profile became broader with increas
ing plasma current and/or decreasing q value. The wave deposition profile depended on the poloidal 
launching angle of the wave. The dependence of the poloidal launching angle on the deposition profile 
was consistent with that of the N, up-shift calculated with a ray tracing code. 

1. INTRODUCTION 

Lower hybrid current drive (LHCD) is one of the most promising methods of 
driving current and controlling the plasma current profile in a steady state tokamak 
reactor. Recently it has been shown that appropriate control of the current profile in 
tokamak plasmas improves the plasma parameters. Moreover, an advanced tokamak 
concept having a large fraction of bootstrap current relaxes the requirements of the 
non-inductive driven current to around 5 MA with a drive efficiency of ~ 5 x 
1019 m~2-A-W-1 [1]. Therefore, it is important to study the current drive efficiency 

1 Plasma Physics Laboratory, Princeton University, Princeton, New Jersey, USA. 
2 General Atomics, San Diego, California, USA. 
3 ENEA, Frascati, Italy. 
4 Plasma Fusion Center, Massachusetts Institute of Technology, Cambridge, Massachusetts, USA. 
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and current profile controllability of LHCD in high current discharge plasmas. In 
JT-60, a driven current of up to 2 MA was achieved in 1986 [2], and the current 
drive efficiency was improved up to 3.4 x 1019 nr2-A-W_I in 1990 by injecting 
sharp wave spectra (half-width: AN» « 0.4) from the 24 (toroidal) x 4 (poloidal) 
multijunction launcher [3]. To achieve higher driven current and to study the current 
profile controllability on JT-60U, a simplified 48 x 4 multijunction launcher (CD-2) 
has been installed in addition to the previous 24 x 4 multijunction launcher 
(CD-I) [4]. 

The CD-2 launcher is composed of 4 X 4 multijunction modules, in each of 
which the RF power is divided toroidally into 12 subwaveguides at a junction point 
through an oversized waveguide. The application of the oversized waveguide to the 
multijunction module simplifies the structure of the LHCD launcher, which requires 
a large number of subwaveguides for exciting very sharp and highly directive wave 
spectra. The main feature of the CD-2 launcher is to excite sharp wave spectra 
(AN8 « 0.2) with Nfeak = 1.3-2.3 at 2 GHz by changing the phase between the 
adjacent multijunction modules. High power LHCD experiments are performed at 
PLH < 7 MW with various wave spectra by using the two launchers. 

A fast movable probe was installed under the CD-2 launcher to measure the 
density in front of the launcher mouth. The hard X ray profile was measured with 
a seven channel perpendicular array and one tangential detector. The current profile 
was estimated by the change in ^ deduced from the Shafranov lambda and diamag-
netic /3P in this study. 

2. EXPERIMENTAL RESULTS 

It has been found that neutral pressure near the launcher is a key to improving 
the coupling on various tokamaks [5, 6]. On the JT-60U CD-2 launcher, a low reflec
tion coefficient of p « 3% was obtained with a gap (ô) of -0 .15 m between the 
outermost plasma and the launcher mouth by using gas puffing near the launcher. The 
CD-2 launcher was set ~ 5 mm behind the first wall. Figure 1 shows a typical shot 
with gas puffing at ô = 0.15 m, where two gas puffings are applied at ports far from 
( - 4 m) and near to (~1 m) the CD-2 launcher. The reflection coefficient is 
improved from 40 to ~ 15 % by the first gas puffing and decreases to ~ 3 % with the 
second gas puffing. The programmed power increases after t = 9 s after good 
coupling is obtained. Almost fully driven current is achieved at t = 10-11 s. The 
current drive efficiency is nearly the same as that of a good coupling case when the 
plasma is close to the launcher mouth without gas puffing. The electron density in 
front of the launcher mouth measured by the fast movable probe increases close to 
the cut-off density of the applied LH frequency where a good coupling is theoretically 
expected. It is noticeable that a good coupling can be achieved by actively controlling 
the edge density with a large gap. 
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A typical shot of an ohmic free 3 MA current sustained by LHCD is shown in 
Fig. 2, where the toroidal magnetic field Bt = 4 T, line averaged density r^ = 1.2 
x 1019 m~3 and major radius Rp = 3.5 m. The injected power is ~4.8 MW using 
the CD-2 launcher at a phasing of 0°, where N ^ = 1.7. The ohmic power is 
turned off at t = 6.5 s and then the plasma current decays with a time constant of 
— 20 s. RF power is applied at t = 7 s and a plasma current of 3 MA is almost 
sustained for about 3.5 s. The change in \ saturates at t = 11 s. The current drive 
efficiency is - 2 . 5 X 1019m2-A-W_1 in this shot. The current drive efficiency 
increases with the plasma current, as shown in Fig. 3. The maximum driven current 
and drive efficiency are 3.6 MA and 3.5 x 1019 m~2-A-W-1. The scatter of the 
data is mainly due to the effects of the density and the inverse electric field in the 
case of over current drive. The volume averaged electron temperature <Te> 
increases from ~ 1 to ~ 2 keV at rig « 1 X 1019 m-3 with an increase of plasma 
current from Ip = 1.2 to 3 MA. The current drive efficiency in JT-60U agrees 
fairly well with the experimental scaling of ÎJCD = 12<Te>/(5 + Zeff) obtained in 
JT-60 [3]. 

It was found that the driven current profile became broader for higher current 
plasma discharges with the same wave spectrum. Figure 4(a) shows the change rate 
of 4 during RF injection as a function of the driven current. At a low plasma current 
(or high q) of 1.2 MA, the current profile is well controlled by changing only the 
phase. The peaked and the broad profiles are obtained by injecting the wave spectrum 
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of Nj*8" « 1.7 without a side-lobe (0° phase) and Njeak « 2.2 with a side-lobe of 
Nu » 1.3 (180° phase), respectively. However, the current profile in LHCD 
becomes more flattened than for the target ohmic plasma at higher plasma current 
with the same wave spectrum of Nj'ealc « 1.7. Figure 4(b) shows the hard X ray 
profiles at plasma currents of 1.2, 2.5 and 3.5 MA, where the density is around 
1 x 1019 m~3 and qeff = 6.6, 3.9 and 3.1, respectively. The broadening in the hard 
X ray profile was also observed in a low q discharge of qeff ~ 3.4 in the scanning 
of Ip/Bt = 1.5 MA/2.25 T to 2.7 MA/3.9 T. It was found that a peaked current 
profile was difficult to produce in a high Ip (low q) plasma. However, it was possi
ble to produce a peaked profile by reversing the current direction of the target plasma 

(a) 0.1 

•(/> 

S 0: 

• D 

-0.1 

(b) 

1 2 3 
I CD (MA) 

Nu =1.7, ne = 1x1013m-

FIG. 4. (a) Change rate of the internal inductance lt as a function of plasma current, where the 
plasma current is almost entirely driven by LHCD; (b) hard X ray profile at Ip = 1.2, 2.5 and 3.5 MA. 
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FIG. 5. (a) Hard X ray profiles in the case of launching from the CD-I and CD-2 launchers; (b) Nt 

upshift in the ray tracing analysis. The solid and the broken lines show the Nt along the ray trajectory 
in the magnetic flux junction \¡/ for the CD-I and CD-2 launching cases, respectively. 

with respect to the injected LH wave [7]. Though the reason for a large reduction 
of f- at high plasma current is not fully understood, the absorption position may 
move to the periphery at high Ip owing to the change of the wave trajectory in low q 
operation and/or the high electron temperature at high Ip. 

The dependence of the deposition profile on the poloidal launching position was 
investigated by using the CD-I and CD-2 launchers with Ip = 1.2 MA, Bt = 3.8 T 
and lie = 1 x 1019 m-3. The central electron temperature is around 3 keV in this 
experiment. The poloidal angles of the CD-I and CD-2 launchers are 45° and 0° 
from the mid-plane, respectively. The excited wave spectrum is set at the same values 
of N ^ « 2.2 with ANa = 0.4 by adjusting the number of waveguides of the two 
launchers. It is found that the peaked profile is obtained in the case of launching from 
the mid-plane, as shown in Fig. 5. A ray tracing analysis shows that the N| up-shift 
in the wave injected from the CD-I launcher (poloidal angle of 45°) is much larger 
than that of the CD-2 launcher (poloidal angle of 0°), and that the wave from the 
CD-I launcher is almost absorbed in the single dumping at near the half-radius. This 
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dependence is consistent with the measured hard X ray profile. These results indicate 
that the poloidal launching position should be optimized to control the deposition 
profile. 

3. CONCLUSION 

An active coupling control was performed to obtain a good coupling at Ô « 
0.15 m by using gas puffing. A high plasma current was driven up to 3.6 MA by 
LHCD alone. A high current drive efficiency of up to 3.5 x 1019 m"2-A-W-1 was 
achieved and a positive trend with plasma current was found. The current profile was 
well controlled by phasing of the launcher alone at low plasma current. The deposi
tion profile of RF power became broader with increasing plasma current and/or 
decreasing q value. It was found that the deposition profile depended on the poloidal 
launching position and its dependence was consistent with the enhancement of the 
N| up-shift calculated with the ray tracing code. 

This work indicates that LHCD is an attractive method of driving the plasma 
current and controlling the current profile at the periphery in next generation 
tokamaks. 
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DISCUSSION 

M. KAUFMANN: You showed experiments with densities up to n̂  = 2 
x 1019 m-3. Did you get results with higher, more ITER relevant densities? 

Y. IKEDA: To date, we have operated at full current drive mainly at rig = 
(1-2) x 1019 m~3. If we have not tried to increase the density at lower plasma 
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current, it is only owing to a lack of experimental time. With regard to ITER, it is 
possible to drive current at high density in the outer region by applying higher 
frequency, i.e. > 5 GHz. 

A. BERS: You showed that the current drive efficiency increases with the 
current driven. How do you explain this? 

Y. IKEDA: It is not clearly understood why the current drive efficiency 
increases with Ip (and/or electron temperature). One possible explanation is that the 
power fraction for filling the gas decreases with increasing Te. 

C. GORMEZANO: At 3.6 MA plasma current, is the X ray profile as hollow 
as those shown at high current? If so, how is this compatible with a constant plasma 
inductance? 

Y. IKEDA: During the full current drive at 3.6 MA for —1.5 s 4 monotoni-
cally decreases. However, i- is almost saturated at ~ 3 MA full current drive after 
3.5 s with a hollow current profile. 

W.M. NEVINS: I was interested in your results on control of LH coupling with 
gas puffing. Are you able to get good coupling to H mode plasmas with this 
technique? 

Y. IKEDA: We have not observed a clear H mode with gas puffing during 
LHCD. However, it is possible to couple LH waves with an NBI heated H mode with 
high ELM activity. 
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Abstract 

LOWER HYBRID CURRENT DRIVE IN JET AND REACTOR APPLICATIONS. 
Lower Hybrid current drive (LHCD) power up to 6 MW has been coupled with the new full 

system into JET plasmas. LHCD experiments have been performed in the range of 0.7-3 MA. The 
current drive efficiency increases with the electron temperature. The same heating efficiency is obtained 
with LHCD and neutral beam injection (NBI) in conditions of central power deposition (for LH at low 
densities with central density n^ < 3 x 1019 mf3). The LH deposition profile has been varied between 
centrally peaked and strongly hollow shape. Central shear reversal over a wide plasma region has been 
achieved with combined operation of LHCD + ICRH during fast plasma current ramp-up and has been 
maintained into high power NBI heating. The experimental current drive efficiencies and the form of 
the deposition profiles are reproduced by a ray tracing code validated on previous JET data. Calculations 
with TRANSP, including a new beam tracing LH code, describe the experiment well. The codes have 
been used to develop a scenario for steady-state operation of ITER with a high fraction of bootstrap 
current. 

LOWER HYBRID CURRENT DRIVE EXPERIMENTS IN JET 

The main goal of LHCD on JET is the active control of the plasma current 
profile in order to improve confinement and explore scenarios for steady state 
tokamak operation in combination with heating and current drive by Fast 
Waves and NBI. Lower Hybrid experiments started on JET during the previous 
experimental campaign with a prototype launcher, delivering up to 2.4 MW power to 
the plasma from one third of the final LHCD system [1]. The full LHCD system of 
JET has now come into operation. The LH plant consists of 24 klystrons with a 
maximum power output of 12 MW / 20s at 3.7 GHz. The power is coupled to the 
plasma through a single multi-waveguide grill type antenna, Wave spectra with the 
peak refractive index variable in the range NN = 1.4 - 2.3 can be launched by 
adjusting the antenna phasing. The launcher position is controlled by a hydraulics 
system which allows movements during plasma discharges. Real time coupling 
control by feedback on the launcher position with the LH reflection coefficient as 
input has been used routinely. The reflection coefficient was kept below 5%, with a 
separatrix-launcher distance of up to 6 cm in standard X-point plasmas, and up to 10 
cm in combination with NBI. Good coupling was maintained also during ELM'y and 
ELM-free H-modes. 

1 See Appendix to IAEA-CN-60/A1-3, this volume. 
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Current drive experiments have been performed with the new LHCD system on JET 
in the range of plasma currents L = 0 .7 -3 MA. A maximum LH power of 6 MW 
and a maximum energy of 36 MJ have been coupled to the plasma so far. A 
representative 2 MA discharge at a line averaged density ne = 1.8 x 1019 nr3 is 
shown in Fig.l. The LH-current drive with 4 MW coupled power replaces the Ohmic 
flux consumption (Fig.lb). The measured surface loop voltage Uisurf drops to zero 
(Fig. lc). The corrected resistive loop voltage UiiCorr, taking into account changes of 
plasma current and internal inductance, stays slightly positive. The electron 
temperature rises from 3 to 5 keV (Fig. le) and the total energy content doubles 
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Fig. 1 LHCD discharge at Ip = 2 MA, Bt = 2.8 T. LH power (a), OH flux 
consumption (b), measured, corrected and in TRANSP calculated loop 
voltage (c), central and line averaged electron density (d), central electron 
temperature (e), energy content from diamagnetic and equilibrium field 
measurements (f) and internal inductance (g). 
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Fig. 2 Scaling of the LH-current drive efficiency with volume averaged electron 
temperature and Z ^ in combined operation of LHCD + 1CRH. 

(Fig. If). A decrease of the internal inductance 1¡ indicates a broadening of the 
current profile (Fig lg). 

LHCD has been combined with ICRH and NBI in L- and H-mode discharges. In 
combined operation of LHCD with ICRH for up to 6s, a total energy of up to 55 MJ 
has been deposited into the plasma. The same incremental energy confinement time 
is obtained with both LHCD and NBI at comparative power levels in conditions of 
central power deposition. The heating efficiency of LH degrades with increasing 
density due to the broadening of the deposition profile. 

The current drive efficiency T|CD increases with electron temperature, for LHCD 
alone and in combined heating/current drive scenarios. The scaling of r\ CD with 
volume averaged temperature and the Zeff term from theory is shown in Fig. 2 for a 
series of power scans with LHCD and ICRH combined. The variation due to Zeff is 
negligible in these discharges, while the central electron temperature varied between 
2 and 7 keV. 

The current profile is broadened in most cases with LHCD, as seen from the 
reduction of the internal inductance 1¡ and a transient negative overshoot of the loop 
voltage after start of the LH. Hard X-ray measurements of the fast electron 
bremsstrahlung (FEB) give consistently broad or hollow emission profiles in these 
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cases, suggesting off-axis LH power deposition profiles. The FEB profiles are 
peaked at low electron density and temperature and broaden with increasing density 
and temperature. A dependence of the LH deposition profile on the plasma current 
and the current profile is found. The FEB profiles broaden and the drop in 1¡ grows 
with plasma current, as seen from a comparison of 2 and 3 MA shots at constant 
magnetic field B t = 2.9 T. The LH current deposition profile broadens with peaking 
of the plasma current profile, as seen in Fig. 3 from the FEB profiles at two stages of 
the discharge # 30779. LHCD was started at the end of the initial fast Ohmic current 
ramp-up. The current profile is slightly hollow in this phase, with a low value of 
lj = 0.6. The FEB profile is then peaked in the center. It broadens during the current 
flat-top phase when the current profile is gradually peaking, with 1; rising up to 0.8. 
Electron density and temperature stay constant during the whole LH pulse at 
neo = 2.3 x 1019nr3 andTeo = 2keV. 

Current profile control experiments were performed with the aim to establish deep 
shear reversal over a wide region in the plasma center. A stable route to these 
configurations had been identified, with generation of shear reversal at low EL during 
the plasma current ramp-up and freezing by subsequent high power heating [2]. This 

Pulse No: 30779 FEB Emission 
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Fig. 3 Fast electron bremsstrahlung (FEB) profiles during LHCD for two phases 
of a discharge with different current distributions. The FEB profile at 5 s is 
normalised to the profile at 3.2 s (scaling factor 5.8). 
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Fig. 4 Temporal evolution of the q profile during a shear reversal discharge with 
combined application of LHCD, ICRH and NBI. 

method has been tested in first experiments on JET [3]. The evolution of the q profile 
in discharged 31753 is shown in Fig. 4, as obtained from magnetic measurements. 
Direct current profile measurements have yet to be made. Shear reversal over about 
half the plasma radius is achieved in this case with combined application of LHCD + 
ICRH during a fast plasma current ramp-up (2s). The hollow current distribution is 
maintained with subsequent additional NBI heating (4s). At a later stage, after 
switch-off of LHCD, the q profile relaxes to a monotonie distribution (6s) and 
remains then nearly unchanged during the following NBI + ICRH phase (9s). 

MODELLING OF LOWER HYBRID CURRENT DRIVE 

The recent LHCD experiments on JET have been extensively modelled with two 
codes based on different approaches. The BARANOV ray tracing code had been 
validated on previous JET data [4]. The current drive efficiencies in the new 
experiments are well reproduced over the whole parameter range. Calculation of the 
FEB signals in the code allows direct comparisons between calculated and 
experimental LH deposition profiles. The broadening of the profiles with increasing 
electron density and temperature is also found in the code calculations. The off-axis 
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Pulse No: 29711 LH Current profile 

Fig. 5 LH current deposition profiles from the BARANOV ray tracing code and 
TRANSP with the Pereverzev beam tracing code for discharge # 29711. 

shift of the current deposition profile with increasing plasma current can be 
explained by a stronger Nu upshift on longer wave trajectories in the outer plasma. 
Difficulties arise with modelling of experiments in conditions of multiple wave 
reflections at the plasma boundary before absorption. An alternative code for the 
calculation of LH propagation and damping employs a beam tracing method based 
on a diffraction model developed by Pereverzev [5]. This code has been 
implemented into the predictive 1.5-D transport code JETTO and into the 
interpretive transport analysis code TRANSP. Time dependent calculations for the 
analysis of experiments and for predictive modelling have been performed with both 
codes. The time evolution of the loop voltage in discharge # 29711 (Fig. lc) is well 
reproduced. The LH current deposition profiles, as calculated with both codes for 
this discharge, are shown in Fig. 5. The ray tracing code gives a broader and 
smoother profile as diffusion of fast electrons is included. The total driven current 
reaches 1.75 MA with the beam tracing code in the TRANSP calculation and 1.84 
MA in the BARANOV ray tracing code. Reliable modelling can be expected from 
both codes for conditions with dominant single pass absorption. 

LOWER HYBRID CURRENT DRIVE ON ITER 

The models developed and validated on the basis of the experimental results on JET 
have been used to study the application of LHCD to ITER and reactor grade plasmas 
[6]. LH power and current deposition profiles are determined in these studies with 
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ray tracing and beam tracing codes. The temporal evolution of the plasma profiles is 
calculated with the 1.5-D transport code JETTO. Full current drive and real time 
profile control on ITER can be achieved by a combination of LHCD and Fast Wave 
current drive (FWCD) with a high fraction of bootstrap current in the H-mode at high 
8p. The off-axis current drive capability of LHCD is essential to establish and 
maintain stable shear reversal configurations. A scenario with 74% bootstrap current, 
20% LH-driven current and a small fraction of FWCD-driven current for central q 
control has been developed. Steady-state operation at a plasma current of 13.5 MA is 
then provided by a combination of FW and LH systems, with 50 MW each. 
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DISCUSSION 

R.J. GOLDSTON: Could you describe your ITER results in more detail, 
including the Q obtained and the density operating point? 

F.X. SÔLDNER: Steady state operation in ITER can be obtained at reduced 
plasma current (Ip = 13.5 MA) and enhanced energy confinement (H = 2.8) with 
a combination of high bootstrap current (Ibs/Ip = 0.75) and LHCD (ILH = 2.8 MA) 
and residual fast wave current drive (IFW = 0.7 MA). LHCD is instrumental in 
establishing and maintaining non-monotonie q profiles with a wide region of deep 
shear reversal within the central half of the plasma cross-section. The negative shear 
in this region is expected to improve confinement. With the strongly peaked pressure 
profiles which result from central a heating, the bootstrap current profile tends to 
peak near the centre. Off-axis current drive — such as is provided most efficiently 
by LHCD — is therefore essential for the control of deep shear reversal configura
tions. MHD stability analysis shows that the configuration in the ITER steady state 
scenario is stable against kink, ballooning and infernal modes. Q = 15 is obtained 
at a density of n = 1 x 1020 m"3. 

R.J. HAWRYLUK: You showed a comparison of NBI with LH heated L mode 
plasmas. Do you have a similar comparison for H mode plasmas? In particular, what 
is the confinement time in LH heated H mode plasma? 
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F.X. SÔLDNER: Up to now, we have obtained H modes with a combination 
of LHCD and NBI but not yet with LHCD alone. LHCD provided the transition to 
the H mode in conditions where the discharge stayed in the L mode with NBI. In this 
case, the threshold power for the L-H transition was the same with NBI alone and 
with NBI + LHCD. In high density H modes, the LH power deposition profile shifts 
far off-axis, and the LH heating efficiency degrades gradually. 
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Abstract 

ICRF HEATING OF DEUTERIUM-TRITIUM PLASMAS IN TFTR. 
The first experiments to heat D-T plasmas in the ion cyclotron range of frequencies (ICRF) have 

been performed on the Tokamak Fusion Test Reactor (TFTR). These experiments have two major 
objectives: to study the RF physics of ICRF-heated D-T plasmas and to enhance the performance of 
D-T discharges. Experiments have been conducted at 43 MHz with out-of-phase current strap excitation 
to explore nT/ne concentrations up to approximately 40%. In these experiments nT/ne was limited by D 
recycling from the carbon walls. The location of the T resonance was varied by changing the toroidal 
magnetic field, and the RF power was modulated (fmod = 5-10 Hz) to elucidate competing heating 
mechanisms. Up to 5.8 MW of ICRF heating has been coupled into D-T plasmas. The addition of 
5.5 MW of ICRF heating to a D-T supershot resulted in an increase in central ion temperature from 
26 to 36 keV and an increase in central electron temperature from 8 to 10.5 keV. Up to 80% of the 
absorbed ICRF power was coupled directly to ions, in good agreement with computer code predictions. 
These results extrapolate to efficient T heating in future devices such as ITER. 

Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA. 
University of Wisconsin, Madison, Wisconsin, USA. 
Massachusetts Institute of Technology, Cambridge, Massachusetts, USA. 
Present address: Sandia National Laboratories, Albuquerque, New Mexico, USA. 
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1. INTRODUCTION 

Future D-T fusion devices, such as the International Thermonuclear 
Experimental Reactor (ITER), emphasize ion cyclotron range of frequency 
(ICRF) heating, but until now no experimental database has been available to 
provide a benchmark for the RF computer codes which predict performance in 
plasmas containing tritium. The Tokamak Fusion Test Reactor (TFTR) has 
performed the first experiments which combine ICRF heating with tritium 
plasmas. 

The D-T ICRF program on TFTR has two major objectives: first to study 
D-T RF physics and second to enhance the performance of D-T supershots [1], 
and eventually L-mode plasmas. Plasma reactivity can be increased by directly 
heating tritium ions via second harmonic ICRF. Significant increases in the 
central electron temperature of supershots via heating by collisions with 
minority tail ions [2] or direct electron heating may result in lengthened alpha 
particle slowing times and increased alpha particle pressure in D-T plasmas. 

Initial experiments on TFTR were directed primarily towards investigating 
the RF physics of ICRF-heated plasmas containing tritium. These experiments 
were conducted at 43 MHz with out-of-phase current strap excitation into D-T 
plasmas fueled by 18-24 MW of ~ 100 keV neutral-beam-injection. This paper 
presents results from 21 ICRF-heated D-T plasmas which have explored nx/ne 
concentrations from approximately 6% to 40%. In addition, the toroidal field 
was scanned to vary the location of the second harmonic T resonance from R = 
2.6 m to 3.0 m in full bore (R = 2.62 m, a = 0.96 m) plasmas with the 
Shafranov-shifted magnetic axis at R ~ 2.8 m. Of these D-T plasmas, 16 
discharges utilized 90% power modulation (fmod=5-10 Hz) to investigate the 
relative strength of the possible heating mechanisms. 

2. PLASMA PERFORMANCE 

The maximum ICRF power coupled thus far into a D-T plasma has been 
5.8 MW with a 2% 3He minority species and 4.9 MW without a 3He minority. 
3He was added to some plasmas to avoid eigenmode effects on the ICRF 
coupling. The RF power was launched by up to four antennas [3] at the 
midplane, on the low field side of the plasma. Figure 1 shows the evolution of 
two D-T plasmas heated by 23.5 MW of neutral beam injection. The discharge 
shown by the solid line had an additional 5.5 MW of ICRF heating [Fig.l (a)]. 
Both plasmas had a 2% 3He minority, and 60% of the beam-injected power was 
in T. Based on comparisons of the measured D-T neutron production rate with 
the rate calculated by the SNAP time-independent equilibrium code [4], the 
tritium fraction at the center of the plasma, n-r/CnT+nD+nH), appears to be only 
25-30% due to significant D (and minimal T) recycling from the carbon limiters 
on the inner and outer walls. In the core, nn/(nT+nD+nH) is assumed to be ~ 5%, 
half the edge value measured by spectroscopy. For the two plasmas in Fig. 1, 
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FIG. 1. Time evolution of (a) NBI and ICRF power, (b) central electron temperature, (c) central ion temperature, 
(d) line average density, (e) D-T neutron production rate, and (f) magnetically measured stored energy for two 
plasmas with 23.5 MWofNBl (60% in tritium). The plasma indicated by the solid line had 5.5 MWof43 MHz ICRF 
heating. Both plasmas had a 2% 3He minority. The 3He fundamental resonance is degenerate with the 2ÜT 
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FIG. 2. Comparison of (a) ion and (b) electron temperature profiles for the two D-Tplasmas in Fig. 1 
at the time shown by the vertical dashed line. The discharge indicated by the solid line had 5.5 MW 
of ICRF heating. 

the magnetic field at the Shafranov-shifted magnetic axis was 4.2 T, placing the 
second harmonic T (and fundamental 3He minority) resonance at the axis. With 
the addition of ICRF, the central electron temperature, measured by electron 
cyclotron emission (ECE), increased from 8 to 10.5 keV at 3.4 s [Fig.l(b)], due 
to fast wave direct electron heating (via Landau damping and transit time 
magnetic pumping) and heating by collisions with minority tail ions. The central 
ion temperature, measured by charge-exchange recombination spectroscopy, 
initially increased from 26 to 36 keV at 3.4s [Fig. 1(c)]. However, it later 
decreased as an enhanced carbon influx [5] developed. This carbon influx also 
resulted in increased line average density [Fig.l (d)] approximately 400 ms after 
the start of ICRF heating. Prior to this influx, the stored energy (Etot) increased 
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from 3.4 to 4.1 MJ [Fig. 1(f)] with the addition of RF, and the excess 
perpendicular component of the stored energy (Eexj_= 3Ex - 2Etot) increased by 
200 - 250 kJ due to the presence of an RF tail. There was also a 10% 
enhancement in the D-T neutron production rate to approximately 1.2xl018 s"1. 
Figure 2 shows the ion and electron temperature profiles at 3.4s (the time of 
peak performance). A significant increase in temperature is seen out to r/a ~ 0.3. 
The core ion heating observed is consistent with 2Qj heating, since an 
analogous increase in core heating was noticeably absent in D-3He minority 
experiments [2]. A D-T plasma which was essentially identical to the ICRF-
heated discharge shown in Fig. 2, but with no 3He minority and only 4.4 MW of 
ICRF, reached a core ion temperature of 32 keV. 

3. RF PHYSICS 

RF power modulation [6] provides a technique for studying the power 
deposition directly. Sixteen of the ICRF-heated D-T discharges utilized 90% 
power modulation (fmod^-lO Hz). The changes in the electron temperature and 
density profiles were measured by ECE and multi-chord, far-infrared 
interferometry, respectively. The electron temperature response showed no 
delay, consistent with direct electron heating. Density modulation contributed 
up to 10% to the calculated power absorbed directly by electrons. 

Figure 3 shows the fraction of power absorbed by ions and electrons 
during RF modulation as a function of the fraction of neutral beam power in 
tritium for three plasmas with the IQj resonance at the magnetic axis. Although 
no 3He minority was added to these plasmas there may have been ~0.2% 3He 
concentration remaining from prior D-3He discharges. The neutral-beam-
injection and RF powers for this scan were 17-20 MW and 3.6-3.8 MW, 
respectively. The absorbed power fraction is calculated noting that ~10% of the 
RF power is lost in the antennas. The total power absorbed by the plasma, 
determined from the modulation in the magnetic measurement, was typically 
80% ± 15% of the power leaving the antenna. The electron absorbed power 
fraction decreased from 25% to 15% when the T beam fraction increased from 
15% to 100% (the corresponding estimated increase in nx/ne was from ~6% to 
~40%). This behavior is expected as a result of the competition between direct 
electron heating and 2C2T heating of the tritium beam ions. There is also 
possibly some mode conversion, although because of the limited T fraction and 
magnetic field, the mode conversion around the two-ion hybrid resonance did 
not move far enough into the core to enable detection in the present 
experiments. 

The RF modulation results for the plasma with a 60% T beam fraction in 
Fig. 3 were compared in detail with two independent computer codes. In the 
first, a single time point analysis was done with the PICES code [7], a 2-D, 
reduced order, full wave code, using multiple toroidal mode numbers weighted 
by the antenna spectrum. The predicted power deposition profiles were 
calculated using the experimental temperature and density profiles (including 
beam ions with an effective temperature of ~60 keV on axis). Of the RF power 
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FIG. 3. Fraction of RF power delivered directly to electrons and ions as a Junction of tritium beam 
power fraction during RF modulation. Data are for plasmas with no 3He minority, 3.6-3.8 MW of 
RF power input to the antenna, 17-20 MW ofNBI and the 2ilT resonance at the magnetic axis. 

leaving the antenna (-10% antenna loss), 36% was absorbed at the 2Qj 
resonance near the core (26% going to T beams and 10% to thermal T) and 7% 
was absorbed at the D (and carbon) fundamental resonance located at r/a~0.8. 
26% of the RF power was absorbed directly by electron Landau damping and 
transit time magnetic pumping near the core, in good agreement with the RF 
modulation data. This code also calculates that approximately 30% of the RF 
power is absorbed at the intersection of deuterium ion fundamental resonance 
(R ~ 2.1 m) and the mode conversion layer near the last closed flux surface. 
There is so far no experimental evidence supporting or refuting this effect. A 
time-dependent analysis of the power deposition profiles was also obtained for 
the same plasma with the TRANSP transport analysis code [8]. The RF package 
in TRANSP consists of the 2D reduced order wave solver, SPRUCE [9], 
combined with the bounce-averaged Fokker-Planck solver, FPP [10]. Power 
deposition was computed for a single toroidal mode number representative of 
the peak of the launched antenna spectrum. Experimental density and 
temperature profiles were used for the thermal ions and electrons, while the 
beam density and effective temperature profiles were obtained using the Monte 
Carlo beam deposition subroutines. From this analysis, the ratio of the ion to 
electron power absorption is about 3.3, with 80% of the ion heating occurring 
within r/a = 0.6. These results are in relatively close agreement with the data. 
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FIG. 4. Fraction of RF power delivered directly to electrons and ions as a function of the distance of 
the 2Q r resonance from the magnetic axis. Data are for plasmas with no 3He minority, 3.7-4.9 MW 
of RF power input to the antenna, 18.5-21 MW of NBI and approximately 60% of the injected 
power in T. 

Figure 4 shows the result of varying the toroidal magnetic field to scan the 
location of the 2£2T resonance from R = 2.5 m to R = 3.0 m (the Shafranov-
shifted axis was at approximately R = 2.8 m). Data are shown for four D-T 
plasmas with 60% of the neutral beam power in T. The neutral beam injection 
and RF powers for this scan were 18.5-21 MW and 3.7-4.9 MW, respectively. 
The plasma current was adjusted to maintain a relatively constant edge safety 
factor. The RF power fraction absorbed directly by electrons increased from 
15% to 25% as the 2Clj resonance was moved from the low to the high field 
side of the plasma column. Since the direct electron heating peaks on axis, 
placing the 2£2T resonance between the antenna and the core would be expected 
to reduce the direct electron heating fraction as observed. 

4. RF-INDUCED FAST ION LOSSES 

During ICRF heating of D-T plasmas with no 3He, the detectors which 
measure escaping fast ions [11] indicated two sorts of fast ion losses, in addition 
to first orbit loss of alpha particles. The first of these, illustrated in Fig. 5, was 
the loss, at the detectors 45° and 60° below the outer midplane, of ~ 600 keV 
tritium ions accelerated by the ICRF waves. The magnitude of the loss was 
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FIG. 5. (a) Neutron-normalized fast ion loss rate to a detector 45° below the midplane as a function 
of time, and (b) the corresponding RF power evolution. 7.1 MWofD and 11.5 MW of T neutral beam 
power were injected during the time indicated by the shaded region. The portion of the loss which is 
synchronous with the ICRF power waveform is due to the loss of T tail ions. 
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FIG. 6. (a) Neutron-normalized alpha loss rate to a detector 90° below the midplane as a Junction of 
time, and (b) the corresponding RF power evolution. 9.1 MW of D and 11.6 MW of T neutral beam 
power were injected during the time indicated by the shaded region. 
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modulated synchronously with the applied ICRF power. The characteristic 
interval for these losses to reach a steady level was ~50ms, significantly shorter 
than the 100ms required to produce a proton tail in H-minority heating. This is 
consistent with 100 keV beam-injected tritons being heated at their second 
harmonic, since a tail can be created more rapidly from hot ions than from bulk 
ions and furthermore 2Qi heating preferentially heats hotter ions. This 
unambiguous observation of tritium tail ions confirms that 2£2x heating 
occurred in these discharges. 

The second type of fast ion loss was the ICRF-induced loss of alpha 
particles to the detector at 90° below the midplane. As depicted in Fig. 6, the 
ICRF-induced loss is modulated with the RF power and can be as much as 50% 
of the first orbit loss rate, with only 4 MW of applied power. The RF-induced 
loss appears in the detector at the pitch angle of the fattest banana orbit. We 
conclude that the loss is caused by marginally-passing alphas being heated by 
the waves and converted into marginally-trapped particles which then strike the 
vessel wall [12]. To date, only birth energy alphas have been expelled by this 
process, and so it is unlikely to be useful as an ash removal technique. 

5. SUMMARY AND FUTURE PLANS 

ICRF-heated D-T plasmas with nx/ne concentrations up to -40% have 
been studied in TFTR. RF power modulation was employed to measure the 
ICRF power deposition. Up to 80% of the RF power was absorbed directly by 
ions. In addition, a lost fast ion diagnostic confirms the presence of a tritium 
tail. 

Future TFTR D-T experiments will be focused on utilizing ICRF-heating 
to significantly enhance the alpha pressure and plasma reactivity. Two RF 
frequencies, 43 and 64 MHz, will be combined to allow simultaneous H-
minority and 2£2T heating, thereby minimizing effects associated with energetic 
tails. ICRF-heating of L-mode D-T plasmas will directly test the preferred 
heating scheme for ITER. Finally, the effect of the high field side mode-
conversion layer will be explored in more detail both theoretically, and in future 
TFTR experiments at higher toroidal field [13]. 
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DISCUSSION 

T.N. TODD: Could you tell us how the fusion reactivity varied with the total 
input power in these shots with mixed ICRH and NBI? 

G. TAYLOR: With the addition of 5 MW of RF in DT, the reactivity increased 
by —10%, and with the addition of 5 MW of NBI the reactivity increased by —40%. 
The small increase with RF is primarily due to increased Zeff. 

A. MESSIAEN: Do you see evidence of direct interaction between the RF and 
the tritium beam leading to beam ion acceleration? 

G. TAYLOR: The first ion loss increase with RF seen by the 45° lost fast ion 
probe is the strongest evidence we have for acceleration of beam tritium ions by RF. 
This is unambiguous evidence for 2Í2T heating. 

T.A.K. HELLSTEN: There are some discrepancies between the calculated 
second harmonic tritium absorptions obtained from the two codes. Have you included 
in these codes the effect on absorption of the buildup of a second harmonic tritium 
tail? 

G. TAYLOR: The differences between the two codes are not understood at 
present. We have not included the effect on absorption of the RF accelerated tritium 
tail so far. 
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J.-M. NOTERDAEME: The 3He minority you used in some of your experi
ments should undergo fusion when accelerated by the ICRF to high energy. Do you 
have evidence of this? The point is that, even if you need 3He to increase absorption 
at low temperature, it would disappear by itself and allow 2Í2T to take over. 

G. TAYLOR: The 3He tail in the DT RF experiments with 2% 3He minority 
primarily slows electrons, resulting in electron heating. We saw no evidence for 
fusion of 3He in these experiments. 
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Abstract 

MODE CONVERSION STUDIES IN TFTR. 
Mode converted Ion Bernstein Waves (IBW) have important potential applications in tokamak 

reactors. These applications include on- or off-axis electron heating and current drive and the channeling 
of alpha particle power for both current drive and increased reactivity. Efficient mode conversion 
electron heating with a low field side antenna, with both on- and off-axis power deposition, has been 
demonstrated for the first time in TFTR in D-3He-4He plasmas. Up to 80% of the Ion Cyclotron 
Range of Frequency (ICRF) power is coupled to electrons at the mode conversion surface. Experiments 
during deuterium and tritium neutral beam injection (NBI) indicate that good mode conversion efficiency 
can be maintained during NBI if sufficient 3He is present. No evidence of strong alpha particle heating 
by the IBW is seen. Recent modelling indicates that if the mode converted IBW is preferentially excited 
off the horizontal midplane then the resultant high poloidal mode number wave may channel alpha 
particle power to either electrons or ions. In TFTR both the propagation of the IBW and its effect on 
the alpha particle population are being investigated. Experiments with 2 MW of ICRF power launched 
with ±90° antenna phasing for current drive show that electron heating and sawtooth activity depend 
strongly on the direction of the launched wave. The noninductively driven current could not be 
experimentally determined in these relatively high plasma current (1.2 MA), short pulse discharges. 
Experiments at higher RF power and lower plasma current are planned to determine on- and off-axis 
current drive efficiency. 
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1. INTRODUCTION 

An increasing emphasis is being placed on control of the q-profile in 
order to access advanced tokamak operating regimes. Enhanced plasma 
performance in the Tokamak Fusion Test Reactor (TFTR)[1], in the Joint 
European Torus[2], and in the DIII-D device[3] has been attributed to reversed 
shear operation. Reversed shear operating scenarios are planned for the 
Tokamak Physics Experiment[4] and the International Thermonuclear 
Experimental Reactor. The ability to drive off-axis currents noninductively is a 
key requirement for such scenarios. 

We present here the initial experimental demonstration of a technique 
which can provide either on or off axis electron heating and current drive. A 
fast magnetosonic wave is launched using low field side Ion Cyclotron Range 
of Frequency (ICRF) antennas in a multiple ion species plasma with 
parameters chosen to yield efficient mode conversion to a low parallel phase 
velocity, strongly damped Ion Bernstein Wave (IBW)[5]. Ion species mixes 
which maximize mode conversion include D (or 4He)-^He, D-T-3He, and D-T, 
where the fractional ion densities of the species are comparable. In TFTR, the 
present range of toroidal field and ICRF generator frequencies do not permit 
mode conversion studies in D-T. Heating has been demonstrated in TFTR with 
D-4He-3He and D-T-3He plasmas. Experiments in mode conversion current 
drive have also begun. Previous theoretical studies of the ray trajectory of the 
mode converted IBW in the case of high parallel phase velocities have 
indicated that no net directivity would be obtained[6]. Here, where the mode 
converted IBW has a low parallel phase velocity, the electron response is 
experimentally found to be sensitive to the direction of the launched wave. 

The use of a high poloidal mode number IBW to "channel" power 
directly from the alpha particles to ion heating has also been recently discussed 
[7]. In TFTR the effect of the mode converted IBW on the small population of 
alpha particles in an L-mode plasma with neutral beam fueled D-T and puffed 
3He is under investigation. Simulations predict that the IBW will diffuse the 
alpha particle population in both space and energy. This quasilinear diffusion 
is expected to depend on the toroidal direction of IBW propagation. The alpha 
particle current to the lost alpha detectors [8] should therefore be dependent on 
the toroidal direction of the IBW and hence the launched fast wave. 

2. EFFICIENT MODE CONVERSION HEATING AND CURRENT 
DRIVE 

Efficient single-pass mode conversion in a multiple ion species plasma, 
such as D-T, has been discussed in detail elsewhere[5,9]. Briefly, the fast 
wave is cut off at surfaces defined by the conditions nn2=L, R; where 
nn=ck||/o), and kn is the parallel wavenumber. Mode conversion occurs at the 
ion-ion hybrid resonance defined by nn2=S. The functions R, L, and S are 
defined by Stix[10J. Previous treatments have neglected the nn2=R cutoff, 
considering mode conversion at a cutoff - resonance pair. However, if the ion 
species mix, central density, and toroidal magnetic field are correctly chosen, 
these surfaces form a closely spaced cutoff - resonance - cutoff triplet for some 
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value of k||. An increase in the "single pass" mode conversion efficiency of up 
to a factor of four over the cutoff-resonance pair case results. Numerical 
modelling of the D - or 4He - 3He and D - T - 3He ion systems indicates that 
single pass mode conversion efficiencies in excess of 90% can be achieved. 
Efficient mode conversion is obtained at the mode conversion triplet for high 
nn, so that the resultant IBW is excited with v^vxe < 1 and is rapidly damped 
on electrons. If the mode converted Bernstein wave is directional then current 
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FIG. 1. (a) Time evolution of the central electron temperature for on-axis mode conversion heating, 
derived from electron cyclotron emission measurements, and (b) radial profile of the electron tempera
ture from Thomson scattering at 2.8 s. 
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drive will result. Unlike direct fast wave current drive which is always 
localized to the plasma axis, the radial location of the mode conversion surface 
and hence the driven current can be varied by the species mix or magnetic field 
strength. Current drive efficiency is expected to be comparable to fast wave 
current drive. 

3. MODE CONVERSION HEATING EXPERIMENTS 

Experiments using 3He, 4He, D ohmic target plasmas in TFTR have 
demonstrated mode conversion electron heating. The electron temperature rise 
with near-axis mode conversion is shown in Fig. 1(a). A Thomson scattering 
electron temperature profile taken at 2.8 seconds during this discharge is 
shown in Fig. 1(b). Heating occurs at the mode conversion layer, remote from 
the ion cyclotron resonances. In Fig. 2 the measured electron power deposition 
profile is shown for off-axis mode conversion, for an ohmic target plasma and 
for plasmas with 4.6, 7.6, and 10.6 MW of NBI. The power deposition profile 
was measured using Fourier transform techniques with 10 Hz RF power 
modulationfll]. Power deposition is localized to the mode conversion layer on 
the high field side of the axis for both the ohmic and NBI heated discharges. 
Peak ion temperature in the neutral-beam fueled L-mode target discharges was 
measured to be 5 - 7 keV by Charge-Exchange Recombination Spectroscopy 
(CHERS). Modelling of the RF-heated ohmic discharge with the FELICE 
code[12] predicts that the fraction of ICRF power coupled to electrons should 
be 0.86, while the experimentally observed fraction is 0.7. The predicted and 
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FIG. 2. Electron power deposition profile, derived from power modulation techniques, for off-axis 
mode conversion, for ohmic andNBIheated target plasmas with ne(0)=4-5 X 1019 m'3, nHe3/ne=0.12. 
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FIG. 5. Fraction of power coupled to electrons at the mode conversion surface as a function of the 
3He fraction, for constant toroidal field (4.5 T) and density (ne(0)=4 x lO19 m'3). 

observed power deposition radii are in agreement to < 5 centimeters. The 
modelling used parabolic density and temperature profiles with ne(0)=4 x 1019 

nr3 , nHe3/ne=0.2, Te(0)=5 keV, where the electron temperature is obtained 
from electron cyclotron emission measurements, and Ti(0)=4 keV, based on x-
ray crystal spectrometry and CHERS results for similiar discharges. The 
experimentally measured central electron power deposition is small for the 
ohmic target case, indicating that the single pass mode conversion efficiency is 
larger by an order of magnitude than the single pass absorption for direct fast 
wave electron heating. Single pass direct fast wave electron absorption is 
calculated to be ~5%, from which we infer that the single pass mode 
conversion efficiency is ~50%. The fraction of power absorbed near the axis 
for the NBI heated discharges is difficult to estimate due to strong sawtooth 
mixing. 

The location of the mode conversion layer can be controlled by 
adjusting either the toroidal magnetic field (Bj) or the ion species ratio. In Fig. 
3 the measured radius of electron power deposition as a function of the toroidal 
field is shown for constant density (ne(0)=4 x 1019 m~3) and 3He fraction 
(0.14). The power deposition radius occurs within a few cm of the nn2=S 
layer. In Fig. 4 the measured fraction of the RF power coupled to electrons at 
the mode conversion surface is shown for discharges in which the mode 
conversion radius is varied through either the species fraction or the toroidal 
field. Discharges with 4.0 T<Bj<4.8 T and 0.1 < nHe3/ne <0.3 are included. 
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The central density was ne(0)=4-5 x 1019 m~3, and the central ion temperature 
was 4 - 7 keV. Up to 80% of the ICRF power is mode converted, with >50% 
typical for a wide range of deposition radii. The fraction of power mode 
converted and coupled to electrons rises with 3He concentration, as shown in 
Fig. 5. Here B T = 4.5 T, while other plasma conditions were as noted for Fig. 
4. Relatively little mode conversion electron heating is found for NBI heated 
discharges with low 3He fractions (<0.1), where minority ion heating of the 
3He population becomes significant. 

4. MODE CONVERSION CURRENT DRIVE 

Initial mode conversion current drive experiments used ohmic D-4He-
3He target plasmas, with two of the two-strap TFTR antennas each phased at 
90° to provide a directional fast wave launch at kn (antenna)=7 rrr1. The mode 
conversion layer was located near the plasma axis, with nne-3/ne =0.12, 
B T = 4 . 5 T, and ne(0)=4 x 1019 nr3 . The electron temperature response 
depended on the antenna phasing, and hence the direction of the fast wave 
launch, as shown in Fig. 6. This result indicates that the IBW directivity 
depends on the directivity of the fast wave. However, the surface loop voltage 
was substantially the same during the 0.8 sec. RF pulse with co- (i. e. parallel 
to the electron current) and counter fast wave launches. Subsequent TRANSP 
modelling of these 1.2 MA discharges indicates that centrally driven currents 
in the expected 100 - 200 kA range would not be reflected in the surface 
voltage on these time scales. Future current drive experiments will be 
performed in lower current discharges with on and off axis electron coupling, 2 
sec. RF pulses, and measurement of the current profile by motional Stark 
effect, to permit a more direct observation of noninductive currents. 

'2.0 2.5 3.0 
Time (sec.) 

3.5 4.0 

Electron temperature evolution during directional (90°) fast wave launch parallel to the ohmic 
co) and antiparallel to the ohmic current (counter). Here ne(0)—4 X 1019 m'3, BT=4.5 Tand 
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5. RESULTS IN D-T-3He PLASMAS 

IBW - alpha particle interactions were investigated in an L-mode D-T-
3He plasma with D-T supplied via neutral beam injection while 3He was 
supplied by gas puffing. Five discharges with 2.3 MW of deuterium neutral 
beam injection and 2.9 MW of tritium neutral beam injection into a 1.6 MA 
plasma have been produced as mode conversion targets. The mode conversion 
layer was located near the plasma axis, and the RF power was modulated at 10 
Hz. No corresponding modulation in the lost alpha signal, normalized to the 
neutron rate, was seen. Hence at the power levels employed for these initial 
experiments (2 MW), IBW heating of the alpha particles is not discernible 
relative to collisional pitch angle scattering into the alpha particle loss cone. It 
should be noted that the mode converted power fraction in these experiments 
was low (-0.2), probably due to low on-axis 3He concentration (<0.1) with a 
resultant onset of minority ion heating (see Fig. 5). During these experiments 
significant levels of <|5ne(kr,o) = o)rf)l)were observed with microwave 
scattering [13] at k ~ 5-11 cm-1 in the horizontal midplane near the location of 
the mode conversion layer. A precise determination of the peak mode 
wavenumber and correlation with the expected IBW dispersion will be 
attempted in future experiments at higher toroidal field and 3He 
concentrations. 

6. CHANNELING OF ALPHA PARTICLE POWER 

Poloidally propagating waves with small phase velocities [14] are 
required for effective alpha channeling. Such waves extract power from 
energetic alpha particles, while diffusing them radially. The mode-converted 
IBW has the necessary wave properties[7]. If alpha particle power can be 
channeled effectively to ions, the power density can be doubled in a fusion 
reactor[15]. Ray tracing studies for TFTR parameters, with Te=10 keV, Ti=20 
keV, predict that with suitable toroidal phasing and a frequency of 35 MHz, 
high poloidal wavenumber ion Bernstein waves could be excited off the 
horizontal midplane of the plasma by mode conversion[16]. 

The present TFTR range of operating frequencies and toroidal fields do 
not permit near-axis excitation of an IBW in a D-T plasma. However, 
microwave scattering and reflectometry in D and D-T-3He plasmas will be 
used to investigate the propagation of the IBW. Preliminary evidence of high 
wavenumber modes in the midplane has already been obtained. With toroidal 
phasing of the ICRF antennas, such as is already utilized in the current drive 
experiments, the prediction of up-down asymmetries in the poloidal 
wavenumber will be investigated with microwave scattering. Mode conversion 
in a D-T-3He L-mode plasma provides a small population of alpha particles to 
test the interaction. Because of the up-down asymmetry in IBW propagation, 
reversal of the toroidal launch direction should produce observable differences 
in the energy of the outwardly diffused alpha particles detected with the lost-
alpha probes. 
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7. SUMMARY AND FUTURE PLANS 

Efficient on and off axis mode conversion electron heating has been 
demonstrated with ohmic D-4He-3He and neutral beam fueled D-T-3He 
plasmas. The effects of directional propagation of the mode converted IBW 
have been observed. Future experiments will seek to demonstrate on and off 
axis mode conversion current drive. In D-T-3He systems, key ingredients of 
the physics of IBW - alpha particle interactions are being investigated. 
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DISCUSSION 

D. MOREAU: You stated that mode conversion electron heating was much 
more efficient than direct fast wave electron damping. This is true in a 3.5 keV 
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plasma, but do you not think that things will reverse themselves in a reactor plasma 
(20-30 keV)? The direct damping will increase linearly with Te, whereas the mode 
conversion scheme will suffer either from parasitic cyclotron Doppler shifted 
damping or, if the layers are far apart, from bad tunnelling. Can you comment on 
this? 

R. MAJESKI: As the electron temperature is increased from the present 
6-7 keV in TFTR to approximately 20 keV for ITER, direct fast wave damping will 
become more efficient. However, the mode conversion efficiency (which approaches 
90%) will not decrease and will still be competitive. Nevertheless, this technique is 
of greatest use in present and near-term devices. 

D. MORE AU: It is not clear to me whether the current drive effect that you 
observed was due only to mode conversion or at least partially to fast wave direct 
electron current drive, since both would be central. Could you please tell us how you 
distinguished between the two? 

R. MAJESKI: In the current drive experiments, power flow to electrons is seen 
to peak slightly off-axis, indicating that mode conversion dominates over direct fast 
wave heating. Again, mode conversion has been found to be much more efficient than 
direct fast wave heating. 
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Abstract 

COMPREHENSIVE STUDIES ON SECOND HARMONIC ICRF HEATING IN JT-60U. 
Toroidicity induced Alfvén eigenmodes (TAE) are observed during the second harmonic ICRF 

minority heating in JT-60U. The plasma stored energy decreases by about 7% during TAE mode excita
tion, while the population of MeV ions decreases by 60-70%. In high current discharges over 3.5 MA, 
many TAE modes with different toroidal mode numbers appear and disappear sequentially, with their 
frequencies decreasing in almost the same frequency band during the sawtooth free periods. This 
phenomenon can be explained by the structure of the Alfvén continuum gaps and the Doppler shift of 
counter toroidal plasma rotation during an ICRF pulse. The threshold value of the fast ion beta for excit
ing TAE modes increases with the internal inductance, because of enhancement of Alfvén continuum 
damping. 

1. INTRODUCTION 

Since 1992, second harmonic ICRF experiments have been performed in 
JT-60U for the research of minority ion heating, sawtooth stabilization and toroidic
ity induced Alfvén eigenmodes (TAE). 

The TAE modes excited by fusion product alpha particles are one of the 
predicted severe instabilities in a fusion reactor [1]. The TAE mode is formed by the 
coupling of Alfvén continua with toroidal mode number n and poloidal mode num
bers m and m + 1. The TAE mode frequency (fTAE) is given as fTAE = VA/(47rqR), 
where R is the major radius, VA is the Alfvén speed and q = (2m + l)/2n is the 
safety factor. 

1 Princeton Plasma Physics Laboratory, Princeton, New Jersey, USA. 
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The properties of TAE modes have been investigated by using tangential neutral 
beam injection (NBI) in DIH-D [2] and TFTR [3] at low plasma current (Ip < 
1.2 MA) and low toroidal magnetic field (BT < 1.5 T) for low Alfvén speed, 
because TAE modes can be excited by fast ions whose velocity is comparable to the 
Alfvén speed. Recently, TAE modes induced by precessional drifted ions were 
observed during the fundamental minority ICRF heating in the standard plasmas of 
TFTR (Ip < 1.8 MA) [3] and of JET [4]. 

In this paper, the properties of TAE modes at high plasma currents (2-4 MA) 
are described for second harmonic ICRF minority heating in JT-60U. 

2. EXPERIMENTS 

ICRF experiments in JT-60U have been performed by using a pair of phased 
antenna arrays at a frequency of 116 MHz, which is the second harmonic proton 
cyclotron resonance frequency at a magnetic field of 3.8 T. The maximum coupled 
power with plasmas reached 6.4 MW for the out-of-phase case. 

The phenomenon of sawtooth stabilization by minority ion second harmonic 
ICRH had been investigated in JT-60 [5]. Subsequently, the operating range for the 
sawtooth stabilization has been expanded significantly in JT-60U. The longest saw
tooth free period achieved, 2.3 s, was obtained at q95 = 2.9. The maximum value 
of Vp <ne>/PIC in JT-60U is up to 8.7 x 1020 MW"1, which is 50% higher than the 
corresponding values in the other tokamaks (JET, TFTR and Tore Supra) with fun
damental minority ICRH [6]. 

In low q discharges, a degradation of energy confinement with MHD modes 
measured with Mirnov coils has been observed during the sawtooth stabilized period 
by second harmonic ICRF minority heating in JT-60U. These magnetic fluctuations 
measured by the Mirnov coils are identified as TAE modes, because of the depen
dence of the measured frequencies on the plasma density (fTAE oc l/Vr^) and on 
the frequency range (150-300 kHz) [7]. 

Figure 1 shows a typical discharge for the minority ion second harmonic ICRH 
experiments at a plasma current of 3.5 MA and a toroidal magnetic field on axis of 
3.8 T. The Mirnov signals indicate the amplitude of TAE mode with the sideband 
signal 1200 kHz — fTAE| attributed to the sampling rate of 200 kHz. It has turned 
out that the confinement degradation has a clear correlation with the temporal evolu
tion of the TAE modes. The energy confinement is degraded in the first sawtooth free 
period by growing TAE modes. After a giant sawtooth crash, the TAE modes are 
suppressed and then the plasma stored energy measured with a diamagnetic loop 
(WDIA), the central electron temperature (Te(0)) and the neutron yield (Sn) surpass 
the values before the crash, where the neutrons have been produced by nB(p, n)nC 
reactions with a threshold proton energy of 3 MeV [7]. The y ray signals of 2.1 and 
4.4 MeV are estimated to be emitted from the inelastic scattering of fast protons on 
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E19332 

dB/dt 
(T/s) 

FIG. 1. Typical discharge with TAE modes by second harmonic ICRF minority heating at Ip = 
3.5 MA and BT(0) = 3.8 T. 
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FIG. 2. Time evolution ofTAE mode frequency spectra of discharge El 9332. 
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FIG. 3. Aljvén continuum gap map for observed TAE modes of discharge El 9332. 
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boron and carbon ions with a threshold proton energy of 2.5 and 5 MeV, respec
tively. The plasma stored energy decreases by about 7% during the TAE mode exci
tation period (7.6-8.05 s) in the second sawtooth free period, while the population 
of several MeV ions is found, from the neutron and the y ray signals, to decrease 
by 60-70%. 

Figure 2 shows the time evolution of the frequency spectra of the TAE modes 
during the second sawtooth free period of discharge E19332. Seven TAE modes with 
different toroidal mode numbers appear and disappear sequentially with the fre
quency changing in almost the same frequency range (255-275 kHz), and all TAE 
modes disappear after the sawtooth crash. The number of excited TAE modes 
increases with the plasma current so that nine TAE modes are observed at a plasma 
current of 4 MA [8]. The decrease in the TAE mode frequencies is caused by the 
Doppler shift due to the toroidal plasma rotation because the line averaged electron 
density is kept constant during the occurrence of TAE modes in Fig. 2. 

The distribution of gaps of the Alfvén continuum in the plane of safety factor 
(q) and toroidal mode number (n) is shown in Fig. 3. The safety factor at which the 
Alfvén continuum gap is located can be shown to be q = 1 + (2i + l)/2n (i = 0, 
± 1 , ±2, ±3 , .. .), on the assumption of m = n + i [8]. The range of the safety factor 
in which the TAE modes are excited is shown by the pentagonal region in Fig. 3, 
assuming a Doppler shift at 1 kHz due to counter toroidal plasma rotation: $ t = 
\J2-KR = — 1 kHz. The safety factor at which the TAE modes are excited includ
ing the Doppler shift is expressed as q = VA/(47r(fDS - n<ï>t)R), because fTAE = fDS 

— n$ t, where fDS and fTAE are the frequencies in the laboratory frame and the 
plasma frame, respectively. Many gaps of Alfvén continua for m = n are located at 
almost the same frequencies, because of the Doppler shift, so that the toroidal mode 
numbers of the TAE modes increase one by one along the m = n line, with the safety 
factor decreasing in the central region during the sawtooth free period. The maximum 
toroidal mode number is estimated to be larger than 13 from the observed TAE mode 
number of 9 in the pentagonal region in Fig. 3. 

To estimate the threshold ICRF power for exciting the TAE modes, the 
amplitude of the Mirnov coil signals versus the coupled ICRF power at a plasma 
current of 3.5 mA is shown in Fig. 4. TAE modes can only be observed when 
PIC > 3.5 MW. The stored energy of the fast tail ions (W^) is estimated to be 
Wfcü = 2/3 (WDIA - W,!,), where W ,̂ is the kinetic plasma stored energy. The 
threshold beta of the tail ions for the TAE moes is evaluated to be about 5 X 10"4 

from Wtoil [7]. 
The slowing-down time of the tail ions is proportional to <Te>

15/ne, and the 
tail ion energy is proportional to the ICRF power (PIC), so that the fast ion beta is 
proportional to PIC<Te>

l5/rie. Figure 5 shows the relationship between the value of 
pic<Te>

15/ñ"e during an ICRF pulse with/without TAE modes and the internal 
inductance of the target plasmas, where the closed and open circles indicate dis
charges with and without TAE mode, the closed and open triangles indicate internal 
inductance controlled discharges by LHCD before the ICRF pulse with and without 
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TAE modes, respectively. The threshold beta of the tail ions for the TAE modes 
increases with the internal inductance as shown in Fig. 5, because of the enhance
ment of Alfvén continuum damping. The TAE modes can be excited by controlling 
the internal inductance, which can be performed by current ramp-up operation or 
LHCD before the ICRF pulse. In addition, it is very interesting that the additional 
LHRF power during an ICRF pulse significantly enhances the amplitude of TAE 
modes, because of the absorption of lower hybrid wave by fast ions. 

Several eigenfunctions of TAE modes with n = 7 are calculated for the plasma 
configuration of El9332 with the kinetic-MHD code NOVA-K [9]. The threshold 
values of the fast ion beta for the TAE modes are calculated to be 5 X 10"5 to 6 X 
10"4 at Lh/a from 0.2 to 0.5, on the assumption that the pressure profile of the fast 
ions (lMeV) is Ph(r) = Ph(0) exp[—(r/Lh)

2], where Lh is the density scale length 
and a is the plasma minor radius. The threshold value of the fast ion beta (5 X 10"4) 
as measured for the TAE modes agrees quantitatively with the theoretical prediction 
by NOVA-K. 

3. SUMMARY 

TAE modes are observed during the sawtooth free periods with the second har
monic minority ICRH in JT-60U. The plasma stored energy decreases by about 7 % 
during TAE mode excitation, while the population of several MeV ions is estimated 
to decrease by 60-70%. The number of TAE modes appearing increases with the 
plasma current at a central toroidal magnetic field of 3.8 T, so that nine TAE modes 
with different toroidal numbers are observed in the same frequency range at Ip = 
4 MA. This phenomenon can be explained by the structure of the Alfvén continuum 
gaps and a Doppler shift of the counter toroidal plasma rotation. The TAE modes can 
be controlled by the non-inductive current drive as long as no power absorption by 
the fast ions takes place. 
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DISCUSSION 

R.J. HAWRYLUK: Do you have measurements of the q profile during saw-
toothing which confirm the theoretical hypothesis that changes in q are responsible 
for the toroidicity induced Alfvén eigenmode (TAB) activity? 

M. SAIGUSA: Unfortunately we cannot measure the q profile directly. We are 
currently preparing to measure the q profile using the motional Stark effect. Inci
dentally, the central q value during the sawtooth free period with ICRH has been 
measured in TFTR and JET, and q(0) was about 0.6-0.8. These data are consistent 
with our physical model. 
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Abstract 

HIGH POWER FAST WAVE DIRECT ELECTRON HEATING AND CURRENT DRIVE ON 
TORE SUPRA. 

Initial experiments on direct coupling of the fast magnetosonic wave to the electrons have demon
strated coupling up to 5 MW to the plasma and efficient electron heating. A significant bootstrap current 
fraction is observed. This heating scheme leads to a stationary improvement in energy confinement. 
Initial experiments on antenna phasing have shown clear evidence of fast wave current drive. 

1. INTRODUCTION 

Fast wave direct electron heating (FWEH) has recently received a lot of atten
tion [1,2] because of its potential capability of driving current (fast wave current 
drive — FWCD) at the centre of a tokamak discharge, even at very high density. An 
ambitious experimental programme is being carried out on Tore Supra (TS) to assess 
this scheme and validate theoretical extrapolations for ITER and steady state tokamak 
concepts. First results are reported in this paper. 

2. EXPERIMENTAL SCENARIOS 

The scenario used for the FWEH experiments was chosen in order to maximize 
the single pass absorption (SPA) of the wave by the electrons and to minimize any 
parasitic damping on the ions. The plasma parameters were: range of current 
Ip = 0.35 MA (q^ = 8.5)-0.75 MA (q^ = 3.5), major radius = 2.28 m, minor 
radius = 0.72 m, toroidal magnetic field Bt = 2 T, working gas deuterium and/or 
helium-4, frequency 48 MHz, dipole phasing. In this configuration, the third cyclo
tron harmonic layer of the majority ions is at the centre of the plasma. The first and 
second harmonic layers of hydrogen are marginally present at the plasma edge. Care
ful monitoring of the charge exchange neutral analysers (CX) data makes it possible 
to adjust B, in order to minimize the damping in the outer plasma layers. Figure 1 
demonstrates such an adjustment: the perpendicular analyser detects deeply trapped 
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FIG. 1. Neutral flux observed on perpendicular (a) and parallel (b) charge exchange neutral analysers 
for different values of Bt. 

ions produced at the low field side (second harmonic layer of hydrogen), the parallel 
analyser detects the barely trapped ions produced at the high field side (first harmonic 
layer of hydrogen). We see that for Bt = 2.15 T there is scarcely any interaction 
with any outer plasma layer. 

No evidence of significant damping on the central third harmonic has been 
observed either by CX or by ripple loss diagnostics. This is not surprising because 
the SPA by the third harmonic is negligible compared to the SPA on the electrons. 

HEATING PERFORMANCE 

Very efficient electron heating is observed when FWEH is used: the central 
electron temperature (Te0) rises from 1.2 keV to 4.5 keV during a 4 MW RF pulse 
at a central density of 4.0 X 1019 m"3 in a 0.4 MA discharge. The diamagnetic 
poloidal beta (j3p) value rises significantly, up to 1.1 in a 0.35 MA discharge. The 
theoretical expectation that no suprathermal particles are produced by FWEH is con
firmed by the observation that the plasma diamagnetic energy is in excellent agree
ment with the plasma kinetic energy calculated from the temperature and density 
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profiles [3]. An important feature of these experiments is that the high 0p is due 
entirely to thermal particles, in contrast with other high /3p experiments where as 
much as 50% of the j3p value is due to hot ions [4-6]. 

The peaked electron temperature profile is consistent with the extremely peaked 
power deposition calculated by the full wave code ALCYON [7]. This leads to high 
electron pressure gradients which induce significant bootstrap current in the plasma. 
The current diffusion code CRONOS [8] has been used to simulate such discharges. 
Note that, in order to avoid MARFEs which odd power coupling, the plasma current 
was ramped down during the first part of the RF pulse from 0.7 MA (3.5 s) to 
0.4 MA (4.5 s), and was then held constant for the remainder of the discharge. When 
the bootstrap current is included in the calculations, excellent agreement is obtained 
with experimental measurements of internal inductance (í¡), loop voltage and 
Faraday rotation angle (Fig. 2). For this shot, a bootstrap current fraction of 
45% ± 5% is obtained for a /3p value of 0.9. This high bootstrap current fraction is 

Time (s) Time (s) 

FIG. 2. Comparison between experiment (dashed line) and simulations for (a) plasma internal 
inductance, (b) loop voltage and (d) Faraday rotation angles. The dotted line corresponds to a 
simulation without bootstrap current. The solid line corresponds to a simulation with the bootstrap 
current shown in (c). 



464 EQUIPE TORE SUPRA 

obtained at a (3p value that is lower than usually reported [9], This is probably the 
case because there is no suprathermal contribution to the plasma pressure. It is worth 
while to note that the current profile is stationary at the end of the RF pulse (the simu
lated ohmic electric field is radially constant). 

4. CONFINEMENT 

The FWEH discharges exhibit an improvement in energy confinement which is 
stationary throughout the RF pulse. The measured kinetic energy of the electrons 
exceeds the prediction of the Rebut-Lallia-Watkins global scaling [10], which fits 
the TS L mode data well. The enhancement factor (H) increases linearly with the 
RF power for a given plasma current (Fig. 3), reaching a value as high as 2. 

The local transport analysis code LOCO [11] has been used to study these 
discharges and compare them to L mode discharges. Figure 4 displays the results of 
such an analysis: the electron heat diffusion coefficient is significantly lower during 
FWEH than during lower hybrid current drive (LHCD), although the LHCD power 
(2 MW) was lower than the FWEH power (2.8 MW). Because of the peaked Te 

2 3 4 
FWEH power (MW) 

FIG. 3. Improvement of confinement versus FWEH power. 
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FIG. 4. Temporal evolution of total power, enhancement factor H and electron heat diffusion coeffi
cient. Current density profiles during the FWEH, Q, LHCD phases (the shaded area represents the boot
strap current density). Current profiles are inferred from the CRONOS code and agree with Faraday 
rotation angle data (see Fig. 2). 

profile and the larger bootstrap current fraction, a strong peaking of the current den
sity profile is observed during the enhanced confinement phase. This peaking leads 
to a higher mangetic shear, which has already been correlated with enhanced confine
ment [12]. This suggests that the improvement of confinement observed during 
FWEH originates from the current peaking. Note that the peaking appears inside the 
half-radius of the plasma and does not affect 4 significantly (AÍ-/Í- < 10%). This is 
in contrast to current ramp experiments [13] in which current profile peaking is 
obtained by strongly modifying the current at the edge of the plasma. Consequently, 
the usual relationship between H and Í- [14] does not apply when FWEH is used. 
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5. FIRST EXPERIMENTS ON FWCD 

Phase diagnostics have been installed on the antenna, making it possible to 
verify that the phase between currents in the antenna straps can be varied continu
ously from dipole to maximum directivity, in the presence of plasma. 

One initial result is the importance of minimizing any competing absorption 
mechanism. When going towards current drive operation, one has to lower the 
launched toroidal wavenumber. Consequently, the SPA by the electrons decreases, 
and parasitic damping is favoured. In fact, in an early set of experiments, where the 
first harmonic layer of hydrogen was slightly inside the plasma, the electron heating 
degraded and even disappeared when the phase was scanned towards maximum direc
tivity. This degradation is correlated with the appearance of a hot ion tail observed 
on the CX diagnostic. After optimizing Bt as was shown in Section 2, up to 4 MW 
have been coupled to 0.75 MA discharges, in co-current operation, with little degra
dation in electron heating (Te0 = 4 keV). 
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A phase scan experiment has been conducted in low current (0.4 MA) dis
charges in order to maximize the relative effects of fast wave current drive (FWCD). 
Remarkably, when comparing dipole to co-current operations with the same heating 
power (2.5 MW), we find that the loop voltage drop is nearly the same, although 
TgQ is lower in the co-current case. However, the density and effective charge are 
the same for the two shots, and the bootstrap current is expected to be lower for the 
co-current case because the pressure gradient decreases. In fact, on simulating these 
two discharges with CRONOS, we find that the non-inductive current is 110 + 20 kA 
during dipole operation and 170 ± 20 kA during co-current operation. When the 
bootstrap current is included, the simulation reproduces well the dipole operation 
data. However, the value of resulting bootstrap current is only 90 ± 20 kA during 
co-current operation. We thus infer that 80 ± 40 kA are generated by the fast waves. 

This result is in good quantitative agreement with the results of ALCYON, 
which predicts 30 kA/MW for these plasma parameters. However, we have to 
broaden the predicted current profile in order to obtain good agreement between 
experimental and simulated i- and Faraday rotation angles. This broader current pro
file might be explained by the sawteeth which occur during these discharges. 
Fokker-Planck calculations [15] are also being undertaken in order to check the 
influence of transport of electrons on the fast wave driven current. 

Figure 5 displays the result of the phase scan experiments. Counter current 
operation does not lead to a significant RF driven current as has already been 
observed on DIII-D [1]. This asymmetry cannot be explained by synergistic effects 
with the ohmic electric field because the particles carrying the current are mainly 
thermal. ALCYON does predict some asymmetry due to the asymmetric poloidal 
mode number enrichment of the fast wave [7]. However, this is not sufficient to 
explain the experimental observations. Further experiments are planned in order to 
investigate this asymmetry. 

6. CONCLUSIONS 

FWEH has proved to be a very efficient heating scheme on TS. Experimental 
optimization has shown that it is possible to eliminate parasitic absorption on ions. 
This is extremely important, especially when single pass damping by electrons is low 
as is the case during current drive operation. The unique opportunity offered by 
FWEH to heat the plasma without creating suprathermal particles leads to high boot
strap current fractions at a j3p value that is much lower than has been reported in 
other experiments. A stationary improvement of confinement is observed and is cor
related with peaked current profiles and high magnetic shear. Finally initial experi
ments on antenna phasing have shown clear evidence of FWCD and agree well with 
predictions of the ALCYON full wave code for co-current operation. 
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DISCUSSION 

M. PORKOLAB: Can you say something about sawtooth behaviour during the 
highly central electron heating predicted for fast wave electron heating (FWEH)? Do 
the sawteeth become large during FWEH or fast wave current drive (FWCD)? This 
is one of the concerns regarding this type of heating. The confinement observed in 
your experiments does not seem to deteriorate during FW injection. 

B. SAOUTIC: Most of the experiments were done at low current where the 
sawteeth were tiny. No problem with the sawteeth has been encountered. 

P. MOROZ: How strong was the single pass absorption in the heating and 
current drive experiments? 

B. SAOUTIC: It was 10% during fast wave direct electron heating and 5% 
during fast wave current drive. 

T.C. LUCE: With your method of determining the fast wave current drive, it 
is important to know the Zeff profile accurately. Can you comment on how Zeff is 
determined, what the accuracy is, and how Zeff changes from ohmic to FW? 

B. SAOUTIC: Zeff is determined from visible bremsstrahlung. It has been 
checked by using our impurity transport code, which allows synthesis of data from 
visible bremsstrahlung, UV spectral impurity lines and soft X rays. The quality of 
the time evolution reproduction of the experimental data in the simulation allows us 
to be quite confident of the Zeff profile determination. Zeff goes from a typical 
2.2 value during the ohmic phase to a typical 2.6 value during the FW phase. 
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Abstract 

FORMATION OF CORE TRANSPORT BARRIER AND CH-MODE BY ION BERNSTEIN WAVE 
HEATING IN PBX-M. 

Observation of core transport barrier formation (for particles, ion and electron energies, and 
toroidal momentum) by ion Bernstein wave heating (IBWH) in PBX-M plasmas is reported. The forma
tion of a transport barrier leads to a strong peaking and significant increase of the core pressure (70%) 
and toroidal momentum (20%), and has been termed the core high confinement mode (CH-mode). This 
formation of a transport barrier is consistent, in terms of the expected barrier location as well as the 
required threshold power, with a theoretical model based on the poloidal sheared flow generation by 
the IBW power. The use of IBW induced sheared flow as a tool to control plasma pressure and bootstrap 
current profiles shows a favorable scaling for use in future reactor grade tokamak plasmas. 

1. INTRODUCTION 
Plasma pressure control is an important issue for advanced tokamak 

regimes[l]. It is particularly crucial when one considers high-performance 
tokamak plasmas where high-|3 plasmas are sustained almost entirely by self-
generated bootstrap currents. For example, by properly aligning the bootstrap 
current to ensure stability against ballooning and kinetic modes, an attractive 
high-performance regime with a negative magnetic shear region has been 
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IBW 
Antenna 

FIG. 1. IBW induced sheared flow, (a) IBW ray trajectories in PBX-M using the CH-mode parameters, 
(b) Calculated sheared flow. PIBW = 300 kW, BT = 1.49 T (R = 165 cm), f (IBW) = 55 MHz. 
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recently proposed[2]. To ensure proper "alignment" of the bootstrap current, 
it is important to develop a tool to control the plasma pressure profile. If one 
looks toward burning plasmas with several hundred MW of oc-heating power, 
transport control represents a powerful tool for pressure profile control. 

2. PHYSICS OF POLOIDAL SHEARED FLOW GENERATION BY 
IBW 

To develop an efficient tool for active transport control, a concept based 
on RF-induced sheared flow generation has been proposed[3, 4]. In an H-
mode related theory, the generation of sufficient sheared poloidal flow is 
predicted to stabilize turbulence thereby improving confinement^]. The non
linear sheared flow, dVp/dr, for each ion species in the presence of the IBW 
electric field E. can be given as 

dVv d 

dr dr 
= 7 " [ ( ^ - V ) V p ] / / Í = - / C I. ajbjEl^jSgnik,) (1) 

where jn^ is the neoclassical ion viscosity damping term, V is the ion 
oscillation velocity vector, aj and bj are the ion response functions, and sgn 
(kr) is +1 for the radially inward propagating ray and -1 for the outward 
propagating ray. The subscript summation j represents the wave rays used in 
ray tracing calculations. The generated momentum drive, summed over all 
ion species, is then averaged within each flux surface grid. The sheared flow 
is generated strongly near the wave power absorption region since d/dr ~ -2 
Im kr. The combination of high wave electric fields, large ion response 
functions, high wave number (which is enhanced near the absorption region), 
and strong local wave absorption all contribute to make the poloidal sheared 
flow significant for IBW. In Fig. 1, typical IBW ray trajectories, the absorbed 
wave power density, and the calculated velocity shear are shown [see Ref. 6 
for a general review of IBWH]. With only a relatively modest power of 300 
kW, a significant sheared flow > 105 sec-1 is generated. This level of shear is 
believed to be sufficient for turbulence suppression. It should be noted that if 
the wave absorption is weak, the sheared flow is expected to be small, since 
Im kr is small and the effect of inward kr and outward kr (see Eq. 1) tend to 
cancel. 

3. OBSERVATION OF CORE TRANSPORT BARRIER AND CH-
MODE 

TIME EVOLUTION OF CH-MODE DISCHARGE - Application of 
IBW power (PIBW ~ 300 kW) in a strongly NBI heated H-mode plasma 
(PNB! ~ 2 MW) causes a strong peaking of the pressure profile in bean-
shaped PBX-M plasmas, termed the CH-Mode (Core High confinement 
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Time (s) 
FIG. 2. Time evolution of the CH-mode discharge. 
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FIG. 3. Profiles of Te, ne, T¡ and V$ for the CH-mode (solid lines) and H-mode (light lines). Pmw « 
300 kW, PNBI «2.0 MW, BT = 1.49T (R = 165 cm), f (WW) = 55 MHz. 

Mode)[7]. In Fig. 2, the evolution of a CH-Mode discharge is shown. The 
IBW power is applied during a pre-existing H-mode. The discharge goes 
through an initial ELM (Edge-Localized-Modes) phase, which then evolves 
into the ELM-free CH-mode phase. Even though the line integrated density is 
relatively flat, the central density increases significantly. In the figure, the 
time evolution of the density peakedness, ne(0) / <ne>, as computed from 
TVTS, is also shown. The peakedness rises from 1.5 for the H-mode to 2.5 -
2.7 for the CH-mode. 
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PROFILE COMPARISON OF CH-MODE AND H-MODE - A 
comparison of the various plasma profiles (at t = 600 msec) during the CH-
mode (with IBW) and H-mode (without IBW) is shown in Fig. 3. Two 
discharges are similar except for the presence of ~ 300 kW of IBW power. In 
Fig. 3(a) and 3(b), the measured 51 point TVTS Te and ne profiles, both taken 
at the same discharge time, are shown for the CH-mode and H-mode (without 
IBW) for otherwise identical discharges. A strong contrast is seen in the 
density profiles, where the density is strongly peaked for the CH-mode with 
the central density nearing 1014 cnr3, while for the H-mode, it remains 
relatively flat not exceeding 6xl013 cm"3. The electron temperature profile for 
the CH-mode has the distinctive feature of a steep slope near the mid-plane 
radius of r =13 cm. In Fig. 3 (c) and (d), the ion temperature and toroidal 
rotation velocity, V§, profiles from the charge-exchange recombination 
spectroscopy (CHERS) diagnostics are shown. Both show an increase in the 
core region. This peaking of the ne, Te, Ti, and V<¡) profiles results in a 
significant increase in the core plasma pressure (~ 70%) and a significant 
enhancement of toroidal velocity (20%) for the CH-mode compared to the H-
mode. The peaking of the pressure and V<j) profiles in the CH-mode is 
primarily due to a transport change in the mid-radius region, since the applied 
IBW power is very modest compared to the total heating power, PlBW « 
PNB!- TRANSP analyses of these discharges indeed confirm that a factor of 
two reduction in the ion energy and toroidal momentum diffusivities in the 
core region (near the mid-radius) occurs during the CH-mode, compared to the 
ELM-free phase of H-mode. The core particle diffusivity also shows a large 
drop compared to the H-mode. The electron diffusivity behavior is not 
conclusive due to the uncertainty in the measured radiated power. We shall 
discuss this formation of a transport barrier in more detail in Sec. 4. 

SOFT X-RAY BARRIER OBSERVATION - Additional insight into 
the electron energy barrier formation is provided by the 32-channel vertical 
soft X-ray diagnostic during the earlier ELM phase of the discharge (even 
before the profile peaking) [8]. In a typical PBX-M H-mode discharge, during 
the ELM, the soft X-ray intensity generally drops in the plasma interior and 
increases in the edge, indicating the outward loss of electron thermal energy. 
Shortly after the IBW power reached its full value (~ 10-15 msec), the soft X-
ray data show formation of a transport barrier observed near the vertical 
position of z ~ 17 cm, which corresponds to a mid-plane position of r =11-13 
cm. This barrier location coincides reasonably well with the position of the 
steep kinetic gradient region later formed in the CH-phase (see Sec. 4). It 
should be noted that the barrier may be weakened by ELM activity. When 
ELMS occur in rapid succession (e.g., for the case where the ELM bursts 
occur = 1 msec apart), the observed barrier becomes progressively weaker. 
The barrier grows stronger when the ELM quiescent period is longer (e.g., ~ 7 
msec). As the discharge enters an ELM-free period, the full barrier quickly 
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develops (as indicated by the CH-Mode period). During the CH-mode period, 
sawteeth and ELMs are absent. 

ENHANCED NEUTRON YIELDS AND BOOTSTRAP CURRENT 
REALIGNMENT - To take advantage of the improved core confinement, 
two additional neutral beams (total of ~ 4 MW) were injected during the CH-
mode phase. Even though the heating power was nearly doubled, the essential 
features of the CH-mode were preserved. With the additional heating power, 
the (H-mode) edge barrier is again restored as seen by the soft X-ray 
diagnostic, the profile showing two barriers. The steep density gradient in the 
mid-radius region of the CH-mode resulted in a doubling (jboot fraction 
reaching 35%) of the bootstrap current generation in the half-radius region 
(estimated from the TVTS profiles) compared to the H-mode case. Perhaps 
more importantly, the CH-mode was able to move the bootstrap current region 
away from the edge for the H-mode case toward the core region, which leads 
to a more desirable bootstrap current profile alignment [2]. The bootstrap 
current (driven off-axis) tends to increase the central q(0). The measured q(0) 
with the MSE diagnostic rises in the density rising phase from 0.8 to .97, 
which is consistent with the TRANSP values. In addition, the peaked CH-
mode discharges generally resulted in a significant enhancement of the D-D 
beam target fusion neutron yield (up to 60%) compared to otherwise similar 
H-mode discharges. This result indicates that IBW is highly efficient in 
maintaining the CH-mode with only a modest amount of IBW power, PIBW ~ 
300 kW « PNBI ~ 4 MW, a promising result for future applications. 

4. COMPARISON OF TRANSPORT BARRIER FORMATION AND 
SHEARED FLOW MODEL 

OBSERVED BARRIER LOCATIONS AND SHEARED FLOW 
LOCATION - The radial profiles of the absolute values of the Te, Ti and ne 

gradients are shown in Fig. 4(a). The H-mode has a strong density gradient in 
the edge region. For the CH-mode, the strong density gradient region is 
moved well into the plasma core. The CH-mode also has a strong electron 
temperature gradient in the core region (r ~ 13 cm), well above the 
experimental error bars. These large gradients suggest the existence of an H-
mode-like transport barrier near the mid-radius region. Similar gradients can 
be also seen in the ion temperature profile. The observed location of the soft 
X-ray ELM barrier (r ~ 11-13 cm) is indicated in the figure. In the strong 
pressure gradient region, ballooning-like high frequency (75-350 kHz) MHD 
fluctuations are observed. In Fig. 4(b), the Vty gradient and the calculated 
IBW induced poloidal sheared flow are shown with their locations coinciding 
relatively well with the observed barrier location. The Te gradient appears to 
occur at a slightly larger radius than the rest of the barrier locations. It might 
be conjectured that the T e gradient may be influenced by the presence of the 
nearby q=3/2 surface. 
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RESONANT vs. NON-RESONANT HEATING EXPERIMENT - In 
PBX-M IBW experiments, the peaking of density was observed not only in 
the CH-mode but also in the ohmic discharges. In a typical ohmic discharge, 
an application of a modest amount IBW power (100 kW) for 5 Q D resonance 
heating is usually sufficient to cause the density peaking. Also in the previous 
IBW experiments in JIPPTII-U, 3 Q H resonance heating caused peaking of 
density and pressure profiles in the OH and NBI heated L-mode circular 
plasmas [9]. Therefore, the profile peaking by IBWH appears to be associated 
with the presence of a resonant absorption layer in the plasma. The 
occurrence of peaking for the case with strong wave absorption is consistent 
with the sheared flow model. In addition, the observed required power in 
PBX-M for the density peaking is on the order of 100 kW (for circular Ohmic 
parameters) and 300 kW (for bean-shaped CH-mode parameters), which is 
consistent with the estimated required IBW power based on the sheared flow 
model. In one experiment with a circular ohmic plasma in PBX-M, by going 
down to the lower cyclotron harmonic frequency (co < 4QD) by reducing the 
transmitter frequency to 42 MHz, the IBW ion cyclotron heating layer was 
moved to the high field side of the plasma. This configuration makes the 
heating layer inaccessible to the externally launched IBW, since in this case, 
the IBW rays are radially reflected near the plasma axis, and they propagate 
back towards the antenna essentially undamped. As mentioned in Sec. 2, the 
inward and outward going waves tend to cancel the poloidal drive and 
therefore, little sheared flow is expected. Indeed, in this case, even with 
repeated attempts (over 100 shots) and with higher IBW power (= 200 kW), 
no peaking of the density profiles was observed (no local transport change), 
further supporting the sheared flow model. 

FUTURE PROSPECTS AND EXPERIMENTAL PLANS - In terms of 
the plasma and device parameters, it can be shown from Eq. (1) that the 
generated poloidal sheared flow scales as 

dr Arr¿ nQ^K Z# Q¡ 

where Ar is the power deposition radial width, K is plasma elongation and N¡ 
is the ion species fractions. This scaling tends to favor high field, high 
temperature clean plasmas, offsetting the unfavorable inverse density and size 
scaling for future reactor grade plasmas. The model indeed predicts high 
poloidal sheared flow generation efficiency by IBW in reactor-grade plasmas 
(e.g. for ITER parameters, P IBW ~ 10 MW « P a . ) Since the wave 
absorption layer position can be varied by moving the ion cyclotron harmonic 
layer position (by changing the wave frequency or the magnetic field), it may 
lead to a tool for active plasma pressure and bootstrap current profile control, 
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which is essential for advanced tokamaks such as TPX and DEMO. The 
peaking of density and pressure profiles could also benefit ITER by enhancing 
fusion reactivity. On PBX-M, it is planned to explore further the physics of 
IBW induced sheared flow through poloidal velocity and plasma fluctuation 
measurements along with bootstrap current alignment studies. To enhance the 
quality of the CH-mode on PBX-M, it is planned to increase the IBW power 
(possibly with two wave frequencies) and improve impurity control (e.g., wall 
boronization). 
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DISCUSSION 

V. PARAIL: Your experiment shows that, before the transition to the CH 
mode, ELMs emerge which modify transport not only near the edge but far inside 
the plasma. Do you not think that the disappearance of these ELMs might be the 
cause of the CH mode formation? 

M. ONO: The physics of barrier formation by IBW should be independent of 
ELMs, since there are many experiments showing peaking phenomena during IBW 
when ELMs are not present, e.g. OH, L mode. However, for the CH mode we 
observe interactions of the barrier with ELMs (ELMs tend to weaken the barrier and 
the barrier tries to modify the ELMs). The period which we term CH mode occurs 
when the ELM becomes stable. We see the density barrier already formed in the 
ELM period (see Fig. 1). The temperature barrier tends to form when the ELM 
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becomes stable, which we attribute to the improved barrier when the ELM becomes 
stable. Therefore the CH mode may be a combination of barrier formation and elimi
nation of ELMs. However, we observe a significant improvement in core confine
ment even compared with the earlier ELM free H mode period. ELMs do degrade 
confinement, but not significantly enough to explain the CH mode. So, to conclude, 
we believe that the absence of ELMs does not of itself produce the CH mode, but 
it could help improve the quality of the barrier being formed by IBW, which then 
leads to the CH mode. 



IAEA-CN-60/A3-8 

PLASMA FILAMENTATION AND FIRST RESULTS 
OF 110 GHz ECH IN THE RTP TOKAMAK 

A.A.M. OOMENS, C.J. BARTH, F.M.A. BOX, C.C. CHU, 
D.F. DA CRUZ, F. DE LUCA1, A.J.H. DONNÉ, 
J.F.M. VAN GELDER, G. GORINI1, P.C. VAN HAREN, 
S.H. HEIJNEN, G.M.D. HOGEWEIJ, C.A.J. HUGENHOLTZ, 
L.C. INGESSON, A. JACCHIA2, J.A. KONINGS, J. LOK, 
N.J. LOPES CARDOZO, P. MANTICA2, F.G. MEIJER, 
A. MONTVAI, A.G. PEETERS, M. PETERS, F.J. PIJPER, 
M.J. VAN DE POL, R.W. POLMAN, J.H. ROMMERS, 
M. DE ROVER, B.C. SCHOKKER, F.C. SCHÜLLER, 
C.P. TANZI, A.G.A. VERHOEVEN, E. WESTERHOF 
FOM Instituut voor Plasmafysica 'Rijnhuizen', 
Association Euratom-FOM, 
Nieuwegein, Netherlands 

Abstract 

PLASMA FILAMENTATION AND FIRST RESULTS OF 110 GHz ECH IN THE RTP TOKAMAK. 
Transport studies and second harmonic ECRH results are presented. High spatial resolution 

Thomson scattering reveals the discontinuous nature of tokamak plasmas, especially with ECRH and 
pellet injection. A Zeff scan shows a weak dependence of xe on collisionality. Heat pulse propagation 
with modulated ECRH indicates a transport barrier related to the q = 1 surface. Off-axis heating with 
110 GHz resulted in flat or even hollow Te profiles. 

1. GENERAL 

The research programme of the Rijnhuizen Tokamak Project RTP concentrates 
on two topics: tokamak transport and the interaction of millimetre waves with 
tokamak plasmas. For this purpose, the device (RQ = 0.72 m, a = 0.17 m, BT < 
2.4 T, Ip < 150 kA, pulse duration <600 ms, boronized stainless steel vessel) is 
equipped with an extensive set of multichannel diagnostics with high spatial and tem
poral resolution, and with ECH and a multipellet injector to manipulate the plasma 
conditions. The ECH system with two 60 GHz, 200 kW, 0.1 s gyrotrons for plasma 
heating at the fundamental resonance was recently extended by a 110 GHz gyrotron 
(500 kW, 200 ms) to investigate second harmonic heating and current drive [1]. 

Following a shutdown period of one year, the operation of RTP was resumed 
in summer 1993. In this paper we briefly report our results on four issues: 

1 Dipartimento di Física, Università degli Studi di Milano, Milan, Italy. 
2 Istituto di Física del Plasma, Milan, Italy. 
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Measurements of structures in the electron temperature (Te) and pressure (pe) pro
files; transport studies: steady state in a Zeff scan and perturbative techniques using 
sawteeth and modulated ECH; first heating experiments with the 110 GHz system; 
measurements of Te and rig profiles during pellet ablation. 

2. STRUCTURES IN THE Te AND pe PROFILE 

A dedicated research programme has been started, with the objective of check
ing the common assumption that the magnetic topology in a tokamak is a nest of 
toroidal flux surfaces. The major part of this programme is formed by measurements 
of the Te and n̂ . profiles along a chord through the plasma, with a spatial resolution 
of 1% of the plasma minor radius, i.e. 1.5 mm. These measurements were carried 
out with a newly installed Thomson scattering system [2]. 
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FIG. 1. Examples of measured Te profiles: (a) under central ECH, several peaks of high Te are 
observed; (b) the hot filaments are still there, 300 ¡is after switching off ECH; (c) near the sawtooth 
inversion radius a step in Te is observed, which is particularly pronounced in high qa discharges; 
(d) outside the sawtooth region, structures are observed, both in ohmic (this example) and in ECH dis
charges. The corresponding profiles of ne show very little structure. 
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With central ECH, remarkable results are obtained [3]: several filaments of 
very high Te in the deposition region (Fig. 1(a)), which persist hundreds of micro
seconds after switching off ECH (Fig. 1(b)), within a central hot region which is 
bounded by very sharp gradients (Fig. 1(c)). In all these cases, the n̂  profile is flat 
and relatively smooth so that the profile of the electron pressure (pe) is very similar 
to that of Te. Outside the central region, the Te profiles have a fair degree of up-
down symmetry, but both ohmic and ECH plasmas show bumpy rather than smooth 
Te profiles (Fig. 1(d)). Statistical tests using multiknot spline fitting showed that the 
measured structures are significant down to a size of ~ 1 cm. 

The hot filaments are interpreted as closed flux tubes. Inside these tubes, the 
cross-field diffusivity xe must be very low («0.01 m2/s) and not far from neoclassi
cal predictions, as follows from a power balance analysis and the energy confinement 
time of hundreds of microseconds. The confinement time is confirmed by the long 
life of the magnetic structures after switch-off. It is conjectured that these tubes are 
immersed in regions with stochastic magnetic fields. The details of the magnetic 
topology and their consequences for transport are being analysed. 

Interestingly, the filamented region appears to be bounded by a shell with very 
low transport. A power balance analysis shows that across the sharp Te gradient, 
Xe ~ 0.01 m2/s, again close to the neoclassical value. The position of the gradient 
is near the sawtooth inversion radius, suggesting a relation to the q = 1 surface. 
Independently, a similar, but more modest transport barrier is invoked in heat pulse 
propagation studies using modulated ECH (see Section 3). 

The structures outside the sawtooth region may be regarded as snapshots of 
broadband Te fluctuations. The present data do not allow conclusions on the tem
poral behaviour. Unlike the features found with ECH in the central region, which are 
most pronounced at ^ < 2.5 X 1019 m"3, the structures in the ohmic profiles are 
most clearly seen with high ne, because of the smaller measuring error with the 
higher photon yield. Somewhat similar observations are reported from JET [4], 
where - using a LIDAR Thomson scattering diagnostic - flattenings of the Te pro
file were found that appeared to be connected to low order rational q surfaces. In 
TFTR, a dedicated search using ECE did not reveal any structures in Te [5]. A pos
sibility is that the structures represent broadband Te fluctuations which are too fast 
to be measured by ECE. 

In summary, high resolution measurements of Te and pe in RTP show struc
tures which are at variance with the paradigm of nested flux surfaces. The local 
strong gradients must induce a strongly inhomogeneous current density profile, 
which is probably accompanied by an intricate pattern of plasma flows and electric 
fields. Whilst these measurements may suggest that the plasma under ECH is particu
larly unruly, the global confinement follows the usual scaling laws. 
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3. TRANSPORT STUDIES 

Local power balance analysis in a Zeff scan from very clean deuterium dis
charges to pure neon discharges (1.4 < Zeff < 9.8) showed a remarkable absence 
of scaling: neither the absolute values nor the radial dependence of xt° showed any 
marked dependence on Zeff. Scaling with the collisionality v¡ and the density ^ 
yields: xl*(r) ~ ne(r)"

,-2i>c*(r)0-4 in ohmically heated plasmas; the dependence of Xeb 

on j>* in ECR heated plasmas could not be established because of the small density 
range available (Fig. 2). This difference can be understood from the fact that ohmic 
plasmas in RTP are collision dominated (vl > 1), whereas over a large part of the 
minor radius in ECR heated plasmas the collisionality is low (vl < 1) [6]. 

The dependence of x¿nc on plasma current and input power was studied with 
modulated ECH and sawtooth heat pulse propagation [7, 8]. From both perturbative 
techniques, consistently the picture emerged that the perturbations can be described 
with a single xlnc profile. This profile shows a step at a characteristic radius rs. 
Inside rs, which scales with plasma current and has a value between inversion radius 
and mixing radius, xinc has a low value ( — 0.6 m2/s). Outside rs, a parabolic shape 
of x¿nc is determined, with an average value of x¿nc ~ 5 ± 1 m2/s. Moreover, 
X¿nc/Xepb = 2-2.5 everywhere outside rs. Sawtooth induced heat pulse propagation 
analysis using the extended time-to-peak method as well as numerical simulations of 
the time traces, at three heating power levels within a single discharge, showed that 
xlnc is independent of power. Because of the modest change in Te (a factor of 1.5 in 
the heat pulse propagation area), a weak dependence, xlnc ~ T" or ~ V T " with |a| 
< 0.5, cannot be ruled out. The lack of dependence on input power is confirmed by 
modulated ECH experiments. 
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FIG. 2. Thermal diffusivity xf* as a Junction of collisionality v*e, normalized by the density scaling 
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4. FIRST RESULTS WITH 110 GHz ECH 

A110 GHz system was recently installed at RTP to investigate heating and 
current drive with ECR at the second harmonic frequency. The system contains a 
500 kW, 0.2 s gyrotron (GYCOM), and a quasi-optical transmission line. In a first 
series of heating experiments, 350 kW was injected radially in X mode from the out
board side into ohmic target plasmas (hydrogen, Zeff = 2-2.5, Ip = 80 kA). Await
ing the installment of protective equipment, we could only use a restricted amount 
of diagnostics. The time evolution of the plasma energy content, i.e. the quantity 

CM 
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FIG. 3. 0^; + l¡/2 as determined from magnetics as a Junction of average density (interferometer) for 
central deposition of 300 kW of 110 GHz ECR power compared to the ohmic values for the same set 
of discharges. 

1 .2 

FIG. 4. Profiles of Te during off-axis ECH (+), deposited at r/a ~ 0.43, and measured 30 ms 
(~10 TE) after switch-on, compared to Óhmic profiles (») of similar discharges. Depending on elec
tron density, the Te profiles are very flat (left, (ne) = 2 x 1019 m'3) or even hollow (right, (ne) -
4 x lO19 m'3). The ne profiles are almost flat within r/a « 0.43. 
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03poi + 4/2) was determined from magnetics, and the absolute value was checked 
for a few shots against Thomson scattering. The profiles of temperature and density 
were measured at 30 ms after gyrotron switch-on. 

From both a dynamic and a shot-to-shot BT scan a rather flat maximum in 
heating efficiency was found, centred around BT = 2.04 T. With on-axis deposi
tion, good absorption was obtained for central densities of (0.1-1) x 1020 m~3 

(Fig. 3). According to ray tracing calculations the FWHM of the deposition profile 
is ~ 5 cm. At low densities (ne(0) « 2 x 1019 m~3), the Te profiles are rather simi
lar to that of Fig. 1(a), although, often, only one very narrow Te spike is observed. 
With off-axis deposition, Te profiles are obtained which at low densities are virtu
ally flat out to the deposition radius and become hollow at high densities (Fig. 4). 
In these discharges the ohmic power input drops to about 40 kW during the ECR 
pulse. It should be noted that the profiles are measured many confinement times after 
switch-on of the gyrotron. 

5. Te AND ne PROFILES DURING PELLET ABLATION 
IN OHMIC DISCHARGES 

Pellets have been injected radially with a velocity of 700 m/s into ohmically 
heated plasmas with qa = 5.3, (%) = 1.8 x 1019 m"3 and Te « 700 eV. The 
number of particles contained in a pellet is 2 X 1019. From Ha emission it was 
observed that penetration of the pellets was up to the inner wall. In a series of 
identical discharges, Te and ne profiles were taken during the passage of the pellet 
at a port separated 60° in the toroidal direction. From a first analysis it seems that 
the ablation process is adiabatic in the outer part of the plasma, but is not so in the 

1.2 

FIG. 5. Profiles of (a) Te and (b) ne during pellet ablation (+) compared with ohmic profiles in com
parable discharges. At the time of the measurement, the pellet is, translated to the vertical direction, 
at about z = 28 mm. 
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centre. A typical example of the results is shown in Fig.5. The Te profiles are rela
tively smooth, but the rig profiles show an unexpected, bumpy behaviour. Pictures 
of the ablation cloud, taken from the top, confirm this discontinuous behaviour. 
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Abstract 

DIVERTOR CHARACTERISTICS DURING HIGH DENSITY H MODE DISCHARGES IN ASDEX 
UPGRADE. 

Impurity addition and divertor neutral density control have been identified as the two key ele
ments to obtain a divertor operating regime compatible with ITER. Separately feedback controlled puff
ing of both deuterium and neon was applied to high performance H mode ASDEX Upgrade discharges. 
Raising only the divertor neutral density broadens the energy carrying SOL and leads to detachment 
of the target plates from the energy flux in between ELMs, with reattachment during ELMS. Enhance
ment of the radiated power fraction through neon addition leads to the appearance of a new type of high 
frequency ELMs with very small amplitude and with negligible transport of energy to the target plates. 
In this completely detached high confinement (CHD) regime, the energy confinement time remains at 
the usual H mode level. 

Introduction 

Energy and particle exhaust is one of the main ITER problems [1]. The ITER 
energy flow in the SOL requires sufficient upstream energy losses to limit the 
particle energy and the power deposition onto the target plates. The study of this 
"cold" or "detached" divertor has to be done in relevant divertor geometry and 
with sufficiently high heating power. Operation at high density and the addition of 
impurities have to enhance the volume losses. At the same time one has to study 
pumping of hydrogen, helium and the added impurity. An extended investigation 
on ASDEX Upgrade was devoted to this question. 

1 Institut fur Allgemeine Physik, Technical University of Vienna, Vienna, Austria. 
2 Institut fur Plasmaforschung, University of Stuttgart, Germany. 
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Operation at high power leads in general to H mode with ELMs. Thus one 
has to reduce particle energy and power flow in between but especially during 
the ELMs or reduce the ELM activity without losing good confinement. We will 
investigate here the conditions for a detached divertor and especially for reduced 
power flow during ELMs. The main tools to reach this were deuterium gas puffing 
and the controlled addition of neon. (For detailed information about the neon 
experiments and general properties of the H mode see other contributions to this 
conference [2,3] and [4], 

Plasma Parameters and Diagnostics 

The experiments are conducted in a single-null divertor configuration (see 
fig. 1) with plasma facing components covered with graphite and a routinely 
boronized vacuum vessel. With deuterium as the filling gas and densities ñfí < 
1.2 • 102 0 m - 3 the plasma currents are varied between 0.8 and 1.2 MA, and the 
toroidal magnetic field between 1.7 and 2.5 T, corresponding to a safety factor 

FIG. 1. Cross-section of the ASDEX Upgrade divertor. 

q95 = 2.7 ... 4.2. Neutral injection with a heating power of PNI = 5 to 10 MW 
(D° but partly also H°) and in addition ICRH up to PICRH = 2 MW are applied. 
The standard ion drift is towards the X-point (Bt < 0), but some experiments are 
conducted with opposite field direction. 

The investigations reported here are based on essentially the following diag
nostics: general bulk plasma diagnostic, bolometer, video cameras with different 
filters, Da observation, CII- and Clll-line signals, Langmuir probes in the target 
plates and a movable probe in the the divertor SOL region, target plate ther
mography, ECE radiometer, reflectometry, neutral gas measurements in different 
locations, lithium beam edge density measurements, SX cameras, standard CX and 
a slow neutral analyzer, LENA. 
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Standard and a Specific H-mode Phases 

For comparison, a standard low neutral gas density (see fig. 2 #4875, no 
deuterium puffing) discharge without neon puffing is selected. This kind of 
discharge is characterized by an averaged density of ñfí — 0.6... 1 • 1020 m - 3 

rising with Ip and decreasing with the heating power. Typical type-I ELMs with a 
frequency rising with the heating power can be detected from the Da signal. The 
plasma energy stays constant during the discharge and corresponds to the JET/DIII-
D H mode scaling. The neutral flux density measured by a Haas type gauge [51 
behind the PSL is T**v/S « 1 • 1022D2 m~2s~1, corresponding to a neutral gas 
density in the cold part of the divertor chamber of nf?' « 3 • 1019 m~3. The 
total radiated power as a fraction of the heating power is Pfrac = 50 . . . 60 %. 

neutral gas flux in divertor #4875 
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FIG. 2. Typical parameters of ELMing H mode discharges (Ip = 1.0 MA, B, = —2.5 T). Left 
(No. 4875): reference with no gas puffing and type-I ELMS. Right (No. 4881): with moderate deuterium 
ÇD flux ') and strong neon puffing ('Ne flux '). The neutral gas particle flux was measured in the divertor 
chamber behind the PSL (see Fig. 1). The neon flux is controlled to obtain P^.ac = const. The Prad sig
nal represents the radiation without the divertor region. The ion saturation current was measured by 
target plate Langmuir probes. 
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The highest radiation density is located in the x-point region. The non-radiated part 
is deposited asymmetrically on the target plates. In between the ELMs, the main 
fraction goes to the outer divertor, while during the type-I ELMs the major fraction 
goes to the inner plates. Carbon erosion, thermography, the Langmuir probes and 
a CIII line video camera show attachment during and in between ELMs. 

With controlled neon puffing the radiation rises appreciably and Pfrac = 90% 
can be obtained before losing the H mode. With increasing Pfrac the frequency 
of type-I ELMs reduces. At a level of Pfran ~ 80 % the type-I ELMs trigger 
short («5 ms) L mode phases ("compound" ELMs [6]), followed by a type of 
specific, frequent (1.5 kHz compared to 160 Hz for type-I), small ELMs ("CDH" 
ELMs, see below). Finally, the compound ELMs disappear while continuous CDH 
ELMs prevail. After switch-off of the neon puff the sequence reverses. Different 
signatures prove the CDH phase to be an H mode (see also next section). The 
confinement is not degraded. 

Applying strong deuterium puffing (but no neon) the neutral gas flux can be 
considerably increased to Tfv /S < 8 • 10 2 2 D 2 m~2s~1 within a time scale of 
2 s. The Da line radiation in the divertor shows the same increase. Also in these 
discharges without neon a radiation level of up to 85% can be obtained without 
leaving the H mode, but in contrast to the neon induced radiation the compound 
ELMs remain. 

#4875 #4881 

Cll-irrtensity 
maximum 19.3 W'm",3sr"1 

"i0.5 • 
1 0 . 0 . /v," ,'k 

Cll-intensity 
maximum 3.4 W-m"?sr'1 
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^•UifeU 
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FIG. 3. Type-I ELMS (left) and ELMs during CDH phases (right). Shown is the CII line intensity as 
a junction of the distance to target plate and time; as a function of time the Langmuir power flow to 
the target plates and Ha radiation in the divertor is shown. 
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Detachment and ELMs 

The ELMs in the standard case and the specific frequent, small ELMs were 
studied in detail. Figure 3 shows results for both types with CII line observation, 
Langmuir probes and Da radiation. In the first case (#4875) strong CII line 
radiation appears close to the target plates, and high power is deposited on them. 
The Da radiation shows a pronounced peak. In the second case (#4881) the CII 
line radiation is reduced by a factor of about 8 and appears at a distance of about 
2 to 8 cm from the target plates. Cin video observation shows the radiating zone 
to jump from the target plate to the x point. The power on the target plates stays 
below the 1 MW/m2 level. The D« radiation is only weakly modulated. The small 
peaks on the inner and outer side are - like other signals - anticorrelated. In line 
with the different power flows we observe strong glow at the edges of the target 
plates in the standard case, while this disappears with sufficient neon puffing. 

FIG. 4. Langmuir power flow to outer target plate as a function of radial position: during type-I ELMs, 
the peak values are cut. 

#4881 

3.783 T\me 

FIG. 5. As Fig. 4, but neon puff and during CDH ELMs. 
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FIG. 6. As Fig. 4, but during type-I ELMs at high recycling, no neon puff. 
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FIG. 7. Ion saturation current as a Junction of the position on the target plates for periods in between 
type-I ELMs and in between CDH ELMs. 

We conclude that during the phase with small ELMs the divertor plasma is 
detached in between and during ELMs and call this the "Completely Detached 
High Confinement" mode ("CDH"). 

Further details can be seen from figs 4 to 6, which show the power flow to 
the target plates as a function of time and space to the outer target plate. Figure 
4 demonstrates the high level and the broad deposition of power during a type-I 
ELM, fig. 5 the low power level of CDH-ELMs, and fig. 6 the broadening of the 
power deposition in time and space during type-I ELMs with high recycling. In 
this last case the divertor plasma detaches in between ELMs. 

The detachment in the CDH mode (#4881) takes place only in the neighbour
hood of the strike point, but not on the outer part of the SOL, as it can be seen 
from the ion saturation current on the outer target plate (fig. 7). 
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The detachment in between ELMs appears in discharges with high neon 
radiation at about the same time on the inner and outer target plates. In cases 
with strong neutral gas puffing and a high radiation level, but without the addition 
of neon, the detachment clearly appears first on the inner target plate. 

The Te profile obtained by ECE in the CDH phase shrinks by 2-3 cm inwards, 
but still exhibits the steep edge gradient typical of the H mode, although over a 
somewhat reduced zone. The nature of the CDH ELMs (dither or type III) has not 
yet been identified. The effect of the ELM on the SOL density profile differs from 
that observed under attached conditions. The change by an ELM is restricted to 
the outer region of the SOL, beyond 3 cm from the separatrix. 

Neutral Gas Density and Pumping 

It turns out that the neutral gas flux density Tfv/S (or ng") , and not the 
external gas puff at a specific moment, determines the SOL physics, which is 
in line with a more than a factor 10 larger total internal neutral gas flux onto the 
plasma compared with the external one. The pumping speed of 14 m3- s_1 and n * " 
allow the pumping flux T^^p to be determined. The maximum value obtained 
is Tpnmp = VIO21 D/s (#4906, 4908) compared with TNBI « 1-1021 D/s and a 
typical Tn!nii - 5«1021 D/s at the beginning of the discharge. 

Surprisingly, n^v shows nearly no modulation with the ELMs, although the 
energy carrying sheath is small between ELMs. So one would expect the divertor 
chamber to open. Movable probe measurements reveal a low temperature (Te = 5 
... 10 eV), moderate density (ne = 1 .. 3-1019 m~3) plasma in the outer SOL to be 
responsible for the closure. This plasma has reduced ionization rates, but sufficient 
friction with the neutral gas through CX and elastic collisions. 

While n^j" varies by a factor of about 10 in these experiments, the bulk plasma 
density changes only by about 30 %. The decay length of the time averaged heat 
deposition on the outer target plates increases with n^J" from about 10 mm to 
60 mm. 

Because of the decisive influence of nf}" (or TQIV/S) this value is controlled 
in some discharges by a feedback loop for the gas puff. Together with the radiation 
control [2] highly stationary, 1.5 s long periods of a CDH phase can be obtained. 

Besides deuterium, the pumping of neon f 21 and helium was investigated. The 
decay rate of neon reaches a maximum value for high n^v, demonstrating a high 
compression ratio. For helium the decay rate is a factor of about 5 smaller, which 
might be explained by the longer ionization length and the reduced friction by CX 
collisions. 
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DISCUSSION 

R.J. GOLDSTON: Could you tell us the ratio of the helium containment time 
(say, with the full 14 pumps) to the energy confinement time, T^JT^I 

M. KAUFMANN: The ratio T*nJrE is about 25 in the experiments shown. 
However, THC/TE does not seem to be the appropriate number to consider and to 
compare with ITER requirements. Firstly, the ratio does depend on the pumping 
speed, which in our case means the number of pumps. Secondly, an investigation of 
the scrape-off layer properties with respect to helium pumping has to discuss the 
helium enrichment rj as well. 

D.E. POST: Is the ' M ARFE' or 'radiating region' with neon inside or outside 
the separatrix? 

M. KAUFMANN: A final answer cannot be given. However, the bolometric 
signal shows that up to 70% of the heating power is radiated from above the X point. 
In addition, model calculations show that at least two thirds of this are emitted from 
inside the separatrix. 

J.T. HOG AN: Could you please further specify plasma conditions for the He 
pumping experiments: L mode, H mode, etc.? 

M. KAUFMANN: The helium pumping ITER discussion is based on data from 
type I ELM H mode discharges with PNI = 7.5 MW. 

P.E. VANDENPLAS: With strong neon edge radiation cooling, do you 
observe, as on TEXTOR, even an increase in rE at high plasma densities? 

M. KAUFMANN: Operation in these H mode discharges is already normally 
at relatively high densities (typically, 1 (̂0) = 1020 m-3). With rising neutral gas 
density in the divertor, the electron density increases in the outer part of the bulk 
plasma. Ultimately, at a flat density profile the energy confinement degrades 
somewhat compared with the H mode scaling. 
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Abstract 

DIVERTOR RESEARCH ON THE DIII-D TOKAMAK. 
Recent progress is summarized on DIII-D in developing techniques for divertor power and parti

cle control relevant to next generation tokamaks such as the proposed ITER and TPX devices. Density 
control and helium removal by divertor pumping have been demonstrated for the first time in high con
finement ELMing H-mode discharges (r ~ 2 x rITER.89P) following installation of a divertor 
cryopumping system. The peak divertor heat flux in similar H-mode discharges has been reduced 
through production of a radiating mantle with neon or argon puffing (reductions of five to ten) or by 
increasing the divertor region radiation with deuterium puffing (reductions of three to five). A number 
of diagnostics have been added to improve the understanding of the physical processes involved. The 
design is now made of modified double-null divertor structures for DIII-D that will provide improved 
particle control for high triangularity VH mode plasmas while at the same time allowing for gas puffing 
to reduce the divertor heat flux. 

* Work supported by the US Department of Energy under Contract Nos W-7405-ENG-48, 
DE-AC03-89ER51114, DE-AC05-84OR21400, DE-AC05-84OR21400 and DE-AC04-76DP00789, 
and Grant Nos DE-FG03-89ER51121 and DE-FG03-86ER53225. 
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1. INTRODUCTION 

In this paper we summarize recent experiments in DIII-D that have focused on 
developing techniques for steady-state divertor power and particle control relevant to next 
generation tokamaks such as the proposed ITER and TPX devices. Power handling and 
particle control are key design issues for these new machines [1], and the tokamak 
community has readjusted its priorities to reflect these needs. In DIII-D we have installed 
a divertor cryopump to provide particle exhaust and density control in ELMing H-mode 
plasmas [2] and have used gas injection (impurities and deuterium) to reduce the peak 
target plate heat flux [3]. Deuterium puffing increases the plasma density and radiative 
losses in the divertor region near the X-point and can help keep impurities out of the core 
plasma, while impurity puffing generally forms a radiating mantle that reduces the power 
flow into the scrape-off layer (SOL). Our results show that achieving these plasma 
parameters does not require deep divertors and that, once obtained, the conditions are 
stable over a wide range of high density, high confinement H-mode operating space 
(X ~ 2XT[TER-89p) and offer the possibility of adequate helium ash exhaust. We believe 
that such operating modes offer a credible solution to power handling in ITER. 

Extending these reduced heat flux operating modes to the lower plasma densities 
suitable for advanced tokamak regimes with non-inductive current drive is now the central 
focus of the DIII-D divertor program. Indeed, obtaining independent control of the 
divertor parameters for a given set of discharge conditions is the central challenge facing 
the divertor physics community today. We are now designing a double-null divertor 
modification [4] to increase the isolation of deuterium and impurity gas between the 
divertor and main plasma and enhance the particle flow in the scrape-off layer, thereby 
decoupling the core and divertor plasma conditions in a controlled manner. 

The principal results of our divertor studies are reported here as follows. In Section 2 
we show how particle control has been obtained with the divertor cryopump. Section 3 
then shows how our diagnostic improvements, coupled with the pump as a tool for 
changing recycling, have increased our understanding of the power balance in the scrape-
off layer. Section 4 focuses on divertor heat flux reduction by gas injection, and Section 5 
shows how we plan to extend this work in the Radiative Divertor Program. 

2. PARTICLE CONTROL WITH DIVERTOR PUMPING 

The installation of the divertor cryopump has provided a reliable means of particle 
control in DIII-D. The pumping hardware [5], Fig. 1(a), consists of a baffle to limit the 
escape of particles from the divertor region, an entrance slot (or pump throat) to direct 
recycled neutrals from the target plate toward the pump, and the liquid helium cooled 
cryopump. The top of the entrance slot (called the bias ring) can be electrically biased to 
draw current in the SOL plasma and enhance pumping by creating additional ExB ion drifts 
toward the throat [6]. The pumping speed of the pump, 35 m3/s, is matched to the gas 
conductance of the entrance slot and it has sufficient capacity to pump for the 10 second 
duration of the discharge. Argon frosting of the cryopump surface allows for helium 
pumping as well [5]. 

The particle exhaust rate with pumping depends on the particle flux at the outer 
divertor target and on the fraction of recycled neutrals which enter the pump throat. The 
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Fig. 1. (a) Cross section ofDIII-D divertor region showing cryopump-, (b) particle throughput vs. 
gap between the separatrix and the face of the pump entrance (or bias ring). Bias ring voltage as 
indicated. 

flux increases with plasma density and heating power and is highest during ELMing 
H-mode operation. Maximum throughput under these conditions is obtained when the 
outer divertor strike point is positioned just inside the entrance slot, Fig. 1(b), where 
neutrals recycled from the divertor targets have the highest probability of heading into the 
plenum. The variation in exhaust rate with strike point position is consistent with the 
measured width of the scrape-off layer plasma in the divertor. Here the exhaust rate is 
determined from the measured plenum pressure and the known pumping speed: Q = SxP. 

Operation of the divertor cryopump has provided a means for density control in high 
confinement H-mode plasmas for the first time. The data in Fig. 2(a) show typical 
behavior during pumping. After a rapid rise following the H-mode transition, the density 
gradually falls back to near the initial L-mode value. The minimum density obtained so far 
(ne - 3x1019 m - 3 ) has been limited by the onset of a locked mode, followed by a plasma 
disruption; field-error correction coils have been installed to lower this limit even further. 
The drop in density during pumping is accompanied by a rise in electron temperature, so 
that stored energy and confinement time remain independent of density [7]. The particle 
exhaust is highest during the ELMing phase because the ELMs are responsible for the bulk 
of the particle losses in these quasi steady state H-mode discharges [8]. 

Examination of the particle balance for discharges with pumping shows that the 
cryopump can control the gas inventory of the tokamak walls. This is an important feature 
for future steady-state operation in which glow discharge cleaning or other wall 
conditioning techniques may not be practical. Figures 2(b-e) show the particle balance 
(wall and plasma) during pumping. At first, the gas fueling increases the wall inventory of 
the well conditioned graphite surfaces. At the start of H-mode, the external fueling is 
sharply reduced and the plasma density builds due to fueling from the walls. Continued 
particle exhaust by the cryopump gradually depletes the wall so that, by the end of the 
pulse, there has been a net reduction in the particle content in the graphite wall [2]. 
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Fig. 2. Particle balance for divertor pumping: (a) particle inventory in plasma, (b) gas fueling, 
(c) particle source from neutral beams, (d) particle exhaust by cryo-pump, (e) net particle inventory 
remaining in vessel. 

Density control by divertor pumping is aided by divertor biasing, which increases the 
particle flux into the pump throat [9]. This may be particularly useful for low density non-
inductive current drive experiments. We have found that biasing the outer leg of the 
divertor plasma negatively with respect to the vessel wall can increase the particle 
throughput by nearly a factor of two, as shown in Fig. 1(b). In this case, we expect that the 
applied voltage produces a radial electric field and a corresponding poloidal ExB plasma 
drift along the outer divertor leg. The data in Fig. 1(b) also show that biasing reduces the 
dependence of the throughput on the gap [10]. 

The divertor cryopump has also been used to exhaust thermal helium from ELMing 
H-mode discharges [11]. Helium pumping is obtained by coating the liquid helium 
cryopump with argon frost. The helium was introduced via gas puffing and was found to 
quickly redistribute to a nearly uniform concentration throughout the main plasma. It was 
found that the exhaust rate of helium from the plasma was limited by the exhaust efficiency 
of the pump, and not helium transport in the core plasma. The helium concentration in the 
pump plenum peaked when the separatrix intercept was in the pump throat and was in the 
range 10%-20% for a 15% core concentration. 
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3. SCRAPE-OFF LAYER STUDIES 

Characterization of the scrape-off layer and divertor plasma scaling with main plasma 
parameters remains an important part of the DIII-D divertor program because it is essential 
for testing numerical models such as the b2 and UEDGE codes [12]. Benchmarking these 
2-d codes really requires SOL profile measurements at several different poloidal locations 
to test the transport models, as there are enough degrees of freedom in the problem to allow 
for a reasonable match to the data at any single location. We find that the UEDGE code 
can reproduce the measured midplane and divertor profiles using diffusion coefficients in 
the range 0.05 < Dj_ < 0.25 m/s and 0.1 < X± < 0.25 m2/s. A detailed report on modeling 
the DIII-D scrape off layer with UEDGE is presented elsewhere [13]. 

Foremost among the parameters essential to modeling the scrape-off layer plasma is 
the power balance, as this defines how the energy is transported from the plasma to the 
walls. The power balance of ELMing H-mode discharges in DIII-D has been improved 
significantly by the addition of new bolometer cameras [14] to better resolve the radiative 
losses (including the contributions due to ELMs) and by monitoring the heat flux on the 
inner wall and other non-divertor surfaces using additional IR TV cameras. We now can 
account for about 70%-85% of the total input power for ELMing H-mode discharges [15], 
and find that about 20% is lost as radiation in the main plasma, 40%-50% as radiation in 
the divertor region, and only about 15% reaches the divertor targets, independent of the 
heating power. 

Local power balance measurements in the divertor, summarized in Table 1, show that 
radiation asymmetries are responsible for the large in/out poloidal asymmetries in the target 
plate heat flux observed when the ion VB drift is toward the X-point. Inversion of the 
bolometer data shows that nearly 75% of the divertor radiation comes from along the inner 
divertor leg, and this energy loss reduces the power conducted to the inner target plate to 
<5% of the total heating power. In fact, about half the heat flux measured at the inner strike 
point is due to radiative heating. The opposite situation is true for the outer leg (low 
radiation, high heat flux). So, in fact, the total power flow in the scrape-off layer is more 
equally divided between the inner and outer divertor legs [15] than is suggested by the heat 
flux data only. This is consistent with numerical modeling which showed that the in/out 

TABLE I. Power balance for ELMing H-mode discharges 

Loss Channel % of Heating Power 

Core radiation 18 
Inner wall heat flux 5 

Inner Divertor Outer Divertor 

Divertor radiation 22 19 
Target plate heat flux 3 27 
Total divertor 25 37 

Total measured losses 85 
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asymmetry was only weakly dependent on the poloidal location of the power flux across 
the separatrix, due to the high thermal conductivity of the scrape off layer plasma [16]. 

The large radiative loss on the inner divertor leg allows the scrape-off layer plasma to 
detach from the inner target plate; i.e., pressure balance and its consequences for SOL 
scaling no longer hold. Evidence for this comes from the Langmuir probes and divertor 
heat flux measurements, Fig. 3. Here we have used the divertor cryopump to vary the line 
average density and radiative losses on the inner divertor leg [17]. As the main plasma 
density rises, the particle flux at the inner leg increases and the electron temperature 
decreases, as it should if the plasma pressure is constant along field lines [18]. Above 
4xl0 1 9 m - 3 , however, the particle flux sharply decreases, as in (a), and the heat flux profile 
broadens to the point where, at 7x1019 m - 3 , we can no longer relate the inner and outer 
heat flux profiles using electron heat conduction and field line mapping, (b). 

Other studies of the divertor conditions in DIII-D have examined the issues of toroidal 
asymmetries, impurity transport [19], and scrape-off layer broadening [20]. In general, 
using data from two toroidally separated IR TVs, we find that toroidal asymmetries in 
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steady-state single-null divertor heat flux are rare (<5% of H-mode discharges) [21]. The 
one exception to this is when locked modes are present, and in this case the asymmetries 
manifest themselves as toroidally varying radial modulations in the heat flux profile 
(multiple peaks separated by cm) with little (<20%) variation in the peak divertor heat flux. 
Transient n=l toroidal asymmetries during ELMs have been observed in net current flow to 
the inner target plate tiles. 

4. DIVERTOR HEAT FLUX REDUCTION 

Future long-pulse high power tokamaks will require that the peak divertor heat flux be 
reduced by factors of 10 or more from values predicted using present models or scaling 
relations. Tilting the target plates can yield a factor of three reduction, but further reduction 
will require that a significant fraction of the heating power be radiatively dissipated before 
it is conducted to the divertor targets. Experiments with ELMing H-mode plasmas in 
DIII-D have focused on two possible means of increasing the radiated fraction above 
naturally occurring levels: deuterium injection to increase the divertor radiation by raising 
the divertor density (increasing the recycling), and impurity injection to raise the radiative 
efficiency of the SOL/divertor plasma. With D2 puffing, the peak divertor heat flux was 
reduced by a factor of 3-5 and the divertor plasma partially detached following the 
appearance of a divertor Marfe near the X-point [22]. Neon injection [4] produced a 
radiating mantle in the main plasma which reduced power flow across the separatrix and 
dropped the peak divertor heat flux by factors of 5-10. We have now begun to examine if 
aivertor pumping combined with gas puffing (D2 and impurities) might be used to increase 
the fraction of power radiated by neon in the divertor region or provide divertor cooling at 
lower line-average density. 

4a. Detached divertor plasmas with deuterium puffing 

Recently, operation with reduced peak divertor heat flux (factor of four) and 
continuous particle exhaust by the cryopump has been maintained for the duration of the 
gas pulse (~2 s), as shown in Fig. 4. In this case, the outer divertor strike point was held 
near the pump throat while deuterium was injected below the X-point. The exhaust rate 
matched the fueling rate (180-240 torr-l/s out vs. 210 torr-l/s in) so that the plasma density 
remained nearly constant, though at about the same density as normally obtained without 
pumping. This condition was very stable, requiring virtually no feedback control of the gas 
puff even though 75% of the input power was being radiated. 

In these partially detached divertor plasmas, the radiative losses are localized on the 
outer divertor leg near the X-point, as shown by the 2-d reconstruction of bolometer data, 
Fig. 5. The region of high radiation appears to extend down the outside divertor leg 
somewhat (also evident in X-point TV images with a O i l filter), but exact placement is 
limited by the finite number of viewing chords and directions. We believe that this region 
of localized radiation is a Marfe-like thermal condensation [23], because interferometer 
measurements suggest that the local plasma density may be as much as ten times higher 
than elsewhere in the edge plasma and because of its rapid formation (<5 ms). The Marfe 
appears when the neutral pressure in the private flux region exceeds a critical value which 
increases linearly with SOL power [24]. Conditions suitable for Marfe formation are 
attained when the main plasma density is at or above a significant fraction (0.7-0.8) of the 
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Fig. 4. Deuterium gas injection with divertor pumping: (a) solid-plasma current and dashed-beam 
power, (b) £>2 fueling rate, (c) plasma density, (d) Ha at outer divertor target, (e) peak divertor 
heat flux, (f) total stored energy. 

Greenwald density limit. This fraction is independent of the heating power in clean 
(Zeff < 2) discharges, Fig. 6(a). 

The divertor Marfe is stable over a wide range of operating conditions in 
DIII-D and does not significantly reduce confinement (ig ~2xL-mode) nor increase the 
impurity content of the main plasma. In fact, during the strong gas puffing Zeff drops as the 
ELM frequency increases. It is controllable over a wide range of safety factors (2.9 < q95 < 
6) and heating powers (3.6-20 MW) and does not require a deep divertor to form (L<jiv = 
0.05-0.25 m). It can be sustained by minimal gas fueling from either the private region 
below the X-point or the midplane (the fueling rate is comparable to ion loss rate from the 
main plasma, N/ tp , which is much less than the initial ion flux at the divertor plate). One 
attractive feature ot this operating mode is that it reduces the heat flux peaking factor 
(^div^target) by about a factor of two, thus reducing the thermally induced mehcanical 
stress for a given total radiation loss. This reduction in peak heat flux is independent of 
heating power, Fig. 6(b). 

4b. Operation with impurity puffing 

Impurity puffing into DIII-D ELMing H-mode plasmas can reduce the peak divertor 
heat flux by a factor of ten or more. In these plasmas, short pulses (5-100 ms) of neon or 



IAEA-CN-60/A4-2 507 

5.5 MW/m3 2 MW/m2 

Fig. 5. 2-d spatial distribution of radiative losses with Ü2 puff (a) and neon puff (b ) to reduce 
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argon gas below the X-point in DIII-D produce steady-state radiation profiles like those 
shown in Fig. 5(b) and 7(a). The bright region near the X-point is responsible for nearly 
half the total impurity radiation; we are not sure why this is so, since there are no 
indications of higher plasma density (a Marfe) there. The measured emissivity in the main 
plasma is consistent with the expected radiation for a uniform 3% neon concentration in the 
main plasma, which agrees with charge-exchange recombination and Zeff measurements. 
This amount of neon corresponds to about 50% of the total neon injected into the vessel. 

In contrast to deuterium puffing, the radiative losses in this case cool the edge plasma 
inside the separatrix and reduce the power flow into the scrape-off layer, Fig. 7(b,c). A 
cooler scrape-off layer plasma results. As a consequence, the density, temperature, and 
heat flux at the divertor target are reduced significantly, just as they would be if the external 
heating power were reduced. This is fundamentally different than the detached plasma, 
where the upstream plasma pressure on, and heat flux across, the separatrix remain high. 

Reducing the power flow across the separatrix also affects ELM behavior. We have 
observed that neon and argon puffing can reduce the ELM frequency by more than a factor 
of ten, producing very large ELMs (greater than 10% changes in stored energy at each 
ELM). Additional impurity input reduces the power reaching the separatrix even further, 
producing small Type III ELMs when it drops near the H-mode power threshold. One 
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consequence of reducing the ELM frequency may be that impurity confinement increases, 
This implies that helium exhaust could be more difficult. More study is needed. 

Reducing the power flow across the separatrix also affects ELM behavior. We have 
observed that neon and argon puffing can reduce the ELM frequency by more than a factor 
of ten, producing very large ELMs (greater than 10% changes in stored energy at each 
ELM). Additional impurity input reduces the power reaching the separatrix even further, 
producing small Type III ELMs when it drops near the H-mode power threshold. One 
consequence of reducing the ELM frequency may be that impurity confinement increases, 
This implies that helium exhaust could be more difficult. More study is needed. 

The radiating mantle produced by neon injection (similar results were also obtained 
with argon injection, though the central radiation was higher in that case) also favors high 
density operation since the radiative losses scale as L(T)C ne, where C is the impurity 
concentration and L(T) is the radiative efficiency for a given impurity and plasma 
temperature profile. Thus, it may not be compatible with advanced tokamak regimes (high 
confinement, high P^) requiring low density for non-inductive current profile control. We 
are now testing methods for enhancing the impurity content and radiative losses in the 
divertor compared to the main plasma in order to make large heat flux reduction possible at 
relatively lower density. 

4c. Simultaneous impurity and deuterium injection with divertor pumping 

Divertor pumping, combined with main plasma fueling, may increase particle flow in 
the scrape-off layer and improve impurity retention in the divertor region. Positioning the 
divertor strike point near the throat of the cryopump in DIII-D may also minimize the 
leakage of impurities out of the divertor. Preliminary experiments with argon injection [25] 
showed that a strong reduction in core Ar concentration could be maintained for the 
duration of the plasma pulse by simultaneously fueling with D2 near the midplane and 
pumping with the divertor cryopump. Exact particle balance was not maintained, however, 

since ñg rose by bout 30%. Without the divertor pumping and deuterium injection, the 
argon levels rose to the disruptive limit in <0.5 s. 

Experiments with perturbing levels of impurity injection and divertor pumping are 
now under way. Figure 8 shows data from a discharge with neon injection in the divertor, 
high deuterium fueling at the midplane (~150 torr-l/s), and modest divertor pumping 
(Gpump -120 torr-l/s). In this case, the D2 fueling was controlled by the density feedback 
system and the neon injection rate was gradually increased to determine its effect on the 
divertor heat flux. As shown in (c), by 2.7 s the peak divertor heat flux was reduced by 
more than a factor of five while Zeff had changed little. Inversion of the bolometer data 
shows relatively less radiation loss near the X-point at this time compared to unpumped 
discharges. Continued neon puffing produced a steadily increasing neon concentration in 
the core plasma, and this affected the ELM behavior, as indicated by the divertor H« 
emission (d). In fact, ELM activity is a sensitive indicator of impurity leakage from the 
divertor. Late in time, the power flow across the separatrix has been reduced to the point 
where only small, Type HI ELMs are observed. 

5. THE RADIATIVE DIVERTOR PROGRAM 

We are now designing a new divertor structure scheduled to be installed at the end of 
1996. This new divertor should increase the compatibility of radiative divertor operation 
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with high confinement, high beta, non-inductive current drive plasmas. It (see Fig. 9) is 
designed to limit the escape of gas (fuel and impurities) from the divertor back to the core 
plasma by i) more closely matching the divertor surfaces to the magnetic flux surfaces of 
high triangularity double-null discharges, ii) providing pumping at both divertors in both 
the private region and at the outer strike point, and iii) enhancing recycling on the high heat 
flux surfaces by directing recycled neutrals preferentially inward toward the separatrix. 

A key design parameter is the depth of the divertor slot required in this new 
configuration. Present experimental results show that large heat flux reductions can be 
obtained with divertor depths of 5-25 cm. Modeling confirms this [26]. Therefore, we 
concentrated on finding a divertor shape whose primary function would be to minimize the 
escape of neutrals from the divertor. This was explored using the DEGAS neutral transport 
code with a plasma model supplied by the UEDGE code. The modeling showed [27] that a 
23 cm deep slot like that in Fig. 9 should reduce the fraction of neutrals escaping by a factor 
of 3-4 compared to the present open divertor configuration. While a deeper slot might 
reduce this still more, we found that controlling recycling at the top of the slot was more 
important, and so we shaped the baffle to gradually move out from the 1 cm to the 2 cm 
equivalent midplane magnetic flux surface. The design is flexible, however, so that the 
depth of the slot can be increased easily to 43 cm. 
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Divertor Program. Upper divertor is identical. 

The installation of this new divertor hardware will impact the DIII-D program in 
several ways. Our divertor design matches the triangularity needed to obtain the best 
confinement and highest normalized beta. We will be able to pump these plasma to enable 
non-inductive current profile control. Capability for single-null divertor and low 
triangularity operation will be preserved, though at reduced parameters (K = 1.8, Ô = 0.8, 
Ip = 1.6 MA). A number of divertor diagnostics will be modified to allow detailed studies 
to be carried out. However, the addition of the internal structure will make it possible to 
improve access in some cases, such as adding localized chords for divertor spectroscopy 
and bolometry. 

6. SUMMARY AND CONCLUSIONS 

In this paper we have reported on recent progress toward developing ITER and TPX-
relevant divertors using the DIII-D tokamak. We have shown that divertor pumping can 
provide adequate particle exhaust for density control. Divertor pumping has also allowed 
us to maintain density control during D2 puffing experiments with partially detached 
divertor plasmas and large reductions (3x or more) in peak divertor heat flux. We believe 
that the partially detached divertor plasma offers an attractive, naturally occurring way to 
reduce the divertor heat flux using little valuable space in the high field region, and that it 
is well matched to the high density operating point of the machine. Due to ITER'S large 
size, radiative heat loads from an X-point Marfe in ITER could be maintained below 
5 MW/m2 with little more than 20 cm spacing to the nearest surfaces. The further 
advantage of this operating regime is that the ELM amplitude will be minimized, plasma 
cleanliness enhanced, and helium exhaust maintained 

Our results with neon puffing are very similar to those reported by the TEXTOR group 
[28], and confirm that radiating mantles may also be applicable to ITER operating ELMing 

23 cm Slot 
Field Line 
Length = 11 m 
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H-mode discharges at high density. In this case, however, feedback will be more important 
because of the strong coupling between edge radiation, ELM behavior, and impurity 
transport. Low density high power operation, such as that required for current drive in 
TPX, will be more problematic due to the larger edge concentrations required. 

Using impurity injection to enhance mainly the divertor radiation still needs more 
study to determine its general feasibility, particularly for low density operation (below 
60%-70% of the Greenwald limit). The ability of the scrape-off layer plasma to retain 
impurity ions and to keep neutrals from getting back to the main plasma is a limiting factor 
that is not well known. The extent to which divertor pumping and edge fueling can be used 
to control the divertor conditions independently of the main plasma parameters has yet to 
be determined. New divertor hardware which improves the retention of impurities in the 
divertor will be tested in DIII-D in the near future, on a configuration that allows us to 
obtain high confinement and high (3 simultaneously with good divertor operation. 
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DISCUSSION 

O. GRUBER: In order to measure the heat flux to the target plates during ELMs 
you need a high time resolution in the thermographic system of the order of 100 /AS. 
What time resolution do you have? 

D.N. HILL: The ultimate temporal resolution of the divertor IR TV is 125 fis 
per profile, so ELMs can be resolved as needed. Typically, we sample the target 
temperature for 0.6 ms at a 60 Hz rate to obtain the heat flux for the entire discharge. 

F. WAGNER: You linked the edge radiation scheme to MHD by stating that 
the neon radiation may not reach the q = 2 surface. Is there clear evidence on DIII-D 
that the application of edge radiation reduces the operational range with respect to q? 

D.N. HILL: We have not quantified the relationship between the radiation loss 
on the q = 2 surface and the disruptivity of the plasma. However, we do see that, 
as the q = 2 surface moves out to the region of high edge radiation, the plasma is 
more easily disrupted. For further information, see the paper by T.W. Pétrie et al. 
on density limits in DIII-D (Nucl. Fusion 33 (1993) 929). 

K. LACKNER: When you quote peak heat flux reduction during ELMing 
discharges, are you referring to the 'ELM' peaks or are these time averaged values? 

D.N. HILL: The peak heat flux mentioned here is the time averaged ELM free 
component. We measure the divertor target temperature between ELMs. In DIII-D 
ELMing H modes, we find that the main power to the targets is due to steady losses 
between ELMs and not the ELMs directly. 
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Abstract 

HEAT AND PARTICLE TRANSPORT IN THE DIVERTOR AND REMOTE RADIATIVE 
COOLING ON JT-60U. 

The behavior of principal divertor plasma parameters such as the ion flux, electron temperature 
and particle recycling was investigated under the condition of remote radiative cooling in L-mode and 
ELMy H-mode discharges. The ion flux to the separatrix strike points starts to decrease just before a 
MARFE onset irrespective of the ion V5 drift direction. The local electron temperature rediv 

decreases to around 10 eV. The fraction of the divertor radiation loss was comparable. Under a 
relatively symmetric power flow into the outer and inner divertor fans, an outboard-dominated heat load 
to the target P^et and a nearly symmetric one were observed for the ion VB drift towards and away 
from the target, respectively. This is due to the asymmetries in the recycling and radiation loss profiles. 
From the viewpoint of the in-out asymmetry in the heat and particle fluxes, operation with the ion vB 
drift away from the target plate would be desirable, provided that attached conditions are maintained. 
Formation of die remote radiative divertor with the radiation loss in the divertor .Pra<i>div of about 40% 
was achieved in the ELMy H-mode operation. The reduction of Teidiv (20-45 eV) is comparable to that 
in the L-mode. 

1. I N T R O D U C T I O N 

Formation of a high recycling divertor with a cold and dense plasma condi
tion is essential for reducing erosion of divertor plates for large tokamaks. The 
relationship between the particle recycling and divertor plasma parameters has 
been studied in JT-60U L-mode discharges to investigate the conditions under 
which a cold and dense divertor is formed. Particle recycling in the divertor 
region and Prad,div were enhanced with increasing ñ e and gefj [1,2]. At the same 
time, the heat load to the divertor plate and the peakedness of the heat flux 
profile were reduced [3]. However, a remote radiative cooling condition, where 
-frad.div increases up to 4 0 - 6 0 % , is terminated when a MARFE starts in the 
vicinity of the X-point (i.e. X-point MARFE) , increasing the radiation loss in 
both the main plasma and the SOL, causing degradation of energy confinement. 
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A principal objective of this paper is to experimentally investigate the dynamics 
in the particle t ransport and radiative cooling mechanism in the high recycling 
divertor. 

When the single null divertor is operated, the ion VB drift direction plays a 
critical role in producing in-out asymmetries in particle and heat fluxes to the 
target and also influences the formation of the radiative divertor [4]. Quantita
tive comparison of the two operations is crucial to obtain the radiative cooling 
condition more effectively in the high density operation and to design the high 
recycling or gas target divertor in large tokamaks. 

In order to access a steady-state operation for a high central temperature 
and good energy confinement discharge combined with a cold and dense divertor 
plasma, a strong puff of deuterium was applied into an ELMy H-mode discharge, 
and it enhanced the remote radiative cooling. Finally, we discuss the divertor 
plasma parameters and Prad,div in the high recycling ELMy H-mode. 

2. D I V E R T O R P L A S M A P A R A M E T E R S 

High recycling divertor experiments were performed in the L-mode dis
charges with a strong deuterium gas puffing. Plasma parameters such as I p , 
Bt (and the directions of Ip and Bt), injected neutral beam power P N B I a n d the 
distance between the X-point and the target surface AXP were varied on a shot 
by shot basis. 

When the ion VB drift direction was towards the divertor target , the diver
tor particle recycling was enhanced, in particular, in the inboard divertor (ion 
drift side), while high heat flux and high Teidjv at the outboard target (electron 
drift side) were observed. It was reported in Ref.l tha t the total deuterium 
particle influx 3>DQ measured with 15 channel optically-filtered photomultipliers 
and the total ion flux $ P r o b e measured with 15 target Langmuir probes (as is 
shown in Fig. 1(c)) agreed within a factor of two in the inboard and outboard di-
vertors. This fact suggests that the ion flux reaches to the divertor target under 
the high recycling divertor conditions. However, before a MARFE star ts $ P r o b e 

in the inboard divertor decreases (Fig. 1(a)). In contrast to the ion flux, $ D Q 

increases with ñ e , and large fluctuations in D a signals are observed. Figure 2(a) 
presents the parallel ion flux r ¡ u to the target Langmuir probes at the separa-
trix and outer magnetic surface, and shows that the ion flux starts to reduce 
rapidly at the inboard separatrix about 0.3 s before the MARFE onset. Te)div 
at the separatrix decreases from 20 to 10 eV. Similar behavior of the ion flux 
detaching near the separatrix and increasing at the outer flux surfaces before a 
MARFE onset was reported in Alcator C-Mod [5] and ASDEX-U [6]. When the 
MARFE s tar ts , in-out asymmetry in $ D Q is reversed rapidly, similar to tha t in 
$Probe ( F i g - ^ g ^ . $Probe i s s m a u e r t n a n $ D ° both in the inboard and outboard 
divertor. Figure 2(a) shows that a part of the ion flux, both at the inboard and 
outboard, does not reach the target . Profiles of T-lt\\, Tejdiv and D a brightness 
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FIG. 2. Ion flux parallel to the field line Tit to the target Langmuir probes at the séparâtrix and outer 
magnetic surface (5-7 cm in major radius), and electron temperature Te djv in the inboard divertor 
(a) with the ion VB drift towards the target and (b) with reversed B,. 

are shown in Fig. 3(a). r¡ n reaches to the target away from the separatrix. 
D a intensity increases along the chords which view the private region during 
the detachment, and the radial position of the peaks in r¡ n and D a brightness 
profiles are not correlated with each other. This indicates that a large part of 
the neutral ionization occurs above the target. 

For the case of the ion VB drift direction away from the divertor, Fig. 1(b) 
shows that an in-out asymmetry in $ D a starts to reverse from the outboard-
enhanced profile to the inboard-enhanced one about 0.4 s before the MARFE 
onset. On the other hand, $P robe in the inboard divertor decreases gradually 
due to a reduction of r¡n near the inboard separatrix (Fig. 2(b)). Tejdiv at the 
inboard separatrix decreases to 10 eV. Simultaneously, the peak of the Y¡t\\ pro
file is shifted from the separatrix to the outer flux surfaces. During the MARFE, 
most of the ion flux does not reach the divertor zone, and both 3>DQ and $P robe 

are largely reduced (i.e. detachment occurs). Te)div in the detached region falls 
to 4—10 eV since the heat flux hardly reaches to the target. 

3. R E C Y C L I N G A N D RADIATION 

The time evolution of the fast sampled D a signals shows that the in-out 
asymmetry in the recycling profile repeats the rapid reversal motion before 
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FIG. 3. T,, and Tedh, profiles before and during a M ARFE (a) with the ion VB drift towards the 
target and (b) with reversed B,. 

and during the MARFE when the ion VB drift direction is towards the tar
get (Fig. 4(a)). The maximum ionization region moves towards the X-point just 
before the inboard-enhanced profile changes to the opposite one (e.g. 9.466 s— 
9.475 s). On the other hand, the rapid reversal motion of the asymmetry in the 
recycling profile is not observed in the divertor region with the ion VB drift 
direction away from the target (Fig. 4(b)). The maximum ionization region 
moves to the inboard major radius rapidly from 8.235 s and 8.290 s, and stays 
at the edge region of the main plasma's top (not shown in Fig. 4(b)). 

The radiation intensity peak is localized near the strike points in a relatively 
low recycling regime and the profile shows a large in-out asymmetry as is shown 
in Fig. 5: an inboard-enhanced profile for the ion VB drift towards the target 
and an outboard-enhanced one for the opposite case. Prad,div corresponds to 
15—20% of the total input power Pnet- The asymmetry in Prad,div increases 
with increasing ñe as is shown in Fig. 5(a) (discharges with different çeff from 
those described above). The in-out asymmetry in Prad,div is reduced only under 
the condition of remote radiative cooling at high ñe [2]. For the ion VB drift 
direction towards the target, the rapid reversal motion of the asymmetry in 
the recycling profile becomes substantial. Prad,div increases up to 40—60% with 
increasing ñe when the large radiation peaks stay between the X-point and the 
targets. During the MARFE, the maximum radiation peak stays near the X-
point with the ion VB drift towards the target, while the peak moves to the 
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inboard side and stays at the main plasma's top and Prad,div decreases for the 
reversal field operation due to detachment of the divertor plasma. Impurity C 3 + 

radiation is predominant just before and during the MARFE, and the chemical 
sputtering of the carbon from the private region is one of the candidates to cool 
the divertor plasma at the separatrix between the X-point and the target [7]. 
The discharge with the ion VP drift towards the target is favorable for recovering 
the attached divertor by increasing the heating power or terminating the gas 
puffing, due to smaller impurity penetration into the main plasma during the 
MARFE. 

The efficiency of the remote radiative cooling in the divertor region, 
-frad,div/-PsoL? increases with increasing ñe (and çeff [2]). The fraction of Prad,div 
increases up to 60-70% before the MARFE onset. The fraction of -Prad,div is 
comparable for a given ñe with the ion VP> drift away from the target. 

4. POWER ASYMMETRY 

Ratios of the radiation loss, heat load Ptarget (measured with an infrared TV 
camera system) and total power loss in the inboard divertor region to those in 
both the inboard and outboard divertor regions are shown in Fig. 6 as a function 
of ñe at Çeff = 3.5. The power accountability between the total input and output 
power in the SOL and divertor is relatively good with Prad,div + Ptarget — PSOL-

For the ion VP drift towards the target, the relatively symmetric heat load 
profile at low ñe changes to an outboard-dominated one with increasing ñe (and 
?eff [8]), while the inboard-dominated heat load profile changes to a symmetric 
one for the opposite case. The total Prad,div is too small to reduce the heat flux 
to the target at low ñe (< (3-3.5) x 1019 m~3). The redistribution of PSOL into 
the divertor is not explained by the in-out asymmetry in the radiation power 
loss alone at low ñe. There exists a mechanism which drives a part of the heat 
flux from the inboard divertor to the outboard divertor with increasing ñe (and 
9eff)-

Slightly outboard-enhanced distribution of PSOL into the divertor (3—10%) 
is constant at high ñe. The power flowing into the outer and inner divertor fans 
is the same irrespective of the ion VB drift direction, within an experimental 
error. The in-out asymmetry in Prad,div is reduced under the condition of the 
remote radiative cooling at high ñe for a given çeff5 in which case the total P^get 
decreases due to the larger Prad,div than P^get- The outboard-enhanced P^get 
changes to a nearly symmetric one for the ion VB drift towards the target. 

5. REMOTE RADIATIVE DIVERTOR IN ELMy H-MODE 

An ELMy H-mode operation must satisfy two conflicting requirements, i.e. 
poor particle confinement combined with good energy confinement, to be suit
able for a steady-state large tokamak. Deuterium gas puffing was applied in 
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order to reduce the heat load and Te,div by increasing the recycling and ra
diative power loss in the divertor region. $ D a is evaluated by averaging over 
the ELMy period lasting for 100 ms, including 10 -40 ELM events. Particle 
recycling increases in the divertor region (including the main plasma near the 
X-point vicinity) by an order of magnitude compared to tha t in the low recy
cling ELMy H-mode, and the inboard recycling is enhanced with the ion VB 
drift towards the target. The frequency of the ELM events and base-level of Da 

increase with $ D Q . 
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îe.div in the outboard becomes larger than that in the inboard in a radia
tive divertor condition, and decreases to about 20 and 45 eV at P N B I = 15 and 
21 M W , respectively (Fig. 7(a)). This is comparable to Teidiv in the high re
cycling L-mode [1]. The radiative divertor with Prad,div/-Pnet of 3 5 - 4 4 % was 
formed (Fig. 7(b)), while it was difficult to provide an enhanced energy con
finement t ime of 2 X T ¿ T E R 8 9 ~ P , in contrast to the low recycling ELMy H-mode 
discharges (Fig. 7(c)). Suppression of the back flow of the neutral particles from 
the divertor region into the main plasma is important to keep the enhanced 
energy confinement of the main plasma. 

6. C O N C L U S I O N S 

Under the condition of remote radiative cooling in L-mode, the fraction 
of .Prad.div remained the same irrespective of the ion VB drift direction, and the 
ion flux to the separatrix strike point started to decrease just before a MARFE 
onset. With the relatively symmetric power flow into the outer and inner diver
tor fans, an outboard-dominated Ptarget and a symmetric one were observed for 
the ion VB drift towards and away from the target , respectively. This is due to 
the asymmetry in the recycling and radiation loss profiles. Thus, from the view
point of the in-out asymmetry in the heat load and particle flux, operation with 
the ion VB drift away from the target plate would be desirable, provided that 
at tached conditions are maintained. Remote radiative cooling with Prad,div/-Pnet 
of about 40% was achieved in the ELMy H-mode operation, due to the reduc
tion of Te,div (20—45 eV), similar to that in the L-mode. However, the energy 
confinement degrades to that in L-mode. 
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DISCUSSION 

D.E. POST: ASDEX-U, DIII-D and other experiments report that detachment 
occurs at Tediv « 5 eV. Could you comment on what might cause you to see 
detachment at Tediv « 10 eV? 

N. ASAKURA: Tediv « 10 eV just before a MARFE onset is observed during 
NBI. In an ohmic discharge, Tediv = 5-8 eV just before a MARFE onset and 
complete detachment occurs even when the ion VB drift direction is towards the 
target. I think what we see is a partial or moderate detachment where the heat flux 
may reach the separatrix during NBI. 

D.D. RYUTOV: I would expect the electric drift velocity on the open field lines 
(drift caused by the radial electric field) to be at least an order of magnitude higher 
than the VB drift. Do you really attribute the asymmetry to the VB drift, or do you 
use the VB drift direction merely as a marker of the magnetic field direction? 

N. ASAKURA: We used the ion VB drift direction as a marker of the magnetic 
field direction. 

D.D. RYUTOV: Do you have an explanation for the higher level of fluctuations 
in the flux when the VB drift is directed towards the plates? 

N. ASAKURA: The fluctuations in $D« are repeats of the reversal motion of 
the recycling profile (Da intensity profile). Particles (neutral source) may transfer 
from the inboard divertor to the outboard divertor over the X point, following which 
inboard recycling may be enhanced again. 
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Abstract 

EXHAUST AND IMPURITY CONTROL EXPERIMENTS IN THE JET PUMPED DIVERTOR. 
The first results of divertor studies in the JET Pumped Divertor are discussed. Plasmas using 

either the horizontal or vertical plates of the target have been investigated, and sweeping of the divertor 
plasma strike points has been used to increase the wetted area of the target during high power experi
ments. As a result of careful alignment, the surface of the target has not exceeded 800°C while total 
plasma input energies of up to 140 MJ have been used. Experiments with the divertor cryopump have 
shown that the most efficient pumping is obtained when the outer strike point is adjacent to the pump. 
However, the pumping efficiency falls by only a factor of two as the strike point is moved up to 20 cm 
from the optimum position. Measurements of the SOL and divertor parameters in discharges diverted 
onto the horizontal or vertical target plates have confirmed certain features predicted by numerical 
models. Steady-state H-modes with a duration of up to 20 s and confinement enhancement factors close 
to twice L-mode scaling have been obtained and have been extended to high density. The approach to 
detachment, obtained so far only in ohmic and L-mode plasmas, has been studied experimentally and 
numerically. 

1. INTRODUCTION 

Following a major upgrade JET now operates with a Pumped Divertor [1] which 
combines high power handling capability, flexibility of plasma configuration and a 
cryopump operating at liquid helium temperature. This has equipped JET to address 
the central problems of the ITER divertor: efficient dissipation of heat exhaust with 
minimal erosion, control of particle fluxes, including helium, and effective impurity 
screening. In experiments to date, X-point plasmas with currents of up to 4MA have 
been established and an extensive characterization of the properties of diverted plasmas 
has been performed in L and H-modes, with an emphasis on diagnosing plasmas in 
steady-state conditions. The power handling capability of the target has been 
demonstrated at total powers of up to 26MW and in steady-state H-modes lasting up to 
20s. 

Close co-ordination of experimental and theoretical studies of divertor plasmas, to 
provide validation of numerical codes used in predictive modelling and to guide the 
evolution of the experimental programme, is a key feature of the JET divertor 
programme. Here initial comparisons between experimental observations of discharges 
using horizontal and vertical target plates and the results of simulations are discussed. 

1 See Appendix to IAEA-CN-60/A-1-3, this volume. 
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Fig. / Cross-section of the JET Pumped Divertor showing the major 
components. 

2 . THE JET PUMPED DIVERTOR 

The main features of the new divertor configuration are shown in Fig. 1. Four internal 
coils allow a wide range of configurations to be established at currents of up to 6MA. 
Divertor connection length and X-point height can be varied independently. In 
addition, the divertor strike points can be swept at frequencies above 4Hz and at 
amplitudes of 10cm to increase the wetted area for heat exhaust. The divertor target 
consists of narrow, water-cooled inconel beams on which CFC tiles are mounted. 
Tiles are machined and carefully aligned to eliminate edge exposure. Slots between the 
support beams allow neutrals to recirculate and to reach the divertor cryopump [2]. 

Diagnostics have also been extensively upgraded with many new systems being 
introduced, particularly for SOL and divertor studies. Principal diagnostics used in 
these studies include an array of single and triple Langmuir probes, which provide 
both divertor target and upstream (SOL) plasma parameters; IR and CCD cameras 
providing observations of target heating and recycling as well as impurity influxes; 
poloidally resolving visible spectroscopy and bolometry yielding measurements of 
deuterium and impurity radiation; and ionization gauges, distributed below the divertor 
target and at the entrance to the cryopump, which determine neutral densities in the 
divertor. 

3 . POWER HANDLING STUDIES 

Divertor experiments in the original JET device were constrained by the occurrence of 
the carbon bloom at high power, often as a result of localized heating on exposed tile 
edges [3]. Considerable care has, therefore, been taken in design and installation of the 
target tiles to eliminate the exposure of edges. In addition, X-point sweeping 
distributes the loss power over a larger surface area, reducing the heating rate of the 
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Fig. 2 An additionally heated pulse in which divertor strike point sweeping was 
started at 16s. As a result, the peak temperature on the outer target fell 
from ~800°C and gradually approached a new steady-state value of 
~650°C. 

target. In combination with the giant ELM's, which are now a feature of JET H-modes 
and which distribute power over a wide area of the divertor, sweeping is very effective 
in establishing essentially steady-state surface temperatures on the target. This is 
illustrated in Fig. 2, which shows the peak temperature in the outer strike point during 
a pulse with a total power of 12MW. The target temperature gradually rose over the 
first 2s of the (unswept) heating phase, reaching ~800C. Following the initiation of 
sweeping at 16s, as indicated by the 4Hz oscillation in the current of one of the 
divertor coils, the peak tile temperature fell and oscillated slightly about a steady-state 
value of ~600C. The sweeping has no deleterious effects on either the ELM behaviour 
or the plasma energy confinement. In long steady-state H-modes of up to 20s duration, 
140MJ has been delivered to the plasma, with >100MJ deposited on the divertor 
target. The vertical targets have also proved robust in this respect, having sustained 
80MJ of injected energy of which 50MJ was deposited on the target. 

Asymmetries in the power deposition on inner and outer targets, as observed in 
previous JET experiments [4], could adversely affect gas target divertor regimes. 
Therefore, a series of experiments was performed with the VB ion drift towards and 
away from the target to investigate its influence on such asymmetries. In these 
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discharges, the direction of the plasma current was also reversed to maintain a constant 
magnetic helicity, as required by the inclination of the target tiles, and this necessitated 
the use of counter-NBI. 

The results are illustrated in Fig. 3, in which the ratio of peak temperature on the outer 
target to that on the inner target (after approximately 4s of additional heating) is plotted 
as a function of qg$. In L-mode plasmas with the VB ion drift towards the target it was 
found that tile heating on the outer target was dominant, but that the degree of 
asymmetry decreased with increasing qçs. With the toroidal field direction reversed, 
tile heating on the outer target was still dominant, but the degree of asymmetry 
increased with increasing qg$. It was also observed that asymmetries in the D a 
emission from the divertor and in the radiation, which were dominated by emission 
from the inner divertor leg with the VB ion drift towards the target, were reversed 
when the toroidal field was reversed. Thus, it appears the toroidal field reversal mainly 
affected the density distribution between the two divertor legs [5], a conclusion 
supported by Langmuir probe data. However, asymmetries in the power flow to the 
target cannot be simply explained by asymmetries in radiation from the divertor legs 
and further analysis is in progress to develop a detailed understanding of these 
experiments. 

A power balance analysis of these L-mode plasmas showed that the loss power was 
completely accounted for by bulk and divertor radiation, convection and conduction to 
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the divertor target and a significant (~20%) component of atomic recombination at the 
target. Power accountability in H-mode plasmas is not yet as well documented as 
ELM's complicate the analysis. 

4 . EXPLOITATION OF THE DIVERTOR CRYOPUMP 

With a measured speed of ~170m3s"1, the divertor cryopump allows greater control 
over the plasma density and modification of the particle flows in the divertor and SOL, 
leading to the possibility of improved impurity control. In addition, the use of argon 
frosting will permit the study of helium exhaust in reactor-relevant regimes. Initial 
experiments with the cryopump have investigated the dependence of the pumping 
efficiency on X-point geometry and the quantitative balance between gas input rate and 
particle removal rate. The latter is calculated from the measured pressure in front of the 
pump and its calculated proportionality with particle removal in D gas tests. 

Fig. 4 shows the results of an experiment in which the outer strike point of the plasma 
was moved across the horizontal target and up the vertical plate while the pressure in 
front of the cryopump was monitored with an ionization gauge. During this scan the 
plasma density was held constant by gas-puffing. The particle removal rate rose to a 
maximum of 8x10 ^ s " 1 as the strike point reached the corner of the divertor target, 
adjacent to a toroidal slot in front of the pump, then fell as the strike point rose up the 
side-plate. However, the variation in particle removal rate was only a factor of 2 as the 
strike point scanned over virtually the entire usable surface area of the target, indicating 
that the radial slots between the target support beams provide an adequate conductance 
to the cryopump. Moreover, the ratio of removal rate to fuelling rate was found to be 
independent of the fuelling location. 

The low sensitivity of the particle removal rate to strike point position contrasts with 
the experience in DIII-D [6] and is of great significance to the JET divertor 
programme, since it permits exploitation of the wide range of configurations for which 
the divertor was conceived. In addition, it demonstrates the feasibility of using strike 
point sweeping to redistribute exhaust power while exploiting the benefits of the 
particle control provided by the pump. This conclusion is supported by observations of 
density behaviour in steady-state H-modes, which showed a significant reduction in 
edge plasma density when the cryopump was active, even when the strike point was 
distant from the cryopump slot. 

A quantitative fuelling balance has been performed for a variety of JET plasmas, 
ranging from ohmic to long steady-state H-modes without gas fuelling and high 
density L and H-modes. The total gas input in these discharges ranged from 500 to 
8000mbl. In the majority of cases, there was a balance to better than 10% between the 
total gas input and that removed by the pump. 

5 . INVESTIGATION OF SOL AND DIVERTOR PARAMETERS 

A detailed comparison is underway of SOL and divertor parameters in various regimes 
and plasma configurations in order to develop a greater understanding of the behaviour 
of the plasma edge, particularly in regimes of interest to ITER such as the gas target 
divertor, and to benchmark codes used to model divertor behaviour [7]. In particular, it 
has been predicted that, in plasmas with strike points on the divertor sideplates, the 
probability of escape for recycling neutrals should be substantially reduced [8], 
possibly facilitating access to the detached divertor regime. Such plasmas have been 
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established and their edge parameters compared with equivalent plasmas on the 
horizontal target. Fig. 5 shows equilibria for a pair of discharges at 2MA/2.8T. These 
cases had similar densities, input and radiated powers, and similar impurity content. 
Electron temperatures and densities were derived from single and triple Langmuir 
probe measurements in the divertor target and compared with numerical predictions of 
the EDGE2D code [9] which are based on the measured input power, radiated power 
and a SOL inventory adjusted to match measured divertor densities. 

A comparison between the experimentally determined electron temperature and density 
profiles and the results of modelling for an attached divertor plasma is shown in Fig. 
6. One notable result is that even at central plasma densities as low as 4x101 m" and 
input powers of 4MW, divertor densities in the region of lxl02Um"3 are observed, 
indicating that the divertor is in a very high recycling regime. This contrasts strongly 
with observations made in the old JET configuration [10] and suggests that, in spite of 
its relatively open geometry, the pumped divertor configuration is closed to a far higher 
degree than the previous JET divertor. The main features of the density profiles 
predicted by the code are in reasonable agreement with those obtained experimentally. 
In addition, there is a striking agreement between the code prediction of an inverted 
temperature profile on the side-plate configuration and that actually observed, 
suggesting that the behaviour of recycled neutrals is accurately predicted by the code. 

The differences in recycling patterns between discharges on the horizontal and vertical 
targets should lead to a thinner SOL in the latter case. Initial measurements made in L-
mode plasmas support this prediction. SOL profiles have been obtained using a 
reciprocating Langmuir probe near the top of the plasma in equilibria similar to those 
illustrated in Fig. 5, but with the toroidal field and current directions reversed. 
Examples of electron density profiles, mapped to the plasma midplane, are shown in 
Fig. 7. These indicate that, under the same conditions of power and density, the scale 
length for the density fall off in the vertical plate discharge is approximately half 
(Xn=1.6cm) that in the horizontal plate discharge (A.n=3.1cm). 

6 . STEADY-STATE REGIMES 

Extension of ITER-relevant plasmas to steady-state conditions is a central theme of the 
JET programme. Two specific regimes have been investigated, steady-state H-modes 
and detached divertor plasmas. In the new JET configuration, repetitive ELM's occur 
naturally and this has allowed long pulse, steady-state H-modes to be established. 
Experiments have been conducted with plasma currents in the range 2-3MA (q95=3.3-
2.9) at total input powers of up to 11MW. At the lower current 20s H-modes (Fig. 8) 
have been produced, while 9s H-modes have been obtained at 3MA. In all cases the H-
mode duration was restricted by that of the additional heating. It is particularly 
significant that, as shown in the figure, the surface temperature of the target does not 
exceed 550°C. Thus it appears likely that this regime will be limited only by technical 
constraints, such as bulk heating of the target tiles or limitations of the poloidal and 
toroidal circuits. 

In the 2MA/2.1T case shown in Fig. 8 fuelling was provided by NBI heating only and 
the cryopump was used. Comparative discharges with and without the cryopump 
showed that the use of the pump reduced plasma edge density and plasma average 
density (by ~10%) and improved confinement (by ~15%). A comparison with earlier 
JET results on steady-state H-modes is also revealing. Long steady-state H-modes 
were established in the old JET configuration by gas-puffing into otherwise ELM-free 
plasmas [9]. In those cases Zeff fell to ~2, while the plasma density rose after ~ 10s as 
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the walls saturated. In addition, energy confinement was ~80% of the JET/ DIII-D H-
mode scaling and considerable difficulty was experienced with large amplitude mhd 
activity. In the present experiments, Zeff lay in the range 1-1.5 and, as with all 
significant bulk plasma parameters, was in steady-state throughout. In addition, even 
in cases in which additional gas-puffing was used to increase the plasma density, there 
was no evidence of saturation of the pumping. Stored energy in the case shown is 
equal to that predicted by the JET/ DIJI-D H-mode scaling and for all discharges in 
which the cryopump was used was within 10% of this value. 

Maintaining steady-state plasmas in which most of the input power is dissipated by 
radiation or charge exchange processes in the divertor is a central problem in current 
fusion research. Previous experiments on JET [12] succeeded in establishing 
'detached' L-mode plasmas in which virtually all of the input power was lost by 
radiation. Maintaining this regime in steady-state in combination with enhanced 
confinement is a major aim of JET divertor experiments. Results of an initial 
experiment are shown in Fig. 9. This illustrates the evolution of an L-mode discharge 
at 2MA/2.8T with 5.5MW of input power in which deuterium puffing was used to 
access the 'detached' divertor regime. Operationally this phase is defined to occur 
when the ion saturation current, Isat, to the target falls as the bulk plasma density 
increases, indicating that the plasma is detaching. This process occurs initially in the 
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Fig. 8 A 20s steady-state H-mode at 2MAI 2.1 T. 

vicinity of the separatrix as the plasma approaches the density limit in JET [13]. We 
have, therefore, implemented a feedback loop in which the ion saturation current from 
a Langmuir probe close to the separatrix is used to control the gas fuelling rate and, 
eventually, to bring the plasma into a steady-state condition. This process is shown in 
the lower panel of the figure, where the reference waveform and a smoothed version of 
Isat used to control the deuterium puffing rate are compared. As the bulk plasma 
density and radiated power rise, Isat falls, gradually reaching the level of the reference 
waveform, at which point the feedback system holds the plasma in steady-state. The 
physics of these plasmas is discussed in detail in an accompanying paper [7]. 

7 . SUMMARY 

Initial operation with the JET Pumped Divertor has established that it provides a 
flexible and powerful device for the investigation of key issues relevant to the 
development of the ITER divertor. A wide range of plasma configurations has been 
developed with X-point connection lengths of up to 10m. Careful alignment of the 
divertor target has resulted in excellent power handling capability, which is augmented 
by the beneficial effects of sweeping and ELM's. Further reduction in the power 
loading of the target is associated with the existence of a high recycling divertor and 
access to detached divertor regimes. Experiments with the divertor cryopump have 
shown that it provides effective particle exhaust over much of the divertor target area 
and there have clearly been beneficial effects on the performance of steady-state H-
modes. Comparisons of discharges using the horizontal and vertical targets have 

T,(0) 
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Fig. 9 A detached L-mode plasma at 2MAI 2.8T in which the approach to 
detachment was controlled by reducing the ion saturation current 
measured by a Langmuir probe close to the inner separatrix almost to 
zero. 

confirmed some aspects of divertor models, although much further experimentation is 
required to exploit the possible benefits of side-plate operation. The new capabilities of 
the Pumped Divertor have allowed us to establish steady-state plasmas in regimes of 
interest to ITER, such as ELMy H-modes and detached divertor plasmas and the study 
of these regimes will be pursued vigorously in the current experimental campaign. A 
key goal is to establish the viability of combining the improved confinement of the 
steady-state H-mode with the beneficial effects in power handling and target erosion of 
the detached divertor. 
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DISCUSSION 

R.J. GOLDSTON: How much can you lower the density, at fixed current and 
heating power, using the cryopumps? 

D.J. CAMPBELL: We have not yet tried to optimize the density reduction by 
operating with the strike point in the corner of the target. However, for normal swept 
steady state H modes, we have observed density reductions of between 10 and 30% 
in equivalent discharges. 

O. GRUBER: With regard to the strike point oscillation, I am not clear about 
what the advantage has been and whether it was necessary for the present JET 
experiments. 

D.J. CAMPBELL: There are two advantages to strike point sweeping and both 
are associated with target heating. At the highest powers, the tile surface temperature 
would certainly have exceeded the 1200°C observed if sweeping had not been used. 
Sweeping has therefore prevented the target surface temperatures from rising to 
values at which sublimation of carbon could occur. In addition, the bulk temperature 
of the tiles must be limited in order to avoid excessive thermal stresses in the Inconel 
support beams. Strike point sweeping is very effective in redistributing the power and 
limiting the rise in the bulk temperature. 

D.E. POST: You reported oscillations in Ha in the divertor that were not 
ELMs and lasted a few seconds. Have you identified candidate mechanisms for these 
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oscillations? Are they, for example, due to recycling oscillations such as have been 
studied by Kukushkin et al., or is some other mechanism responsible for these 
oscillations? 

D.J. CAMPBELL: We have not yet analysed in detail these oscillations which 
occur in antiphase in the inner and outer legs of the divertor. Observations of the 
radiated power indicate that radiation clearly plays a role, but it is too early to say 
what the driving mechanism is. 
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Abstract 

MODELLING AND MEASUREMENTS OF JET DIVERTOR PLASMAS. 
The new JET Mark I divertor operates at higher densities and lower temperatures for a given 

upstream SOL density than the previous divertor geometry. At these high divertor densities the ion satu
ration current to the divertor target plates is seen to decrease with increasing core plasma density, thus 
providing an operational definition of a detached plasma as well as a convenient control input for stable 
operation in the detached state. The global parameters of these high density discharges have been suc
cessfully modelled with the JET edge transport codes. In order to reproduce the experimentally observed 
SOL profiles, it is necessary to add an inward pinch to the model. Detailed profile measurements of 
the divertor radiation show an area of high density and radiation in the core plasma just above the 
X point which is not reproduced in the model. H-mode confinement degrades at high densities until a 
transition back to the L-mode occurs. The highest density H-modes have low ion saturation current 
between ELMs, but the peak particle and power loss to the target plates become dominated by the ELMs 
and increase as the density increases. 

1. INTRODUCTION 

The new JET Mark I divertor operates successfully in a wide range of geometries 
and plasma parameters [1]. In particular, it has been possible to achieve high density 
divertor discharges which have very low particle, momentum, and energy flows to 
the divertor target plates. These plasmas have been achieved in both steady state and 
density ramp experiments. When the core plasma density is ramped towards the 
density limit, the ion saturation current flowing to Langmuir probes in the divertor 
target tiles is seen to first increase and then decrease. This drop in current has 
become our operational definition of a detached plasma. 

In Ohmic and L-mode plasmas there is a clear sequence of events as the density in 
the plasma core is increased. An example of the time history of an Ohmic density 
ramp pulse is shown in Fig. 1. At a certain core density the ion saturation current to 
the target peaks (~3xl 019 nr3 for Ohmic plasmas) and then begins to fall gradually. 
At 5xl0 1 9m 3 there is sudden drop in current to the inner divertor plate, and an 
increase in radiation from the X point region. The density limit is reached when a 
MARFE forms on the inner wall. 

1 See Appendix to IAEA-CN-60/A1-3, this volume. 
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Fig.l Time traces of an Ohmic density ramp experiment: (a) the line-averaged 
plasma density, (b)Da radiation from the inner divertor leg (dashed curve) 
and the ion saturation current flowing to a Langmuir probe in the inner 
divertor target plate (solid curve), (c) Da radiation from the outer divertor 
leg (dashed curve) and the ion saturation current flowing to a Langmuir 
probe in the outer divertor target plate (solid curve), and (d) the radiated 
power integrated along a sight line which passes through the X point. The 
currents oscillate because the plasma is being swept across the target from 
12 s to the end of the shot. 

In H-mode plasmas the situation is complicated by ELMs. As the core density is 
increased the ELM frequency also increases. The ion saturation current to the target 
between ELMs is low and drops, at least on the inner target. The density limit in H-
mode plasmas is set by the H-to-L transition, which is followed by a loss of density 
from the core. Because of the ELMs it is difficult to analyse the target probe data and 
the quality of detachment which can be achieved below this limit is still unclear. 
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Fig. 2 The operational space for high density plasmas in JET. The crosses are the 
density limit. In Ohmic and L-mode discharges this is the density at which 
a MARFE moves up the inner wall. In H-mode discharges the density limit 
is set by an H-to-L transition, which is followed by a reduction in the core 
density. The circles mark the density at which the ion saturation current to 
the divertor target plates peaks. The squares mark the density at which 
there is a sudden decrease in this current to the inner divertor. 

The available operating space for detached divertor plasmas is shown in Fig. 2 as a 
function of input power and line-averaged plasma density. Using both 
preprogrammed gas fuelling and with a feedback system controlling on an ion 
saturation current measurement, it has been possible to operate JET with stable, 
detached divertor plasmas very close to the density limit. 

Significant progress has been made in modelling detached plasmas. It is now 
possible to reproduce qualitatively the features seen at the divertor target plates. For 
the modelling presented here, the two dimensional fluid transport code EDGE2D [2] 
has been run with an analytic formula for the impurity radiation loss [3] and the 
impurity distribution then found by using the impurity Monte Carlo transport code 
DIVIMP [4] on the pure background plasma generated by EDGE2D. With the new 
set of diagnostics available on JET, it is now possible to better validate these models. 

Examples in this paper will be solely for divertor plasmas on the lower, horizontal 
target plates. Interesting differences exist between such plasmas and those on the 
vertical plates [1]. These will be reported in detail in a later paper. 
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Fig.3 Geometry of several bolometer views overlaid on the plasma geometry of 
JET pulse 30829. The views marked with a solid line increase as the 
divertor detaches while those marked with a dashed line decrease. 

2. IMPURITY SOURCES IN HIGH DENSITY DISCHARGES 

At high core density the plasma temperature in front of the divertor target plates 
becomes so low that there is essentially no source of carbon from physical 
sputtering. However, when physical sputtering is the only source of carbon in the 
model, the experimental values of carbon influx and radiated power are not 
reproduced [5]. A good example of this is provided by our modelling of a 2.8 T, 
2 MA Ohmic plasma. The measured input power to the scrape-off layer (SOL) is 
1.2 MW, with 0.6 MW of power radiated in the SOL and divertor, and 0.2 MW 
conducted and convected to the divertor target plates. When the code is run with 
physical sputtering alone, the total SOL plus divertor radiation is predicted to be 
0.2 MW, essentially all from deuterium with <0.01 MW from carbon. Because the 
carbon influx is seen to decrease with the ion saturation current, a constant yield 
better matches experiment rather than a constant additional source of carbon. A yield 
of 0.2% is found to reproduce the measured influx and at the same time to match the 
total radiated power as measured by the bolometers. While this greatly exceeds the 
yield from physical sputtering it is also a factor of 10 or more less than what one 
would expect from chemical sputtering. 

Significantly, bolometer measurements of detached plasmas show that the region of 
peak radiation is above the X point and in the core plasma. In Fig. 3 the lines-of-
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Fig.4 The profile of bremsstrahlung radiation seen from the top of JET looking 
down at the divertor. The solid curve is the experimentally measured 
profile for an ohmic detached plasma and the dashed curve is the 
prediction of the fluid code. 

sight of a few of the in-vessel bolometers are overlaid on the magnetic geometry of 
the divertor region. The views which are marked in thick, solid lines increase as the 
divertor detaches, while those marked with dashed lines decrease. This region of 
high radiation corresponds to a region of very high density, considerably higher than 
the densities typically measured on the target plates in detached plasmas. The 
bremsstrahlung radiation seen by the infrared camera which views the divertor from 
the top of the machine is compared to results of the model in Fig. 4. The two peaks 
in the modelled emission result from two high density regions in the SOL on either 
side of the X point (Fig. 5). The experiment shows only one such region, located 
near the X point. This discrepancy may be due to the inconsistent treatment of 
impurities in these simulations or to limitations caused by the restricted region of the 
core plasma covered by the numerical grid. 

3. TARGET PARAMETERS IN A DETACHED PLASMA 

The pulse modelled here is a 2.8 T, 2 MA L-mode discharge on the horizontal target 
plates with 6 MW of input power. Throughout the pulse, the density was increased 
until the divertor plasma detached and, finally, the plasma disrupted. Profiles of 
electron density and temperature along the outer divertor target are plotted in Figs 6 
and 7 for two times during the discharge. At the first time, the divertor plasma has a 

H i i | i i i | i i i | r p i | i i i [ 
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Fig.5 Modelled contours of constant electron density from the same simulation 
as Fig. 4. The two peaks in the modelled bremsstrahlung emission can be 
seen to come from two areas of high density in the SOL on either side of 
the Xpoint. The densities are in units ofl019m~3. 

high density (1.2xl020 nr3) and is still attached to the target. By the second time the 
plasma is detached and the power to the target plates is 0.4 MW, down from 4 MW 
in the attached case. 

Unlike the case of the Ohmic plasma described above, the model does not produce a 
detached plasma when the measured radiation loss from the SOL (~2 MW) is used to 
calculate the quantity of impurity radiation to apply with the analytic formula. 
Detached solutions can be found when 4 MW of impurity radiated power is used. 
The calculated target profiles are compared to experiment in Figs 6 and 7. The 
model can be seen to underpredict the temperature at the target and overpredict the 
measured density. This is typical for our simulations of detached plasmas and is 
thought to be outside the (large) error bars of the experimental measurements. It is 
thought that this problem may be due to insufficiencies in the atomic and, especially, 
the molecular physics in the model. At present, elastic scattering of ions with 
molecules is not included as a momentum loss mechanism in the code. 

4. SOL PROFILES IN HIGH DENSITY DISCHARGES 

Experimentally, the width of the SOL is seen to increase as the core plasma density 
increases. The density fall-off lengths are compared in Fig. 8 for a medium density 
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Fig.6 Divertor target plate electron density profiles for a 6 MW L-mode 
discharge. The circles are experimental measurements during the attached 
phase of the discharge. The squares are the measured profile during the 
detached phase of the shot. The curve is the model prediction for the 
detached plasma. During the detached phase the midplane separatrix 
density is ~2xJ019 m3. 
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Fig.7 Divertor target plate electron temperature profiles for a 6 MW L-mode 
discharge. The circles are experimental measurements during the attached 
phase of the discharge. The squares are the measured profile during the 
detached phase of the shot. The curve is the model prediction for the 
detached plasma. 
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Fig.8 Profiles of SOL electron density at the outer midplanefor a 6 MW L-mode 
plasma. The circles are measurements for a medium density plasma while 
the squares correspond to a high density, detached plasma. The lines are 
exponential fits to the data. 

Ohmic plasma and, later in the same discharge, a detached divertor plasma. In high 
density discharges, the model overpredicts this observed broadening, even producing 
non-monotonic density profiles (Fig. 9). Profiles much better matched to experiment 
can be produced by adding a pinch term to the perpendicular transport. The second 
model profile in Fig. 9 was obtained with a pinch velocity of 6 m/s. This is similar to 
the size of the pinch used previously near the edge of the core plasma in impurity 
transport experiments [6]. 

5. COMPATIBILITY OF H-MODE CONFINEMENT WITH DETACHED 
DIVERTOR PLASMAS 

With the divertor cryopump activated, it has been possible to produce long pulse, 
high quality H-mode plasmas whose duration is limited only by the available 
duration of high power heating [1]. The peak surface temperature of the divertor tiles 
comes quickly into equilibrium at a value lower than that found in lower power L-
mode shots. This is due to the large spreading of power deposition by the ELMs, 
which can be seen on probes over the entire divertor. When the density of these 
discharges is increased the ELM frequency also increases and the core confinement 
decreases (Fig. 10). At a certain density (~9xl019 nr3 at 9 MW), the discharge makes 
a transition back to L-mode. At the highest density compatible with H-mode 
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experimental measurement for a 6 MW high density discharge. The dashed 
curve is the prediction of the fluid model assuming no particle pinch. The 
solid curve is the model result using an inward pinch of 6 mis. 

operation, the ion saturation current to the target plates is low between the ELMs but 
remains at a high level during the ELMs. The peak temperature on the target plate 
increases with increasing density, probably due to reduced speading of the power 
load by the high frequency, grassy ELMs. 

6. CONCLUSIONS 

The JET Mark I divertor geometry has allowed access to higher density, lower 
temperature divertor plasmas for comparable core plasma densities. At the highest 
densities, stable operation with low particle flows to the divertor target plates is 
possible. The global features of these plasmas can be reproduced with the present 
model. Considerable progress has been made in modelling plasmas with large 
pressure and density drops along open field lines. The model requires a source of 
carbon in addition to the normal physical sputtering mechanism in order to match 
experiment. The details of the profiles of density and radiated power as predicted by 
the model are still not in agreement with experiment. Calculations using the full 
multi-species impurity equations and including a larger area of the core plasma are 
required. The comparison of predicted and measured density profiles in the SOL has 
led to the inclusion of a pinch term in the particle transport in the model. The 

i i i i i i i r^t i i i i i i r^ i ' > - > r 1 ^ ^ i i i i i . 

i i i i i i i • 

• _ • 

i i i i . i i i i . i . . . . i , , , , i 



550 JET TEAM 

12 

5 10 

^ 8 

I 6 o 

t 2 
0 

12 

Ç 10 

S 6 

O) 

Q 2 

0 
1.6 

^ 1-4 

| 1.2 

Q 1 
LU 0.8 

e 0.6 

e 0.4 

0.2 

800 

Ü 7 5 0 

g- 700 

|2 650 
CD 

¡z 600 

.2: 550 
Q 

500 

Pulse Nos: 31858 and 31867 

i i ' / i 

I I I I I I I I I I I I I I I I I I I I I I I I I I I 

I I I I I I I I I I M I I I I I I I I I I I I I I | 

10 15 _. , . 20 
Time (s) 

25 

Fig.10 Comparison of medium density (solid curves) and high density (dashed 
curves) H-mode discharges. At high density the ELM frequency increases 
and the core confinement decreases. Peak power loading, which is 
dominated by ELMs, also increases with increasing density. 

situation with high density H-mode plasmas is less satisfactory. The core 
confinement is seen to decrease with increasing density leading eventually to a 
transition back to the L-mode. Peak power loading on the target plates in H-mode 
discharges is dominated by ELM behaviour and is seen to increase with increasing 
density, in contrast to L-mode detached plasmas. 



IAEA-CN-60/A4-5 551 

REFERENCES 

[1] JET TEAM, IAEA-CN-60/A4-4, this volume. 
[2] TARONI, A., et al., Contrib. Plasma Phys. 32 (1992) 438. 
[3] NEUHAUSER, J., SCHNEIDER, W., WUNDERLICH, R., Nucl. Fusion 26 (1986) 1679. 
[4] STANGEBY, P.C., ELDER, J.D., J. Nucl. Mater. 196-198 (1992) 258. 
[5] SIMONINI, R., et al., in Controlled Fusion and Plasma Physics (Proc. 21st Eur. Conf. 

Montpellier, 1994), Vol. 18B, Part II, European Physical Society, Geneva (1994) 694. 
[6] PASINI, D., et al., Nucl. Fusion 30 (1990) 2049. 

DISCUSSION 

K. LACKNER: Your findings on the origin of radiation losses in experiments 
approaching detachment are quite different from those presented in 1992. In your 
opinion, are these differences primarily due to the improved diagnostics resolution 
or to the different tile material (1991/92 — Be, 1994 — CFC)? 

L.D. HORTON: It was very difficult in the 1991/92 campaign to be specific 
about the exact location of the radiation owing to the lack of high resolution bolo-
metry. In addition, it is likely that a significant fraction of the radiation came from 
carbon sputtered from the walls, even in the discharges on the beryllium target tiles. 
The new in-vessel bolometers are the main reason for our being able to be more 
precise in the present operational campaign. 

R.J. GOLDSTON: How much of the improvement in the JET power handling 
capability is due to the change in the divertor hardware, and how much, do you think, 
is due to the very different ELM behaviour? 

L.D. HORTON: There is no doubt that the largest improvement in power 
handling is due to the new well aligned tiles and our sweeping capability. We get an 
additional benefit from ELMs in our H mode plasmas. 

R. YOSHINO: Is the 6 m/s inward particle pinch consistent with the particle 
transport inside the separatrix? 

L.D. HORTON: In the old JET we had measurements which indicate that a 
particle pinch term is required near the edge of the confined plasma. Unfortunately, 
we have not yet analysed the data for the new discharges so as to be able to make 
quantitative comparisons across the separatrix. 
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Abstract 

PERFORMANCE OF THE ALCATOR C-MODE CLOSED DIVERTOR IN OHMICALLY HEATED 
PLASMAS. 

Alcator C-Mod operation with a single null closed divertor produces clean, Zeff < 1.3 plasmas 
and two dissipative divertor regimes. For ñ,, â: 0.7 x 1020 m~3, the divertor plasma is highly 
recycling and radiative with high densities and low temperatures near the strike points. If the tempera
ture near the target plates drops to ~ 5 eV, this plasma detaches from the plates over most of their 
surfaces. The plasma pressure there drops by a large factor (~20). Known amounts of trace impurities 
(Ar, Ne, He) have been puffed into the high recycling divertor and the fraction reaching the main plasma 
has been measured. The 'impurity shielding efficiency' of this closed divertor configuration is high in 
each case, with N ^ / N S ? <; 2% for Ar and Ne and <20% for He. 

1. INTRODUCTION 

Alcator C-Mod [1], a high field, compact tokamak with a molybdenum first 
wall, produces highly shaped, diverted discharges. For the results described here, the 
main plasma parameters were 0.6 < Ip < 1.1 MA, 0.2 x 1020 m~3 < ñg (gas 
fuelled) < 2.8 X 1020 m'3, and 1.4 < K < 1.7, with Bt = 5.4 T. The device is 
designed to operate with a single or double null divertor. While in the single null 

1 ENEA Frascati, Frascati, Rome, Italy. 
2 Institute for Plasma Research, University of Maryland, College Park, Maryland, USA. 
3 Department of Physics, Johns Hopkins University, Baltimore, Maryland, USA. 
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configuration, a number of different magnetic divertor geometries ('open', 'closed', 
'closed with slot') are possible [1]. Results reported here are for the 'closed' diver-
tor, shown in Fig. 1, where the scrape-off layer (SOL) plasma flows around struc
tures which baffle it from the core. A unique feature of this geometry is the 'vertical' 
orientation of the divertor plate surfaces at the strike points. This geometry causes 
recycled particles in the common flux region to be directed toward the separatrix and 
away from the main plasma. Electron temperature and density profiles over the inner 
and outer divertor plates are measured with arrays of probes. As shown in Fig. 1, 
there are six probes along the inner plate and ten probes along the outer one. Also 
shown is a fast scanning probe which measures scrape-off plasma parameters above 

-0.2 - , 

Inner Probe 
Array 

-0.4 

Z(m). 

-0.5 

Impurity Gas Puff 
Outer Probe Array 

FIG. 1. Cross-section ofAlcator C-Mod 'closed' divertor. The poloidal flux surfaces are constructed 
from magnetics measurements. Embedded in the divertor plates, but with their domed tips extending 
above the surface, are 16 probes. Also shown are the fast scanning probe (above the divertor) and the 
location of the gas puff tube used in the impurity injection experiments. 
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the divertor. SOL parallel heat flows to the probe are as much as —200 MW/m2, 
and field line lengths from the probe to the divertor plate are ~ 5 m. At the plates, 
grazing angles of incidence can reduce the heat flow by a factor of —50. However, 
actual heat flows to the plates are much lower than this as a result of heat dissipation 
in or near the divertor. 

2. DISSIPATIVE DIVERTOR CONDITIONS 

Divertor conditions in which much of the heat flux is dissipated within the 
divertor before reaching the strike points are currently of interest because of the need 
to reduce the peak heat loads which are predicted for the ITER divertor plates. Two 
types of 'dissipative' divertor operation are observed in C-Mod. With the ion grad B 
drift directed toward the divertor, a high recycling, radiating divertor plasma is 
observed for ñ̂  ^ 0.7 X 1020 m"3. Above this density, the sheath electron density 
at the plate and the Da emission from the divertor begin to increase non-linearly, 
^sheath <* (5e/Ip)6> indicative of high recycling. Spatial profiles at the plate show 
that the density is strongly peaked near the separatrix and can be as high as n̂ sheath 
= 6 X 1020 m "3. Within the divertor chamber (i.e. below the outer 'nose') the tem
perature is observed to increase away from the separatrix [2]. This is opposite to the 
profile in the SOL above the divertor, where the temperature falls outside the 
separatrix. The electron pressure is approximately constant on the SOL flux surfaces, 
and the total radiated and neutral particle power (measured bolometrically) from the 
divertor is typically —50% of the input power, in these cases. 

With no significant change in magnetic geometry, if the main plasma density 
exceeds a critical value proportional to the input power, the high recycling, radiating 
divertor plasma 'detaches' [3-5] from both divertor plates, and a second type of dis
sipative divertor operation is obtained. The detachment occurs when the temperature 
at the plates drops to — 5 eV over a significant fraction of the surface. This transition 
to 'global' detachment occurs rapidly (< 10 ms), but is preceded (on a -100 ms 
time-scale) by a gradual evolution in which the pressure at the plate falls for flux 
surfaces near the separatrix and is no longer constant on those surfaces. This gradual 
process is a local, partial detachment. A typical evolution of the sheath pressure 
profile at the plate through 'global' detachment is shown in Fig. 2. The pressure near 
the strike point drops gradually as the peaks in the pressure and density profiles move 
away from the separatrix into the common flux region. At 'global' detachment, the 
pressure and the parallel heat flux at the plates drop sharply (by factors of — 10-20) 
over a large fraction of the surface, including the strike point. The temperature falls, 
but remains above 1 eV. In addition, the spatial distribution of the radiation within 
and near the divertor changes suddenly, with the bulk of the radiation moving up 
toward the X point. The rate of density rise in the main plasma increases concur
rently, indicative of increased fuelling (see Fig. 2, inset). Thus the density is not 
limited by the detachment, which in ohmic plasmas occurs at —25% of the 
Greenwald density limit. The pressure at points significantly further out in the SOL 
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FIG. 2. Evolution of the pressure profile at the outer divertor plate from a high recycling condition 
through to 'global' detachment at t = 0.81 s. The pressure is calculated as 2ne sheath Te, assuming 
Te = T¡, with density and temperature measured by the probe arrays. The probe positions on the plate 
are mapped to midplane co-ordinates, p, with the separative at p = 0. When plotted in this way, large 
(~ 3 cm) changes in the peak position at the plate appear as small changes f~ 2 mm). In the inset, 
ne(t) is shown for the time period of the pressure evolution. 

(usually at those striking above the divertor 'nose') remains constant or increases 
slightly during the time, leading up to, and including, the 'global' detachment. 
'Global' detachment is not full poloidal detachment, but only detachment at the target 
plates. The dynamics of the transition from the gradual, partial detachment to the sud
den 'global' detachment is not well understood. The main plasma density threshold 
for 'global' detachment is a linear function of the ohmic input power. This is, 
however, probably the result of atomic processes which become dominant when the 
temperature near the plates falls to a threshold of ~ 5 eV. 

3. IMPURITIES 

For ne above 1.5 x 1020 m~3, the Zeff of the main plasma is <1.3 . The 
major low Z impurity is carbon, in concentrations of <0.5%. The influx of 
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molybdenum, the first wall and divertor plate material, decreases rapidly for 
ne > 1.5 x 1020 nr3 . Above that density, Mo is present in the core in concentra
tions of < 0.02%. When the plasma configuration changes from limited (on the inner 
wall) to diverted, the influx of Mo to the main plasma, typically, falls by a factor 
of ^ 2 . The Mo influx from the target plates is usually negligible; it comes 
predominantly from the inner wall [6]. 

Since shielding of divertor impurities from the main plasma is another key 
aspect of ITER divertor design, experiments to measure the 'impurity shielding effi
ciency' of the divertor in the closed configuration were performed by puffing a 
known trace amount of recycling Ar, Ne or He into the private flux region of the 
divertor (Fig. 1). The amounts of Ar and Ne appearing in the main plasma were 
measured spectroscopically, while an upper limit for the amount of He was set by 
the absence of a measured change in core Zeff (ÔZeff < 0.05). The ratios of the num
ber of ions in the main plasma to the number of atoms puffed are found to be —2% 
for Ar, ~ 1 % for Ne and <20% for He, with r^ in the range of (1-2) x 1020 nr3 . 
Additional experiments with Ar puffing [7] showed that the shielding efficiency 
decreases by about a factor of two after 'global' detachment. 
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DISCUSSION 

DJ. CAMPBELL: You showed that detachment occurs at densities equivalent 
to 25% of the Greenwald density limit. Could you say how your experimentally 
observed density limit relates to the Greenwald limit and how it varies with power? 
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Alternatively, how much headroom do you have above detachment before you reach 
the density limit? 

J.L. TERRY: We do not observe that the Greenwald limit is replaced by 
another limit after detachment. We have doubled the density after detachment. In 
these cases, the density continued to rise until the preprogrammed plasma current 
ramp-down began. 

R.J. GOLDSTON: You reported that 1-2% of puffed neon or argon are 
observed in the main chamber. Is this dependent on the location of the puff valve? 

J.L. TERRY: Although impurity gas puff experiments using capillaries located 
at other poloidal locations have not been analysed with the same accuracy as the mea
surements reported here, preliminary analysis indicates that the location of the puff 
does not affect the impurity screening significantly. 

O. GRUBER: I am somewhat puzzled by your term 'highly radiating divertor', 
since the ratio of divertor radiation to heating power is always below 20%, as in other 
divertor tokamaks. It is just the ratio of divertor radiation to bulk radiation which you 
can vary. 

J.L. TERRY: The ratio of P^enor to the total heating power is between - 2 5 
and —45% in the regime we call 'high recycling, radiating'. Since ~50% of the 
heating power is radiated within the last closed flux surface, 50-90% of the power 
arriving at the scrape-off layer is radiated within or near the divertor. This is still a 
large fraction of what arrives there. 

K. LACKNER: Very large divertor compression of neon has also been 
observed in lower field tokamaks which, in these cases, operated typically also in the 
ñg > 1020 range. The parameter given, e.g. by ASDEX Upgrade, namely the ratio 
of nNe/no in the divertor chamber to nNe/ne in the bulk plasma, is not a directly 
comparable parameter as it would have to be multiplied by the corresponding ratio 
of hydrogenic particles in the two reservoirs. We observe a significantly lower 
compression for helium. Did you do experiments with helium? 

J.L. TERRY: Yes, we also injected helium. I did not mention this result 
because only an upper limit in the ratio NHe"7NËeff could be determined. That upper 
limit is - 2 0 % . 
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Abstract 

BOUNDARY LAYER AND H-MODE STUDIES IN W7-AS. 
The natural 5/m islands of the W7-AS high iota configuration shape the radial and poloidal distri

bution of plasma parameters in the SOL. A numerical basis for 3D edge modelling with island divertor 
is provided. Experimentally, it is shown that plasma fluxes are diverted by the island X-points. The par
ticle diffusion coefficient in the SOL scales inversely with n,.., for both the limiter and the island 
separatrix case. Small poloidal electric field components give rise to convective flux contributions. At 
<(a) = 0.53, the singular i value where low power good H-mode operation is possible, the space potential 
conditions seem to be favourable for H-mode development. Experiments highlight the role of the ion 
temperature in the H-mode transition physics. 

1. INTRODUCTION 

Two fundamentally different edge topologies can be realized in W7-AS: 
(1) At low ¡t (* (a) ~ 0.34), two vertically movable up-down limiters touch the 
plasma at the tips of two adjacent elliptical cross-sections. Nested flux surfaces 
extend into the SOL. Apart from the poloidal and toroidal shaping, the 
boundary layer problem is related to that of limiter tokamaks. (2) For % (a) > 
0.5, large "natural" islands appear in the boundary of W7-AS at low order 
resonances X = 5/m. The plasma cross-section is corrugated by the edge island 
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shaped by the 5/9 islands; (c) depicts the long connection lengths (bright) in the SOL in the two poloidal positions not shaded 
by the in this case deeply penetrating limiters. 
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chain (see Fig. 1). Depending on the value of *, these islands may be fully 
developed (poloidally closed) or partly developed (poloidally open island 
fragments; island divertor). In both cases the islands introduce a multiply 
connected topology which, apart from the finite value of * and the toroidal 
asymmetry, is equivalent to that of a tokamak divertor. This configuration is of 
relevance as it avoids direct plasma wall interaction. With separatrix, for * (a) ~ 
0.53, the H-mode develops with the lowest available heating power. 

2. EDGE STUDIES 

2.1. High- * separatrix operation 

Fig. la shows the measured vacuum flux surfaces in a triangular poloidal 
cross-section at t(a) = 0.53 [1]; Fig. lb shows a photograph during a 
discharge. The edge corrugation from the 5/9 islands is shown. The radial and 
poloidal distribution of connection length Lc in the SOL of the separatrix case is 
mostly determined by the two up-down limiters. Fig. lc shows the poloidal L c 
distribution [2]. Fig. Id shows the results of Langmuir probe array 
measurements [2]. In the regions of long Lc, the vacuum island structure is well 
reproduced. This is an important result as it indicates that modelling of the SOL 
parameters can be performed in the frame of the known vacuum field structure. 

2.2. Boundary layer modelling with island divertor 

As in tokamaks, a fluid model for plasma transport requires a field line 
consistent coordinate system owing to the strong anisotropy between parallel 
and perpendicular transport. For advanced stellarators, this requirement is even 
more stringent, because of the strong variation of the flux tube cross sections 
along the torus. 

In the case of closed islands, magnetic coordinates can be provided as for 
conventional flux surfaces. For "open islands", however, and for small scale 
stochastic structures, which typically appear near the separatrix, standard 
magnetic coordinates do not exist. Nevertheless, even in these cases, the 
Poincaré plots show that both the open and stochastic structures closely follow 
the poloidal modulation of the dominant edge resonance throughout the relevant 
boundary region. This property of low shear stellarators has been exploited to 
define an optimized radial coordinate based on the "open magnetic surfaces" 
concept [3]. The new surfaces satisfy the magnetic surface condition B»Vs = 0 
(s=label of the surface) and match smoothly the LCFS and the separatrix of the 
main resonance. They well reproduce the patterns of a Poincaré plot including 
small cross field diffusion and are also consistent with the contours of the ion 
saturation current from 2D Langmuir probe array measurements (see Fig. Id) 
[2]. 

The 3D grid is completed by defining a flux conserving helical coordinate 
following the pitch of the main edge resonance. So far, the model has been 
applied to the l (a) = 0.53 configuration, at which the H-mode has been 
observed. An extension to other values of t is straightforward. 
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FIG. 2. Carbon and boron erosion of a collector probe intersected by one SOL fan emerging from the 
X-point of the helical edge islands. The geometry of the plasma and its SOL and the intersection with 
the probe is also plotted. 

2.3. Exhaust through an island X-point 

Monte-Carlo guiding center calculations identify the sector of largest 
poloidal curvature, the helical edge, as most prominent position for exhaust 
through an island separatrix. This position would be suitable as the location of a 
future helical divertor. Fig. 2 shows carbon and boron erosion (and deposition) 
measurements where one of the two SOL fans intersects a probe [4]. The 
geometry of the SOL intersecting the probe (modelled by a Monte Carlo particle 
code) is also shown. Erosion occurs in a narrow zone of about 1-2 cm width. 
The location of the erosion maximum and the width of the erosion/deposition 
zone can be reproduced by the Monte Carlo code assuming a SOL diffusion 
coefficient of D = 1 m2/s. 

2.4. SOL transport 

At low * the limiters define large flux bundles suitable for SOL transport 
analysis. Data are collected at low and medium density to avoid large parallel 
gradients and particle sources within the SOL. The analysis is based on a ID 
model which includes the radial variation of Lc in the radial profile analysis. 
The SOL parameters are averaged along the flux bundle with variable cross-
section [5]. The most prominent dependence of the diffusion coefficient D is 
with edge density (D « nea

-1)- The SOL D-values compare well with those 
measured inside the LCFS (from the particle balance which equates the 
diffusive outflux with the ionisation rate). 

At high * one of the 5/9 islands residing at the helical edge in an island 
divertor situation was mapped with a single Langmuir probe. The limiter 
intersected the island. The island was poloidally shifted across the line of 
movement of the reciprocating Langmuir probe from shot to shot with slightly 
differing x (a) values so that the parameters of the plasma inside and around the 
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island could be measured. Similar transport within the intersected islands as 
described above for the SOL at t(a) = 0.34 was found. There is no specific 
difference in D and its density scaling for low * (limiter) or high x (island 
separatrix) operation. 

These results are the most simplistic approach to radial edge transport as 
the assumed exponential decay of the edge density ignores shoulders in the 
radial variation. These features result from convective contributions most 
probably introduced by small poloidal electric fields E0 [3]. Fig. 3 summarizes 
the experimental evidence. Fig. 3a shows two density profiles in the SOL at 
two different limiter positions and indicates the features in the profile. At radial 
locations where Lc jumps the slope of the ñ¿ profile changes. Towards shorter 
Lc, the density gradient can decrease (the trivial case) but it can also increase. 
Fig. 3b shows for the inner limiter position case that changes in slope of n e 
depend on field direction. A steep section of the profile changes to a flat one and 
vice versa when B is turned around. These results indicate that ExB drifts 
enter the radial transport induced by E0 < lV/cm. Poloidal electric fields are 
obviously introduced by the poloidal pattern of L c values whereas regions with 
longer Lc seem to carry more positive space potential. This is demonstrated in 
Fig. 3c. In this case the results of two differently placed Langmuir probes are 
shown. In its radial inward movement, one Langmuir probe connects to short 
L c in positive 0 and the other in negative 6 direction. They experience 
differently oriented E0 field components. In radial zones of similar Lc, the 
positive E-field case has a steep and the negative case a flat gradient. These 
features in the density profile are also observed in tokamaks and seem to be of 
general nature. 

3. H-MODE STUDIES 

The H-mode of W7-AS develops spontaneously [6]. It shows all 
characteristics as known from the tokamak H-modes: edge plasma parameters 
(ne, Te and Ti) increase within the LCFS, fluctuations (density and magnetic 
field) instantly decrease, the poloidal impurity flow velocity at the edge v0^ 
(BIV) increases in the electron drift direction, the transition is frequently 
preceded by limit-cycle oscillations (dithers), ELMs can develop. The increase 
in confinement is, however, moderate and not more than 30%. It is not clear yet 
to what extent the presence of the limiters prevents a complete development 

The power threshold scaling of W7-AS is Pthr/S (MW/m2) = 0.025 Btñ¿ 
(T, 1020m-3) [7]. For 0.2 MW of ECRH power and at 2.5 T the H-mode 
develops above a density of 2.5 lO1^ m-3. For 1.25 T, the density threshold is 
reduced by a factor of two. A low power, low density H-mode transits back 
into an L-mode when the heating power is increased Higher density is required 
to maintain the H-mode at higher power. The increase of the density threshold 
with heating power (and not the reverse) may be typical of electron heated 
plasmas and may indicate the role of Ti(a) (or pi(a)') for the H-mode transition. 
Indeed Ti(a) decreases when P is increased whereas Te(a) increases. Like vQp-, 
Ti(a) correlates better than Te(a) with all H-mode transition conditions. Also 
during the preceding density ramp-up phase to meet the threshold condition, 
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both vo1, Ti(a) increase whereas Te(a) decreases (after the transition, it also 
increases). 

A peculiarity of the H-mode of W7-AS is its restriction to a narrow x 
range 0.51 < t(a) < 0.53 where it occurs already for the lowest available 
power. This * range is characterized by the 5/9 island chain with little 
interference from the limiters. The limiters restrict Lc at the edge to about 10 
circumferences. This * range provides good confinement also in the "L-mode". 
Detailed edge studies at low density in the "L-mode" have revealed that in this x 
range, the space potential <E>sp has a singular and precisely defined maximum 
[7]. The radial E-field shows a strong step close to or at the LCFS from being 
positive in the SOL to negative inside the LCFS. 

Figure 4 shows the temporal evolution of Ha, Ti(a), the impurity flow 
velocity v0^, and the floating potential of probes mounted into the limiter or that 
of the limiter <E>fllim during an H-mode transition at x (a) = 0.53. The Ha trace 
indicates the distinct drop into the H-phase. Simultaneously, v0^ (representing 
the ExB component as the diamagnetic contribution can be neglected), the edge 
electron and ion temperature (BIV), and the edge density increase at the 
transition. At the H-transition the floating potentials sharply drop caused 
predominantly by a drop in space potential. The H-mode transition is locally 
accompanied by a stronger negative electric field. The strong temporal 
development of the edge parameters can be used to explore their correlation. 
Ofl u m scales linearly with v0^ in the expected manner (see Fig. 4 d). At the H-
transition, both VA* and Ofll"11 jump. This jump can occur at different 
combinations of v0* and Ofll im and can be of different magnitude. Ofllim can 
be measured with good time resolution. The increase of Ofl"m precedes that of 
H a in a back transition by about 50 |i.s. This observation may rule out the 
speculation on ion orbit losses as H-mode transition trigger. 

The floating potential of a Langmuir probe enbedded into the limiter shows 
a distinct minimum around x (a) = 0.53. This is a factor of 2 less than at any 
other X value in the range 0.3 < *(a) <> 0.6. Unlike other X -values there is 
already a strong negative electric field close to the edge even without the H-
mode. At the transition, the edge radial field decreases by a further « 100 V/cm 
(in agreement with the v0^ analysis). The reason for the special potential 
conditions at the H-mode x -range seems to be the close proximity of short 
connection lengths in the SOL to the infinite ones inside the LCFS and the little 
interference of the limiter. The neighbouring x values which do not allow the 
H-mode formation at the available heating power display a rather unspecified 
radial variation of <£>Sp with several maxima and minima owing to a complex 
mix of Lc values in a poloidal plane. 

From these studies, we conclude that the pre-set potential distribution at 
the edge enters the H-mode development. Around t(a) = 0.53 it seems to be 
favourable for the H-mode to develop as soon as other preconditions (possibly 
Ti or related quantities) are met. The change in potential at the edge from the 
confinement region to the SOL affects the transition conditions. This may be the 
reason why the H-mode is always initiated at the very edge. 

Recently, the H-mode could also be developed at x(a) ~ 0.34, the other x 
range, with good "L-mode" confinement. This range is strongly affected by the 
limiters (see above) and does not display the favourable electric potential pre
conditions of *(a) » 0.53. The power threshold is much larger at the low-* 
value. The H-mode develops with NBI at 0.8 MW and at a half field of 1.25 T 
only. 
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DISCUSSION 

K. IDA: Do you have any comment on the difference between the DIII-D H 
mode and the W7-AS H mode discharge as regards the time evolution of \e after the 
L-H transition? Also, do you have any comment on the H mode theoretical model? 

F. WAGNER: ve increases prior to the transition (where the density is ramped 
up) and jumps at the transition. The time resolution of the spectroscopic data does 
not permit us to discriminate between Ave and Ap¡'. The faster space potential 
measurements indicate an increase in #sp 50 ¿is prior to the H2 rise in a back-
transition H — L. We cannot construct the full radial momentum balance for the 
complete L — H — L cycle. 

K. TOI: I would like to ask a question about the fluctuation behaviour in the 
H mode discharges. The data you showed for magnetic and density fluctuations 
across the transition seem to indicate that magnetic fluctuations rather than density 
fluctuations are most clearly and rapidly suppressed. Could you comment on this 
fluctuation behaviour? 

F. WAGNER: We know from the many transitions we have documented 
with reflectometry, Langmuir probes and microwave scattering that the edge r^ 
fluctuation level drops quickly. 
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Abstract 

CONTROL OF EDGE TURBULENCE IN PBX-M AND TEXT-U. 

Edge turbulence levels, profiles, and transport can be modified and controlled. Changes in edge 
conditions due the L-H transition, velocity shear, changes in connection length in the scrape-off layer, 
plasma rotation and feedback are demonstrated. Changes in fluctuation levels are correlated with 
improved confinement (L-H transition, rotation), changes in profiles (velocity shear, connection 
lengths) or are limited to a flux tube. 
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Edge turbulence levels and, thereby, transport and profiles in a tokamak can be 
modified and controlled. We demonstrate changes in edge turbulence due to the L-H 
transition, velocity shear, connection length, plasma rotation and feedback. 

1. L-H TRANSITION 

In PBX-M, the fast scanning probe system was inserted up to 0.7 cm inside the 
separatrix during neutral beam heated H mode discharges. A strong negative radial 
electric field is observed in the H mode (Fig. 1(a)). At the time of the L-H transition, 
ion saturation current and floating potential fluctuation levels are suppressed. 
Changes in the spectra, and a reduction of the correlation between fluctuating density 
and potential occur. A large amplitude coherent oscillation, localized to the strong 
radial electric field region, is observed in the H mode but does not cause transport. 
The coherent oscillation may be an ELM which is in the initial stages of formation 
and growth. In the H mode, the effective turbulent diffusion coefficient is reduced 
by an order of magnitude (Fig. 1(b)), consistent with reduced edge transport. Steep 
edge density gradients form over 0.8 < r/a < 1 within a few milliseconds of the 
L-H transition (faster than the edge transport time), suggesting that the transport bar
rier may not be localized to the velocity shear region. The measurements (Fig. 1(c)) 
indicate that the direction of fluctuation propagation reverses over a narrow 
( « 0.3 cm) layer just inside the last closed flux surface during the H mode, consistent 
with the formation of a negative radial electric field. A similar flow reversal occurs 
during the L mode with two to three times smaller shear, and with the region of maxi
mum shear several centimetres inside the last closed flux surface. In addition, the 
probe measurements indicate the presence of a highly localized, radially narrow 
coherent mode just inside the last closed flux surface during the H mode. A detailed 
comparison of the fluctuations with a velocity shear decorrelation model [1] suggests 
that either the L-H transition threshold is sensitively dependent upon velocity shear, 
similar to a phase transition, or that velocity shear is not fundamentally involved in 
the L-H transition. 

2. VELOCITY SHEAR 

A velocity shear layer, associated with E x B flow in the edge plasma and the 
L-H transition, can reduce the level of fluctuations about a factor of two, as is shown 
in Fig. 2. The reduced fluctuation levels are generally accompanied by a reduced gra
dient in the electron density profile. In ohmic discharges in TEXT-U, the velocity 
shear increases with plasma current and decreases with increasing toroidal magnetic 
field and plasma density. The most effective turbulence suppression and reduction in 
wave vector always occur where Er' is a maximum. There is no change in the shear 
layer characteristics with ion mass; the shear layer width is constant over a large 
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range of plasma conditions. These trends are consistent with the predictions of a 
model [2] for the formation of a shear layer. However, global particle confinement 
from source measurements scales with electron density in this density region. Thus, 
the observation that the maximum fluctuation reduction occurs at low density indi
cates that the velocity shear suppression of turbulence does not dominate the confine
ment under ohmic conditions on TEXT-U, i.e. a narrow region of reduced 
fluctuation levels does not form a large enough transport barrier to control the 
particle and energy flow. 

3. CONNECTION LENGTH 

The radial dependence of equilibrium and fluctuating parameters in the scrape-
off layer is also related to the radial dependence of the connection length Lc. An 
experiment was carried out on TEXT-U in which the global parameters of two dis
charges were nearly identical, while the connection lengths in the scrape-off layer 
changed by a factor of order four as a secondary limiter was moved away from the 
last closed flux surface. We observed reductions in the density fluctuations, tempera
ture fluctuations, and potential fluctuations in the region with longer connection 
lengths. The largest change was in the temperature fluctuations, and the magnitude 
of the change was in rough agreement with estimates from the electron temperature 
gradient and sheath driven instability [3]. 

4. ROTATION 

Fluctuation levels and transport have been modified [4] by electrode insertion 
and biasing. While operating in high confinement modes, we have observed changes 
in fluctuation levels under some operating conditions and locations but not at all loca
tions. The electrode bias modifies plasma rotation and increases particle confine
ment; it also removes the up-down asymmetry in the scrape-off layer [5]. The steady 
state convective flux indicated by an asymmetry cannot account for global confine
ment in ohmic discharges, except perhaps at low density, because of the scaling of 
the asymmetry with density. 

5. FEEDBACK 

To study the processes by which modes interact and to modify turbulence by 
feedback, we have driven currents using two single Langmuir probe tips with a 
separation in the poloidal direction. Typically, an alternating current of order of 10 A 
is superimposed on a direct current of 10 A. Bicoherence measurements show that 
single frequency waves launched from the driven Langmuir probe couple directly to 
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FIG. 3. (a) Power spectrum of floating potential fluctuations obtained without control and with 
negative feedback (suppression), (b) Power spectrum of floating potential fluctuations obtained without 
control and with positive feedback (destabilizing). 

the background turbulence over a broad frequency range. However, the waves driven 
by the launcher were characterized by a smaller perpendicular wavenumber than the 
background plasma turbulence. The perpendicular coherence lengths of the driven 
waves were approximately the same as the background turbulence. Feedback experi
ments were carried out by using the wave launching system described above. The 
floating potential from a Langmuir probe was amplified and used to drive the wave 
launcher. Figure 3 shows that the broad spectrum of the naturally occurring turbu
lence can be either increased or suppressed in amplitude along a field line for dis
tances over 10 m, depending upon the relative phase between sensor signal and 
driver. The changes in potential fluctuations were observable only along a flux tube 
connected to the driving probe. Changes in profiles or global confinement have not 
been observed. 
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DISCUSSION 

R.J. GOLDSTON: Could you tell us if your experiments in which you changed 
the connection length changed the ¡di/B stability of the field line? 

R.D. BENGTSON: The point limiters determining the connection length were 
small. Thus, the field line traversed the tokamak several times in both the toroidal 
and poloidal directions so that the stability of the magnetic field line was not changed. 
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Abstract 

OBSERVATION OF TURBULENCE SUPPRESSION AND TRANSPORT REDUCTION IN THE 
PRESENCE OF SHEARED FLOW. 

The space potential of the SOL of an OH plasma becomes negative when negative voltage is 
applied to both of the divertor plates against the vacuum vessel. Thus a negative electric field and electric 
field shear are formed, so that turbulence is reduced and the particle flux decreases in high shear regions. 
The dependence of the reduction of density fluctuations on shear strength agrees qualitatively with the 
theory of Zhang and Mahajan. The density profile with divertor biasing becomes steeper than that 
without biasing. In NBI heating experiments, the profile of the floating potential implies that higher 
shear of the electric field is formed just inside the separatrix radius of an H mode plasma than in an 
L mode plasma. The density fluctuations are reduced in the high shear region of the electric field in 
the H mode. 

National Institute for Fusion Science, Nagoya, Japan. 
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1. INTRODUCTION 

It is expected that sheared flow reduces the fluctuation level so that the energy 
and particle transport decrease [1-3]. The velocity shear of the impurity ions is 
observed by charge exchange recombination (CXR) measurement [4, 5]. It is 
reported, however, that the main ion rotation is different from the impurity rotation 
in a helium plasma in DIII-D [6]. Usually, CXR measurement of the main ion 
rotation is difficult in a neutral beam heated deuterium plasma. In this paper, we 
report the direct measurement of the electric field using triple Langmuir probes. The 
fluctuation level is measured as a function of the shear strength of the electric field, 
with active control of the electric field shear by the technique of divertor biasing [7]. 
The second part of this paper consists of a comparison between H mode and L mode 
with respect to profiles of density fluctuations in relation to electric field shear inside 
the separatrix. 

2. TURBULENCE SUPPRESSION AND TRANSPORT REDUCTION IN THE 
OH SOL 

The experiments are performed in the JFT-2M (R = 1.3 m, a = 0.3 m) toka-
mak operated with a single null divertor configuration [7]. Experimental parameters 
are as follows: plasma current Ip = 220 kA, toroidal magnetic field Bt = 1.2 T and 
line averaged density ñg = 2.2 x 1019 m~3. Langmuir probes are mounted at a posi
tion 10 cm below the outboard midplane. They move radially from the limiter face 
to the separatrix radius. The time evolution of electron density, electron temperature 
and space potential has been measured by the triple probe method [8]. 

2.1. Characteristics of turbulence 

The relative fluctuation level of electron density fig/rig is ~0.6 in an OH 
plasma without biasing. Fluctuations have broad spectra in frequencies and in 
wavenumbers. The typical poloidal wavenumber is several cm-1. Most of the power 
of the fluctuations ñg/ng is concentrated on lower frequencies. The power spectral 
density P of fluctuations varies qualitatively as the inverse square of frequency: 
P oc f-2 (50 < f < 500 kHz). Electrostatic fluctuations propagate in the ion 
diamagnetic drift direction throughout the SOL when the Er X Bt drift velocity is 
subtracted. 

2.2. Turbulence suppression by divertor biasing 

The profiles of the space potential of the SOL change as shown in Fig. 1(a) 
when negative voltage ( -60 to -180 V) is applied to both of the divertor plates 
against the vacuum vessel. Thus a negative electric field and electric field shear are 
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FIG. 1. (a) Space potential, (b) radial electric field, (c) electric field shear, (d) fluctuations of electron 
density, ñjne, and (e) electron density, plotted as Junctions of distance from the separatrix, with nega
tive bias voltage used as a parameter. 
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formed in the region of ds = 1.0-2.5 cm, where ds is the distance from the 
separatrix (Fig. 1(b) and (c)). Density fluctuations are reduced from 70 to 45% in 
this shear region (Fig. 1(d)). 

The profiles of electron density and ion acoustic velocity at the position of the 
divertor plates are measured by using Langmuir probes installed on the plates. 
Particle flux is estimated from this measurement, using particle balance. The value 
of the particle flux indicates that the fluctuation induced particle flux across the 
magnetic field is reduced with divertor biasing. The fluctuation induced particle flux 
is modified in the biasing case. A local decrease of the density fluctuation causes the 
steepening of the density profile with divertor biasing in Fig. 1(e). 

2.3. Comparison with Er shear suppression theory 

Electric field shear is controlled by changing the applied voltage to the divertor 
plates. The mutual coherence 7 of density fluctuations at two points separated poloi-
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FIG. 2. (a) Mutual coherence y of density fluctuations at two points separated poloidally by 6 mm as 
a function of electric field shear, (b) Reduction of density fluctuations compared with the theory (solid 
line) of Zhang and Mahajan, assuming y = 1/2 (strong turbulence case) [9]. The data used are at 
ds = 1.25 cm in Fig. 1. 
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dally by 6 mm is plotted as a function of electric field shear in Fig. 2(a). The coher
ence decreases as electric field shear increases. The reduction of density fluctuations 
is compared with the theory of Zhang and Mahajan [9] (Fig. 2(b)), with good qualita
tive agreement. 
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FIG. 3. (a) Electron density, (b) floating potential, and (c) fluctuations of electron density, calculated 
from the probe data and plotted as Junctions of distance from the separatrix, estimated from the contour 
of the magnetic surface calculated from the magnetic data, lite best estimate of the separatrix location 
is 2 cm in the figure. The density fluctuations measured with the reflectometer are also plotted in (c). 
The measuring position of the reflectometer and the value of scale length (\„ = 46.5 mm for H mode 
and 8.2 mm for L mode) are determined by the density profile measured with the TV Thomson scattering 
system. The data were measured under the condition Vbias = —150 V. 
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3. TURBULENCE SUPPRESSION INSIDE THE SEPARATRIX IN H MODE 

Density fluctuations have been measured with good spatial resolution just inside 
the separatrix by moving the plasma outward 4 cm transiently to avoid probe 
damage. The speed of the plasma movement is 4 cm/10 ms. The spatial resolution 
of the measurement is 2 mm. Experimental parameters are as follows: plasma current 
Ip = 230 kA, toroidal magnetic field Bt = 1.2 T and line averaged density ñg = 4.4 
x 1019 m'3 in H mode (PNB = 550 kW) and He = 3.7 X 1019 nr3 in L mode (PNB 

= 300 kW) [10]. The density profile of the H mode shows a clear steepness com
pared with that of the L mode, as shown in Fig. 3(a). The profiles of the floating 
potential and the density fluctuations are shown in Fig. 3(b) and (c). The profiles of 
the floating potential are flat in the range ds = —1.3 to —2.5 cm, although the 
baselines differ. The difference seems to show that the electron temperature in 
H mode is higher than that in L mode. From ds = —2.5 to —3.1 cm, the floating 
potential decreases and becomes more negative in the H mode case. When this nega
tive change of floating potential arises from the negative change of space potential, 
a high electric field shear is formed inside the separatrix. In this region, the density 
fluctuation level is significantly reduced, as shown in Fig. 3(c). This agrees with the 
prediction concerning the reduction of fluctuations in the high electric field shear 
region [2, 9]. 

The O mode 50 GHz reflectometer measures the phase and the amplitude of the 
reflected wave. The cut-off layer is determined by using electron density profiles 
measured by the TV Thomson scattering system [11]. The fluctuations of the phase 
of the reflected wave give density fluctuations of 9.0 ± 1.8% at ds » -2 .9 cm in 
H mode and 3.9 ± 1.6% at ds « —6.5 cm in L mode, as shown in Fig. 3(c). 

Concerning the divertor biasing experiments of JFT-2M, it is observed that the 
threshold NB power at the L-H transition becomes smaller when the divertor bias 
is turned on than when it is turned off. We conjecture that this fact is related to the 
generation of a positive electric field, which is expected to contribute to the loss of 
high energy ions, in the vicinity of the separatrix radius. 

4. CONCLUSION 

Divertor biasing forms electric field shear in the SOL of an OH plasma, so that 
turbulence is reduced and the particle flux decreases in the high shear region. The 
dependence of the reduction of density fluctuations on the shear strength agrees 
qualitatively with the theory of Zhang and Mahajan [9]. In NBI heating experiments, 
the floating potential becomes more negative inside the separatrix in H mode than in 
L mode. The density fluctuations are reduced in the high shear region of the electric 
field in H mode. 
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DISCUSSION 

R. WEYNANTS: Is the shear you observed inside the separatrix during the 
neutral beam heated H mode due to the biasing or is it just the shear that you always 
observe in the spontaneously occurring H mode? 

H. TO YAM A: The shear inside the separatrix is related indirectly to divertor 
biasing. We conjecture that a positive electric field formed near the separatrix in the 
SOL causes the loss of high energy ions; then, an electric field and electric field shear 
are created owing to the ion loss. However, we need more measurements in order 
to confirm whether this conjecture is right or not and how this shear differs from the 
spontaneous shear in the H mode. 
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Abstract 

STUDIES OF INTERMITTENCY AND EDGE TURBULENCE IN ADITYA. 
Several new aspects of intermittency phenomena are reported. The intermittency is found to be 

present only at small scales, whereas the large scales are nearly Gaussian. Conditional dipole structures 
are found in the floating potential which undergo stretching, merging and breakup. The bispectral ana
lyses indicate significant long range interaction and support the intermittency conclusion. An interesting 
aspect of edge turbulence is that the fluctuation induced particle fluxes show kurtosis in the range 7-100. 
They exhibit multifractality, indicating a multiplicative process for their generation. 

1. INTRODUCTION 

The recent observation of intermittency [1] has raised several questions. Firstly, 
how good is the intermittency conclusion primarily based on the statistics of fluctua
tions? The statistics of fluctuations can be strongly influenced by non-stationary 
effects in the data, e.g. sudden bursts of MHD activity leading to strong perturbation 
of density and potential fluctuations. In addition, there may also be present in the data 
a natural trend, e.g. that in density caused by a gradual shift in the plasma position, 
or that in potential caused by temperature and MHD effects. These trends make fluc
tuations non-stationary and may influence the estimated values of statistical moments. 
Secondly, the tokamak edge turbulence is not totally free from coherent fluctuations 
of low mode number (or frequency). In individual shots, the spectral power of the 
low frequency (5-15 kHz) coherent mode may be 2-5 times higher than the broad
band spectral power at the same frequency. Therefore, it will be interesting to know 
about the frequency (or wavenumber, or scale) dependence of fluctuation statistics 
and hence that of intermittency. Thirdly, several quantities in hydrodynamic turbu
lence (viz. vorticity and energy dissipation) which show intermittency effects are 
known to exhibit multiscaling and multifractality as well [2, 3]. Therefore, scaling 
properties of the singular measures of tokamak edge turbulence (e.g. density, poten
tial and fluctuation induced instantaneous particle flux) need to be studied in detail. 

1 P.K. Atrey, S.B. Bhatt, D. Bora, B.N. Buch, C.N. Gupta, K.K. Jain, P.I. John, A. Kumar, 
H.A. Pathak, H.R. Prabhakara, H.D. Pujara, D.C. Reddy, K. Sathyanarayana, G.C. Sethia, 
A. Varadarajulu, P. Vasu. 
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Fourthly, the turbulent signal is known to be composed of spatial structures. The 
observation of non-Gaussian statistics and the indicated intermittency point to the 
possibility of spatial structures which undergo dynamic stretching, merging and 
breakup. Finally, the turbulent signal is also viewed as an ensemble of a large number 
of Fourier modes. The observation of intermittency would imply that there are long 
range interactions present in the turbulence. They can be studied by measuring higher 
order correlations in the signal. In the present paper, we consider data from the SOL 
and edge region of the ohmically heated ADITYA tokamak and describe our observa
tions on all these aspects. 

2. EXPERIMENTAL RESULTS 

The operational parameters of the ADITYA tokamak and diagnostics used for 
these experiments have been described in Refs [1,4]. In the present paper, we 
describe analysis of the following fluctuation data collected in these experiments: 
normalized fluctuation in plasma density (ñe/n,.), floating potentials at two poloidally 
separated probes (<j>x and 4>2) and electrostatic fluctuation induced instantaneous 
particle flux (f ~ %(4>\ - 4>2))-

2.1. Fluctuation statistics 

The shots are initially selected on the basis of good flat-top in plasma current. 
These shots are divided into two groups: those with and those without sharp spikes 
in plasma current. The latter are further divided into two groups: those with and those 
without trends in root mean square (RMS) amplitudes of the fluctuation data. The low 
frequency ( < 1 kHz) trends in the mean values are removed and then statistical 
moments for the fluctuation data are estimated using standard routines [5]. The trends 
in RMS amplitude are determined using a non-parametric run test. We find that 223 
out of 316 shots with %/n^ records are stationary. Similar figures for 0j and f 
records are 147/281 and 189/252, respectively. 

In data sets with a sharp spike in plasma current, the values of skewness (S) and 
kurtosis (K) parameters are in the ranges 1-3 and 3-30, respectively, for ñe/n,,. The 
current spikes are known to be associated with local flattening of gradients in plasma 
current density or temperature. Thus, these data sets belong to a separate class of 
intermittency phenomena, different from those associated with pure electrostatic tur
bulence. It appears that electrostatic fluctuations are influenced by events taking place 
in MHD turbulence. 

In non-stationary data sets, the S and K parameters show both Gaussian and 
non-Gaussian statistics. The observed non-Gaussian character in many such data sets 
can be attributed to the sum of two or more simulated Gaussian data sets with 
different variances. 
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FIG. 1. Plots ofskewness (S) and kurtosis (K) versus the RMS amplitudes afar ñ/ne (top), </> {middle) 
and f {bottom). 

For stationary data sets, S and K as functions of RMS amplitude (a) for ñjr^, 
<i>i and f are shown in Fig. 1. Variations in a values arise because data pertain to 
different radial locations. In the cases of <¡>x and f, the variations in a values are 
partly due to a difference in probe size and electronic gain used for different sets of 
experiments spread over a period of two years. However, for ñ^/n^. these effects 
cancel out and both S and K show an increasing trend with a values. 

To determine whether the fluctuation statistics depend on the time-scale present 
in the data, we carried out wavelet transform analysis. The data were convoluted with 
Mexican hat wavelets of varying scales [3], These wavelets are essentially bandpass 
filters with different peak frequency and bandwidth. The statistical analyses of the 
transformed signals show that kurtosis increases for signal components of high 
frequency (or small scale). The dominant time-scales for non-Gaussian kurtosis 
(K > 3) are shorter than 50 /¿s. This conclusion is further verified by evaluating 
S and K parameters after subjecting the data sets to a high-pass smoothing filter. 
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2.2. Multifractality of particle flux 

We follow two different approaches for the multifractal analysis of the data. The 
conventional approach [2] involves the calculation of the spectrum of singularities 
denoted by a and their corresponding fractal dimensions f(a). Figure 2 (top) shows 
f(a) spectra for particle flux data (f ) from three ADITYA shots. The smooth curve 
shows the f(a) spectra constructed from a multiplier model with a probability 
p = 0.675. The model fits the experimental data quite accurately except for the high 
values of a. Thus, the electrostatic fluctuation induced instantaneous particle flux 
exhibits multifractality. 

A recent technique [6] for determining singularity spectra based on wavelet 
transform modulus maxima (WTMM) allows access to singularities of negative 
Holder exponents h. We have used the WTMM method to determine r(q) and D(h) 
spectra for f. Figure 2 (middle and bottom) shows these spectra for f from some 
ADITYA shots. The D(h) spectrum is obtained by Legendre transform of the r(q) 
spectrum. The solid line indicates the D(h) spectrum obtained from the average r(q) 
spectrum. The negative values of h indicate the presence of sharp spikes in the data. 
There is a large scaling range, a factor of 30. Similar results are obtained for ñg/ng 
and 0, but the scaling range is smaller (factors of 5 and 15, respectively) and the 
values of h are always positive. 

2.3. Conditional structures 

Since the fluctuation data at small scales exhibit intermittency, we subject the 
floating potential data to a high-pass smoothing filter at 20 kHz. The conditional 
analysis of these data will therefore yield information about small scale structures, 
in the scale size region over which predominant non-Gaussian features are seen. 

The conditional structures are obtained on a 10 X 10 matrix of probes following 
the analytical procedures described by Huid et al. [7]. The isopotential contours are 
drawn from the conditionally averaged time series using standard interpolation 
routines [8]. 

Figure 3 shows contours of potential structures, at 2 /AS intervals, obtained by 
imposing a condition on the reference probe that <£e = 1.5a and d#/dt > 0. The 
x and y axes represent radial and poloidal distances within the observation space. The 
limiter is located at x = 25 cm. An inspection of these contours reveals the following 
features: 

(a) Conditional potential structures are seen in the edge plasma which appear to 
evolve and rotate in the poloidal direction. 

(b) The imposed condition on the reference probe (i.e. <¡> = 1.5a and d<£/dt > 0) 
reveals that the potential structures are separated by the reference probe which 
also coincide with the limiter or the shear layer. 

(c) Large structures appear to form because of the merging of small structures. 
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FIG. 3. Timeframes of the contour plots of the conditionally averaged potential fluctuation amplitudes 
in x (radial)-y (poloidal) plane at different time intervals from the time the condition applied to the refer
ence probe is satisfied. The solid lines indicate positive and the dashed lines negative values of the poten
tial. The time is marked on the top of each frame. The axes for each frame are similar to those marked 
on the bottom left frame. The condition applied to the reference probe is 6<f>e = 1.5a and a%Jdt > 0. 



IAEA-CN-60/A4-10 589 

(d) These structures are typically elongated in the poloidal direction. However, 
inside the limiter (r < 25 cm) the poloidally elongated structures appear to 
experience stretching in the radial direction. 

(e) The radial stretching leads to eventual breakup of the structures. The radial iso
lation of the structures is also destroyed. The typical scale length of the structure 
is a few centimetres and the lifetime is about 15 ¡AS. 

(f) The structures are again formed with opposite polarity at the same side. In 
general, these structures seem to have a dipole nature. 

We have further applied the condition on the reference probe <j> = la and 2a, 
with d0/dt > 0, and we find that the above mentioned characteristics are broadly 
repeated for different signal levels. However, for small values of the reference 
potential, there are a larger number of small structures than for large values of the 
reference potential. The merging and breakup scenario is the same. When we reverse 
the polarity of the imposed condition on the reference probe, the features of the 
observed structures are similar but with opposite polarity. 

2.4. Mode coupling and energy transfer 

The density and potential fluctuations in the ADITYA edge plasma are sub
jected to bispectral analysis using standard techniques [9]. The squared bicoherence 
for both density and potential fluctuations is found to be in the range 0.1-0.2, which 
is well above the statistical errors (~ 10"3). This observation indicates that signifi
cant wave-wave coupling exists among the frequency triplets fl5 f2 and fj ± f2. 

The floating potential data (0! and 4>2) from two poloidally separated probes 
are used to estimate linear and quadratic transfer functions, applying statistical 
methods [10]. The propagation direction is first determined from the sign of the 
cross-phase spectrum of the two probes. The probe which samples first is treated as 
the input while the other probe is treated as the output. The transfer functions which 
describe the input-output relation [7] are determined from the estimates of auto- and 
cross-power spectra and auto- and cross-bispectra. The growth rate of instability, dis
persion relation, wave coupling coefficients and direction of energy transfer are 
obtained from the estimated transfer functions. Figure 4 shows the linear transfer 
function (|Lf|) and the growth rate of instability (7f) for probes in the SOL and the 
edge region (r = 24 cm). We observe that in the SOL plasma, the magnitude of the 
linear transfer function is less than unity and the growth rate is negative at all frequen
cies, indicating the presence of damped waves. In the edge region, a few centimetres 
inside the limiter, the linear transfer function is greater than unity for frequencies less 
than 25 kHz, indicating the presence of growing modes at these frequencies and 
damped modes at higher frequencies. Figure 5 shows the contour plots of the quad
ratic transfer function, Qf(fi, f2), in the SOL and the edge plasma. In both the SOL 
and the edge region the estimated values of the quadratic transfer function show that 
the energy transfer to small frequencies is due to the difference interactions of higher 
frequencies, indicating an inverse cascade of energy. 
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3. CONCLUSION 

We have reported the results of our investigation on several new aspects of 
intermittency in edge turbulence. In stationary data sets, the kurtosis parameters for 
ñViie and 4> are in the range 3-8, whereas those for f are in the range 7-100. The 
kurtosis parameters, which indicate intermittency, are significantly non-Gaussian 
(K > 3) only for small scales (<50 fis), whereas they are nearly Gaussian for large 
scales. Conditional dipole structures in floating potential are seen in the edge plasma. 
The interface between SOL and edge plasma shows a strong shear layer. The dipole 
structures undergo stretching, merging and breakup. The bispectral analyses show 
that there are significant long range interactions among Fourier components. The 
estimated values of the quadratic transfer function show that the energy transfer takes 
place from large to small frequencies through difference interaction, an indication of 
inverse cascade. Finally, we find that the fluctuation induced particle fluxes in the 
turbulent edge plasma of the ADIT Y A tokamak exhibit multifractality, indicating a 
multiplicative process for their generation. 
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Abstract 

BIASED DIVERTOR PERFORMANCE UNDER LH CURRENT DRIVE AND HEATING 
CONDITIONS ON THE TdeV TOKAMAK. 
A new long pulse lower hybrid system at relatively high N/; provides both heating and current 
drive on TdeV, and an improved biased divertor geometry is used to position the electric field in 
the scrape-off layer, based on a model. Negative biasing works well with rf driven plasmas and 
T*He/TE~10 is achieved even at low plasma densities. Preliminary results are also presented on 
plasma detachment in front of the divertor plate and on compact toroid injection, a new core 
fuelling technique scalable to large tokamaks. 
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1. Introduction 

Plasma biasing has been shown on TdeV in the ohmic regime to be very 
promising for divertor applications [1]. Negative biasing improves the divertor 
retention, leading to better He pumping and a higher heat removal capability 
via radiation or charge exchange with neutrals. These results are now 
extrapolated to auxiliary heated and well characterized rf driven plasmas with 
an optimized and simplified biasing geometry. Finally, novel experiments with 
a new compact toroid injector suggest an interesting alternative to fuel the 
center of large tokamaks. 

2. Lower Hybrid Current Drive 

The new lower hybrid current drive system [2] now on TdeV can deliver 
up to 1.3 MW via a multijunction antenna which can launch two narrow 
(AN/P 0.4 FWHM) spectra adjusted independently within 2.0< N„< 3.3. The 
mouth of the antenna is shaped toroidally and poloidally to match the surface 
of the plasma. Antenna coupling was studied extensively but good coupling 
was achieved (R<3%, P,^ 700 kW) only for values of antenna-separatrix 
distances much smaller than expected (da.s<1.0 cm) and well inside the scrape-
off layer (SOL X^-2.5 cm) [3]. Probe measurements indicate that the density 
is much reduced in front of the waveguide apertures. Plasma flows and 
vortices, visually observed in front of the antenna, could be partly responsible 
for coupling asymmetries and the density reduction in front of the waveguides. 

Figure 1 shows a relatively long pulse plasma, nearly fully rf driven. 
Fully rf driven discharges, with higher powers at a still higher N„ (3.0), give 
an experimental current drive efficiency rjCD= ñeR.yPrf (1019 m"2<A/W) of 0.36, 
in agreement with predicted theoretical efficiencies [4], The calculated current 
density profile (code ACCOME [5]), which includes bootstrap (11 %) and 
residual electric field effects (7 %), is rather flat on axis due to off-centre rf 
power deposition. This calculated profile (í¡= 1.40) is in fair agreement with 
the measured current (£~ 1.46) and suprathermal electron profile. The off-
centre deposition is confirmed by chord averaged suprathermal electron 
velocity distributions, obtained from absorption measurements of electron 
cyclotron waves on the antisymmetric part of the suprathermal electron 
momentum distribution [6]. 

3. Divertor Biasing 

TdeV's new divertor biasing geometry is shown in Fig. 2 [7]. The 
induced radial electric field is predicted from a model [8] based on a non-
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FIG. I. (a) Rf driven long pulse plasma. SN divertor, B^l.5 T, R: 0.87 m, 
a: 0.26 m, N,/2.5. (b) Radial profiles of the current density {7-channel SMM 
polarimeter) and of the suprathermal electron density (filtered local X ray 
emissivity) compared with the ACCOME simulation, (c) Chord averaged 
suprathermal electron velocity distribution (electron cyclotron absorption). 

ambipolar radial current with ion mobility and sheath controlled parallel 
currents. Field induced density profiles (measured X^-2.5 cm without bias) are 
also shown, assuming that n^ at the separatrix remains constant. With this 
new geometry, the location of the peak electric field in the SOL ("p" in Fig. 
2) and the return current are now entirely controlled from within the divertor, 
leaving the throat plate to its separate function of baffling the divertor. The 
field location is controlled by the position of the separatrix on the biased plate. 
Moving the separatrix away from the grounded plate in the outer divertor 
favours negative biasing (Fig. 2 (b)), whereas a separatrix closer to the 
grounded plate keeps the positive field mostly inside "w" in Fig. 2 (d), 
maximizing the flow to the divertor. As shown before, the inner plate must be 
floating for negative biasing, but can be grounded for positive biasing, 
insulated by the sheath. 

Figure 3 summarizes the results obtained for both biasing polarities. 
Divertor coil currents were adjusted according to Fig. 2 to optimize each 
biasing polarity and the toroidal field was chosen to maintain the ErxBT 

direction toward the outer divertor. Negative biasing performs very well, with 
a large recycling increase , pressure build-up and power flow to the outer 
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FIG. 2. Divertor geometries optimized for (a) negative and (c) positive 
biasing with respect to ground, (b) and (d) SOL densities and electric fields 
calculated for both geometries at the equatorial plane. 
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FIG. 3. Results for the biasing geometry shown in Fig.2. Recycling (Da 

signal) inside the divertor increases proportionally to the biasing current for 
negative biasing. The power to the outer divertor P^^ div includes both the 
radiated power and the plate loading. 1^ 210 kA, Bj- 1.5 T. 

divertor obtained at similar biasing currents but lower biasing voltages than 
before. Positive biasing results are more disappointing since the pressure build
up expected from the ErxBT flow or JrxBT force is still inexplicably not 
observed in the divertor, even with the separatrix verified to be indeed at the 
expected potential. 
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650 kW LH 

FIG. 4. Divertor retention and exhaust of He. SN geometry with ErxBT 

toward the outer divertor with cryosorption pumping (5.5 m3/s He), IP: 210 kA, 
Bj: 1.5 T, N,/ 3.3, ñe: 2x1o19 m3. 

Past experiments in the ohmic regime have demonstrated significantly 
improved divertor performance with negative biasing. Results obtained with 
auxiliary heating are even better, as shown in Fig. 4. Heating and simultaneous 
current drive are provided by the new lower hybrid system. The higher 
divertor recycling and pressure with LH alone in Fig. 4 stem largely from 
particle confinement degradation of the main plasma with auxiliary heating. 
Helium, first injected into the main plasma, is exhausted through the single 
null active divertor (in the ErxBT direction). The objective x*MJxE~ 10 is 
achieved for the case with LH and biasing, even at this low density. 

High divertor plate heat loads with increasing RF powers point toward the 
necessity of developing controlled plasma detachment scenarios for the 
divertor. Figure 5 demonstrates the progress towards detachment just in front 
of the divertor plate with increasing core plasma densities, in the ohmic 
regime. In Fig. 5 (b), both the electron temperature and density decrease at the 
divertor plate with increasing core densities. However, Fig. 5 (a) indicates that 
the detachment occurs only near the divertor plate. 
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FIG.5. Plasma detachment in the outer SN divertor with increasing ñe, in the 
ohmic regime without biasing. Ip: 210 kA, Br' 1.5 T. (a) ne(z) from HJH^ 
ratios [9] obtained from tangential views inside the divertor. (b) peak 
temperatures and densities at the divertor plate measured with flush mounted 
probes [10]. 

4. Compact Toroid Fuelling 

Figure 6 shows a schematic of a compact toroid spheromak, a device that 
could potentially centre fuel a reactor at demonstrated velocities of >400 km/s. 
The Compact Toroid Fueller (CTF), used on TdeV to study CT penetration 
and coupling, has achieved particle inventory increases by more than 30 % 
and central penetration at derated toroidal fields below 1.0 T [9]. CT velocities 
of 120 to 220 km/s, densities of 1 to 7xl021 m"3, masses of 10 to 60 ug and 
poloidal fields of 0.4 to 0.8 T have been measured in the accelerator section, 
before the final compressor that can increase the CT density by a factor of 
three. 

Central and partial penetrations are shown in Figs 6 (b) and (c), 
respectively. Penetration of a 200 km/s CT takes about 2 us while its 
dissociation, dispersion and density equilibration is estimated at less than 1 ms 
for the central penetration case. A particle confinement time of about 3 ms 
explains the density decrease (at 605 ms) after the initial injection in Fig. 6 
(b), although some peaking of the density profile (>608 ms) remains on a long 
time scale. More centrally peaked penetrations and lower particle inventory 
increases should reduce the perturbation on the plasma current. 
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FIG. 6. Compact toroid (CT) injection on TdeV. (a) Schematic of the 
injector, (b) Penetration to the centre of the tokamak plasma at a reduced 
toroidal field of0.73 T. The post CT edge fuelling contribution from trailing 
gas after the CT is shown as dashed lines, (c) Edge penetration at 1.5 T with 
slow particle diffusion toward the center chord. 

5. Conclusions 

Rf driven plasmas are well characterized and in fairly good agreement 
with code simulations, although good antenna coupling can be inexplicably 
obtained only at short distances from the separatrix. Nevertheless, LH antenna 
coupling is compatible with biasing, and divertor performance is even better 
with auxiliary heating, reducing the He exhaust to i*(He)-10xE even at low 
densities. Improvements in the divertor geometry permit control of the location 
of the electric field in the SOL entirely from within the divertor, in agreement 
with a simple model, leading to good negative biasing performance. Poor 
results obtained with positive biasing are still not understood. Finally, 
preliminary results illustrate the progress towards plasma detachment in front 
of the divertor plate with increasing core densities, and a new central fuelling 
technique, scalable to large tokamaks, has also been demonstrated. 
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DISCUSSION 

R.J. GOLDSTON: What T*HJTE do you achieve at moderate density (say, 
~ 5 x 1019/m3) without biasing? 

R. DÉCOSTE: Auxiliary heated plasmas have not been reliably produced at 
those densities yet on TdV. Partial results indicate that T^JT^ could be around 15 at 
5 x 1019/m3 if the plasma is not detached. 

D.N. HILL: Can you comment on the effect of lower hybrid heating on the 
divertor conditions? Do you see effects due to strong edge coupling or energetic 
electrons? 

R. DÉCOSTE: Since we work at high NB (~3), suprathermal electrons getting 
to the divertor plates, mostly with low energies, do not cause damage. About 10% 
of the suprathermal electron energy goes to the plate. 

R.R. WEYNANTS: With regard to the asymmetry between positive and nega
tive bias, I thought I noticed that you were drawing a substantially lower current in 
the positive case. The theory by Tendler and Rozhansky would predict that Ap is 
proportional to the radial current. Can we conclude that at least this aspect is borne 
out by your experiments? 

R. DÉCOSTE: Yes, small currents are correlated with small Ap in the positive 
case. However, the theory does not say why we do not get higher currents with higher 
Ap for positive bias. 
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Abstract 

RADIATIVE LAYER EXPERIMENTS WITH AN ERGODIZED BOUNDARY IN TORE SUPRA. 
Experiments achieving high radiation rates have been performed in Tore Supra in both ergodic 

divertor and limiter configurations. With neon injection, the former configuration leads to a higher rate 
of radiated power for a given neon concentration. The details of the recycling processes, including wall 
retention, play a major role in controlling the location and stability of the radiation pattern. Radiation 
rates up to 80% (total injected power up to 7 MW) have been obtained in controlled and stable condi
tions in the ergodic divertor configuration. 

1. INTRODUCTION 

Experiments dedicated to strong radiative layers have been undertaken in Tore 
Supra in both limiter and ergodic divertor (ED) [1] configurations. They have been 
performed in ohmic and auxiliary heated plasmas by means of ion cyclotron resonant 
waves (ICRH) [2]. The ED provides many beneficial conditions, i.e. screening of 
incoming particles [3], higher radiation capability and edge MHD stabilization [4]. 
The high radiation level is triggered either by deuterium puff or gaseous impurity 
injection. In most of the experiments, neon injection was used since it exhibits little 
wall retention so that high recycling rates are achieved. The global power balance 
of the discharge is deduced from bolometric measurements for the radiative fraction, 
and both infrared thermography and calorimetry of the actively cooled system for the 
conductive-convective fraction. This allows one to check the power balance, espe
cially in cases where the discrete location of the ED modules can yield a non-
axisymmetric radiation pattern. Up to 3 MW (lower hybrid current drive (LHCD)) 
and 5.5 MW (ICRH) wave coupling was achieved in the ED mode, in addition to 
1.5 MW ohmic power. The general features of the high radiation experiments on 
Tore Supra are described in Section 2. Section 3 is devoted to the radiation efficiency 
in both configurations. 
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2. RADIATING LAYER EXPERIMENTS 

Experiments have been achieved in Tore Supra (R = 2.4 m, a = 0.75 m, 
Bt = 3.8 T, Ip = 1.6 MA) with the plasma leaning on an outboard limiter. The ED 
modules are located 0.03 m behind the limiter, which does not modify the ED 
properties [5]. The limiter, used as a probe, allows the power flux to its surface to 
be measured. The plasma was heated by ICRH in the hydrogen minority scheme, the 
antenna being located on the low field side, 0.01 m behind the ED modules. The most 
straightforward increase of the radiation rate was achieved with small neon injection. 

In the ED configuration, an injection of 1.4 x 1019 atoms is sufficient. This 
amounts to less than 1.5% of the total electron content of the plasma. The reduction 
of the power deposition on the outboard limiter is in agreement with the increase of 
the radiative rate. The latter reaches at least 80% of the total injected power up to 
7 MW. The neon central concentration remains below 1%, despite the moderate 
average electron density (3 X 1019 m~3). In these ED experiments, neon is com
pletely recycling so that the bulk concentration remains constant. Neon radiation only 
accounts for 25% of the total radiation loss, intrinsic impurity and/or deuterium radi
ation providing the remaining fraction. The radiative layer is generally located on the 
low field side (i.e. close to the ED modules). Achieving radiation rates higher than 
about 80% is hindered by a mismatch of the antennae due to a local detachment on 
the low field side. As for standard Tore Supra data, the energy confinement proper
ties of these radiative plasmas are fitted by the Rebut-Lallia-Watkins scaling [6]. 
This indicates that the reduced radius of the last closed magnetic surface ( — 20%) is 
balanced by a slight improvement of the bulk confinement characterized by a steepen
ing of the temperature gradient in the vicinity of the separatrix [1]. These features 
are possibly due to observed reduction of the edge fluctuations [6]. Active pumping 
has been studied in the ED configuration. At a given density, the particle exhaust 
capability is similar to that in the limiter configuration. Nevertheless, for the highest 
radiating conditions (ohmic plasmas), the transition to the 'Marfe-like' radiation 
pattern on the high field side leads to a large decrease of the pumping capability [7]. 

In limiter configurations, a significant radiative fraction was only achieved by 
injecting ten times more neon atoms for plasmas leaning on the outboard modular 
limiter. In the latter case, it was impossible to radiate more than 70% of the total 
injected power without initiating the sequence: Marfe on the high field side, complete 
detachment and eventually disruption. The central neon concentration is then close 
to 1 %, accounting for only a small fraction of the injected atoms and thus indicating 
an effective screening of the injected neon. 

Radiating layers were also generated by deuterium, CD4, or argon injection. 
The latter is difficult to handle because of the long time constant of the wall retention 
leading to uncontrolled release in following shots. Methane and deuterium injection 
lead to similar plasma behaviour because of carbon sticking to the wall [8]. 
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FIG. 1. (a) Radiation brightness versus major radius of the chords in the ED configuration; ohmic 
phase, ICRH phase, ICRH phase after-neon injection, (b) Radiation brightness versus major radius of 
the chords in the limiter configuration; ohmic phase, ICRH phase, ICRH phase after neon injection, 
and M ARFE. 
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3. RADIATING LAYER CHARACTERISTICS 

Figure 1(a) displays the radiation emissivity measured by the bolometer array 
(located in a vertical port) for an ED shot with 4.5 MW total power and neon injec
tion. The radiation emissivity is three times higher on the low field side than on the 
high field side during the different phases of the discharge, i.e. in the ohmic phase 
and in the ICRH phases before and after neon injection. It should be noted that the 
radiation pattern remains stable after the neon injection during the 2 to 3 s remaining 
before the end of the experiment. 

The radiation pattern in the limiter configuration with 3.6 MW total power is 
shown in Fig. 1(b). The low field/high field ratio does not exceed 1.5 in the ohmic 
and ICRH phases before neon injection. Neon is then injected continuously up to the 
end of the shot, leading to a gradual increase of the radiation level. The emissivity 
pattern becomes more symmetrical until the sudden transition to the M ARFE. This 
transition strongly depends on the recycling location, which itself is shown to be 
related to the wall saturation status [9]. 

Figure 2 displays the neon radiative capability as deduced from the Ne VII 
brightness in both the ED and limiter configurations. A factor of three enhancement 
is found in the ED configuration which can be related to the decrease of Te in the 
stochastic boundary [1] and to a modification of particle transport properties at the 
very edge [1]. The latter properties translate into the particle screening effect by the 
ED provided that a pumping mechanism is available. In these shots, the wall retention 

Ê 
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\ 0.2 
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FIG. 2. Power radiated by neon normalized to the average electron density as a Junction of the neon 
density in the bulk plasma in limiter and ED configurations. 
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of neon is small so that the only signature of the particle transport barrier is the 
increase of the radiation efficiency. Indeed, measurements of after-shot time 
constants of neon desorption yield a shorter transient retention of neon in the ED con
figuration (—15 s) than in the limiter configuration ( — 45 s). The different trapping 
properties of neon in the wall in ED and limiter configurations is likely to be due to 
the lower edge temperature obtained with the ED, which must reduce the penetration 
of neon ions into the wall and thus increase the diffusion time of neon atoms. 

4. CONCLUSIONS 

The ergodic divertor appears thus as an appropriate tool for improving the con
trol of radiative layers by a concomitant control of edge MHD, particle transport and 
plasma parameters in the radiative volume. In Tore Supra, in stable conditions, radia
tion levels of up to 5.5 MW of radiated power, i.e. 80% of the total power, have 
been obtained. 
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DISCUSSION 

G. TELESCA: The purpose of neon injection is not only to enhance the radia
tion level but also to create a poloidally homogeneous layer. You achieve the best 
performances with respect to radiation in the divertor configuration while at the same 
time creating a strong poloidal temperature dissymmetry. Thus, your results are 
different from those achieved on TEXTOR. Could you comment on the effects on 
TE of the dissymmetry you create? 

A. GROSMAN: We record a much more symmetrical radiation layer with the 
limiter than with the ergodic divertor configuration. However, we have no evidence 
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of temperature asymmetry, owing to a lack of proper measurements. No energy 
confinement enhancement has been recorded but, in contrast to TEXTOR, we use 
ICRH and not NBI as our main auxiliary heating system. 

R.D. STAMBAUGH: If you puff a certain number of atoms of neon during a 
shot, what fraction of them get held up in wall surfaces? 

A. GROSMAN: This depends on the configuration. It is about 90% in limiter 
configurations and 70% in the ergodic divertor configurations. 

A.M. MESSIAEN: Have you an explanation for the increased radiation with 
the ergodic divertor by comparison with the limiter configuration? Is it consistent 
with a lower edge electron temperature which leads to a larger neon radiation 
potential? 

A. GROSMAN: The larger radiation capability of neon in the ergodic divertor 
case could be related to either a change in particle transport in the ergodized layer 
leading to higher recycling, or a lowering of Te in a larger volume. The second 
hypothesis is at least borne out by measurements (see, for example, paper A2-15 by 
X. Garbet et al.). 
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Abstract 

THE ROLE OF SHAPING IN ACHIEVING HIGH PERFORMANCE IN Dffl-D. 
Experiments to study the effect of plasma shape on performance show that the high performance 

levels characteristic of VH-mode plasmas are only obtained for high triangularity (ô). A characteristic 
difference in central heating efficiency is observed when high and low ô plasmas are compared. This 
difference is found to correlate well with the attainment of Mercier stability. The core plasma for the 
high ô cases achieves Mercier stability when q0 rises above a critical value, which depends on 5, 
providing direct access to the second-stable regime. Other attributes of the VH-mode commence after 
a delay. The rise in q0 is attributable to the radial gradients in the neutral beam and bootstrap current 
sources. Simulation indicates that such plasmas would persist for many seconds if the rise in density 
could be controlled, maintaining a centrally peaked neutral beam deposition profile. 

1. INTRODUCTION 

In 1993 DIII-D mounted a major campaign to study the effect of shape on 
plasma performance. A primary motivation for the investigation is to determine 
what plasma shape will be compatible with the DIII-D Radiative Divertor [1] 

* Work supported by the US Department of Energy under contracts DE-AC03-89ER51114, DE-
AC05-84OR21400, W-7405-ENG-48, DE-AC04-94AL85000, DE-FG03-89ER51121 and DE-FG03-
86ER53225. 
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6 Japan Atomic Energy Research Institute, Ibaraki, Japan. 

609 



610 LAZARUS et ai. 

and Advanced Tokamak [2] Programs planned for the next several years. In 
part the effort was motivated by previous observation that performance was 
superior in double-null as compared to single-null plasmas [3]. There remained 
an ambiguity as to whether "nullness" (1 or 2) or plasma shape was the critical 
variable. This work resolves that ambiguity in favor of shape, and provides 
further insight into the effects of shaping. While it is expected that the beta 
limit will depend on shape, we also find that confinement, at finite beta, depends 
on the plasma shape. We further find that the plasma triangularity is most 
important to performance while plasma elongation plays a weaker role. 

The product (3 • TE has been used as a figure-of-merit for comparing the 
fusion gain of different toroidal magnetic configurations [4]. Here we shall use it 
as the figure-of-merit for comparing different configurations within the DIII-D 
tokamak. We find the plasma shape to be a dominant consideration. In previous 
work [5] on the optimization of @ we introduced a parameter describing plasma 
shape, 

Our motivation was that the beta limit should be the intersection of the n = l and 
n=0 stability boundaries, and that 5 , or more properly, S¿i, is bounded by n=0 
stability. Then the familiar Troyon limit [6] can be expressed as (3™ax « 4 ^ - , 
i.e., in terms of limits to n=0 and n = l stability. It is somewhat surprising 
that confinement is also affected by plasma geometry, and we continue to use 
the descriptor S. For diverted plasmas we substitute q^ for the boundary 
value q^. We avoid description of performance in terms of K and 6 since higher 
moments of the shaping field appear to be important and the interaction of 
« and 6 in determining plasma performance is complex. Similarly, the strong 
effect of the safety factor on plasma confinement makes it difficult to describe the 
experiment in terms of Ip, the plasma current. S is a measure of the toroidally-
weighted poloidal contour length. We note in passing that the values of S in 
the experiments reported here do not represent plasmas for which there is any 
difficulty with control of the axisymmetric stability on DIII-D [7] and the best 
plasmas have a stability margin of 1.4. 

In this paper we will address three issues: 1) global results on the para
metric dependencies of /? • TE, 2) the time evolution of the profiles, particularly 
temperature, for differing plasma shapes and the dynamics of the current profile 
evolution, and 3) the stability of the high-pressure plasma core. 

In presenting global results, it will appear that we are discussing a contin
uum in the quality of the discharge. To the extent that shaping merely affects 
the ratio of plasma current to safety factor, this appears to be true. However, 
when we examine the plasma core, the results appear more as a bifurcation be
tween those plasmas which attain Mercier stability and those which do not. The 
high performance phase is transient, and, in fact, a VH-mode [8] which only oc
curs for the higher triangularity. The low triangularity plasmas remain H-mode. 
This paper will focus on the core plasma, which we find to be second-stable. A 
thorough discussion of VH-mode conditions existing near the boundary and the 

role of E x B velocity shear in stabilization in the region y V> > 0.8 may be 
found in [9]. We remind the reader that in considering the Mercier criterion 
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Table I. Typical Values of Selected Parameters for Each Shape 

Ip (MA) 
Shape S « S at q95=3 S2B%/(1 + K2) 

A 6.54 2.1 0.85 2.9 22.2 
B 5.07 1.7 0.85 2.2 17.7 
C 5.15 2.1 0.32 2.2 13.5 
D 3.84 1.8 0.30 1.7 10.1 

for shaped plasmas both K and central /? are destabilizing while triangularity is 
strongly stabilizing. 

The experiment focussed on the four shapes identified in Table I; high 
and low elongation («) at high and low triangularity (6). Although Shape A, 
the standard DIII-D double-null, has been studied extensively, the addition of 
carbon armor tile to the outer wall made it necessary that we reestablish a ref
erence for the other shapes. Indeed, there was some improvement in plasma 
performance with the additional armor, which will be discussed. Although the 
vessel was boronized for these experiments, VH-mode plasmas were observed, 
with this new armor tile, without boronization. The most visible change result
ing from this additional armor was a reduction in metallic impurities. Typical 
values of selected parameters for each shape are shown in Table I. 

For each shape, heating with neutral beams was varied from 5 to 15 MW, 
and <?95 was varied over the range 3.2 to 5.6. The toroidal magnetic field Bt was 
fixed at 2.1 T, as previous work [3] indicated that highest (3 • TE values occur at 
the highest toroidal field. The procedure was to find a minimum target density, 
and begin neutral beam injection about 0.4 s after plasma current reached flat 
top. The plasmas with best shape exhibit a VH-mode phase which terminates 
with a global instability [10], whereupon it reverts to an ELMing H-mode. A 
more detailed discussion of the ELMing phase of the discharge is contained in 
Ref. [11]; briefly, enhancement of /? • TE beyond the expected Ip scaling vanishes 
in the ELMing H-mode. The principal diagnostics are Thomson scattering (Te, 
ne), charge exchange recombination (CER) spectroscopy (T¿), electron cyclotron 
emission (ECE) (central Te) and motional Stark effect (MSE) (q). Of particular 
note are improvements in the MSE diagnostic by using optics exhibiting a much-
reduced Faraday effect, which has reduced the uncertainty in the reconstructed 
q-profile. 

In this paper, W is the total stored energy, Wf is the energy stored in 
fast ions, P is the total input power, r = W/P, TE = W/(P — W), and r^1 = 
(W -Wf)/(P -W). If Eq. (1) is combined with approximate DIII-D/JET 
scaling [12] allowing a multiplicative factor F, 

rB = F-rg^F. 0.11^ (2) 
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If we express plasma volume as 27rR[ira2], where a = a W ^ , then Eqs. (1) 
and (2) combine in a simple expression for /? • TE, 

" - = ° - 3 1 ( n 5 ) Q 2 (3) 
which separates into geometric, S2R2/(1 + «2), and confinement, (F/q)2, fac
tors. We previously [3] used V = 27i\R[7r«a2], but this expression better resolves 
shapes B and C, and is an equally good approximation to the actual volume of 
the plasma. 

Section 2 reports on the global results of this study, Section 3 on profile 
evolution, Section 4 on stability analysis, and Section 5 summarizes the work. 

2. GLOBAL RESULTS 

2.1. Discharge Evolution 

A characteristic of H-mode plasmas is the rise in density during the ELM-
free phase. Minimizing this density rise favorably affects plasma performance: a 
key to high performance in DIII-D is wall conditioning to minimize the density 
rise. Preparation includes boronization, preceded and followed by high tem
perature bakes (350° C) done every few weeks of operation and between-shot 
helium glow at an electrode voltage above 300 V. The signatures seen during 
operation are a low level of recycle, as evidenced by minimal rise in the diver-
tor Da light during the ELM-free phase, and low («10~~6torr) neutral pressure 
during the discharge as measured at the outside midplane [13]. As will be dis
cussed, the achievement of these conditions in low 6 shapes will not produce 
high-performance plasmas. 

The time evolution of a representative plasma for shapes A (best) and D 
(worst) are shown in Fig. 1. In each case the current ramp was held at less than 
1 MA/s, part of the prescription for avoiding locked modes. The density was 
programmed to avoid locked modes (q*2neRo/Bt > 72 x 1 0 1 9 m _ 2 T _ 1 ) , and 
usually raised somewhat above this limit to achieve best performance. Neutral 
beams were injected about 400 ms after the current reached its programmed 
value. 

For shapes A and B, as soon as beam heating begins /?, (3-TE, qo, ñe, and 
central temperatures all rise rapidly. For this particular shot, 78136, central T¿ 
exceeded 20 keV and, typically, in the VH-phase 7¿ is 2-3 times Te. T¿(0) peaked 
at 2290 ms and then dropped precipitously to about 15 keV and remained there 
until the end of the VH phase at 2430 ms. After regular ELMing begins Ti&Te. 
If the target density is slightly higher than in this case, the Tj(0) does not reach 
such a high value, but somewhat higher ft • TE is achieved. In the VH-phase 
virtually all the beam power is deposited in the ion channel. Because of the 
rise in density the deposition profile is broadening continuously from the start 
of heating. As predicted in Eq. (3), the power dependence of (3 • TE is weak, 
with higher power resulting in higher beta at reduced confinement. Typically 
Wf is 10% of W in these plasmas. Even in 78136 at 2290 ms W = 2.5 MJ and 
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(a) 
SHOT 78136 (SHAPE A) 

(b) 
SHOT 79716 (SHAPE D) 

1000 2000 3000 
TIME(ms) 

1000 2000 
TIME(ms) 

FIG. 1. Typical discharge evolution for high and low ô plasmas. The right hand scale applies to the 
thinner line, (a) Shot 78136, a hot-ion VH-mode, and (b) a low ô plasma showing typical ELMing 
H-mode behavior. 
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Wf = 0.4 MJ. The ¡3 and qo values here are from equilibrium reconstructions at 
10 ms intervals. 

There are characteristic differences in the temporal behavior of shapes 
A and B as compared to C and D during the ELM-free period. The high 
triangularity plasmas are characterized by a cessation of sawtoothing along with 
a rapid rise in f3 and central temperature, whereas the low triangularity plasmas 
continue sawtoothing and show a more modest rise in these parameters. It is 
clear that in shape A qo rises above unity at 2050 ms, well before the "spin-up" [9] 
time (2190 ms) when velocity shear apparently stabilizes fluctuations near the 
q=2 surface. While we speak of an ELM- and sawtooth-free phase, it is almost 
always the case that we observe an occasional ELM and/or sawtooth-like event 
during this interval; it is better described as virtually free of ELMs and sawteeth 
with neither correlated with a global loss of confinement. 

For shapes A [Fig. 1(a)] and B, (3 and TE rise continuously until this 
phase is terminated by a global instability, whereupon the plasma reverts to an 
ELMing, sawtoothing H-mode at 2430 ms. 

In comparing A and B, we note a marked difference in the duration of 
the ELM-free phase. For shape B, in no case did the ELM-free duration exceed 
250 ms, while in shape A durations up to 1300 ms were observed. While similar 
values of (3N • F were achieved, the evolution was much more rapid for shape B. 

Shot 79716 [Fig. 1(b)] is representative of the lower triangularity plasmas. 
There is no VH phase, and the plasma is typical of DIII-D H-modes. Note 
that go does not rise above unity. In this paper we will avoid for the most part 
the distinction between qo = 1 and qo = qm «a 1 where the Mercier criterion is 
satisfied. Additionally, it is not clear that the Mercier criterion is ever violated, 
in that the low 6 cases we have observed have slightly positive central p'. 

2.2. Global Behavior 

In the course of the experiment, for each discharge a number of times 
of interest (e.g., peak @, peak (3 • TE, VH-termination, etc.) were identified 
and a database was formed. Results from the analysis of this database are now 
presented. Motivated by Eq. (3), we plot ¡3TE VS. the quantity S2R2/(1 + K2) 
in Fig. 2. Each datum is the maximum value for a single discharge with the 
constraint W/Ptot < 0.33. One sees a clear trend of improved performance with 
the geometric factor. This figure differs somewhat from Fig. 3 of Ref. [3] in that 
W corrections are included here, there is only a single time point per discharge 
in this figure, and the abcissa is changed. The results are quite similar to 
the earlier work and demonstrate that the principal dependence is the plasma 
geometry and not whether the divertor is single or double-null. The data sets 
are mutually exclusive. 

The reader may notice that there are more entries for our standard DN 
shape (A) than the other shapes. Whenever there was doubt about the tokamak 
conditions or difficulty in obtaining good performance in the other shapes we 
would return to this shape to benchmark the tokamak. In fact an enormous effort 
was made, particularly on shape D, to obtain good performance. Contrary to the 
experience with shapes A and B, improved tokamak conditions and operation did 
not result in any improvement in performance, although the ELM-free duration 
was lengthened to about 200 ms. Also, raising triangularity from 0.3 to 0.55 
had no observable effect on performance at this elongation. 
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FIG. 3. /3-TE (%-s) versus q95. Selected 
points are labeled with Ip (MA). 

The variation within each group is the result of a number of factors: target 
density, safety factor, beam power, shot-to-shot variation in the level of MHD 
activity, etc. However, there are unexplained subtleties such as X-point location. 
Moving the outer strike points closer to the wall will increase the ELM-free 
duration well beyond the effect of changing shape. This longer ELM-free period 
will result in higher P-TE- However, the most significant variation appears to be 
the result of differences in safety factor. In Fig. 3 we plot this same data set with 
<?95 as the abcissa. For shapes A and B, (3 • TE peaks at ^95 > 4, again consistent 
with our earlier work. For selected points we have noted the plasma current (in 
MA) just above the datum. One can readily see why we avoid trying to portray 
the results in terms of 1%. The «S and #95 dependencies are much stronger than 
any direct scaling with Ip. For the lower triangularity shapes there does not 
seem to be a clear dependence within this data set. 

In plotting /3 • TE, we avoid obscuring the absolute level of performance 
with assumed scalings which are clearly limited in their scope. Nevertheless, 
we still want to quantify how much of the improvement in ¡3 • TE represents 
an enhancement over Ij: scaling. In Fig. 4 we plot F from (2) vs. fiN- In 
this figure we add the DIII-D "confinement" database to the database of this 
experiment . In this way, we can say that we include any results of note which 
have been achieved on DIII-D. These points, shown as smaller symbols, are 
sorted by shape and restricted in (3 • TE as indicated on the figure. The dashed 
lines represent the rough boundaries for the high and low triangularity shapes, 
namely, fi^F =9.0 and 6.2 respectively. For plasmas shown in this figure, the 
relation to ITER-P scaling [14] with its H-factor, also shown, is H = 1.35F+0.16 
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F/G. 4. /3N veriíts F, /3N = /3/fIp/aBJ o/ui F ¿s r/ie enhancement over DIII-D/JET confinement 
scaling. The broken lines are /3NF = 6.2 and 9. The small symbols are from a separate database 
containing a greater variety of plasma shapes. H on the right hand scale is approximated using 
H = 1.35F + 0.16. 

to within a few percent accuracy. Thus for the best plasmas there is about a 50% 
improvement in performance with plasma shape beyond that expected based on 
Ip scaling. A characteristic difference seems to be that the onset of degradation 
of confinement occurs at higher ¡3N for higher triangularity plasmas. 

From these results we conclude that plasma performance depends more 
strongly on triangularity than on elongation. Note in Fig. 2 how much worse 
shape C (6 = 2.1) is than either shape A or B. At a fixed triangularity elongation 
is beneficial in that it allows higher Ip/q. 

Now we examine the confinement factor in Eq. (3), (F/q)2. In Fig. 5 we 
plot F vs. ^95- Here we have combined databases as in the previous figure. 
There is a clear peak in F at qgs about 5, and for lower Ç95, F plummets. Also, 
for higher triangularity higher values of F are observed. Here we clearly see the 
penalty of lower #95 operation. Summarizing, PNF peaks at 595 > 5 and fit^E at 
995 k, 4. The results are quite consistent with a previous comparison of single-
and double-null diverted plasmas. There is as much as a 50% improvement 
in performance beyond that predicted by 1% scaling which is the topic of the 
remainder of this paper. 
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^ 9 5 

FIG. 5. F versus q g¡. At (\g5 < 4 the degradation of confinement is greater than the increase in j8, 
leading to an overall decrease in (3-TE. Also, F decreases at q95 > 6. This result is consistent with 
other DIII-D H-mode plasmas. 

3. PROFILE CHARACTERISTICS 

The higher performance in the high 6 plasma is readily seen in the evolution 
of the kinetic profiles as well as the global results. In generating profiles for 
DIII-D data it is necessary to map all the data into a flux coordinate. In this 

paper we will virtually always use yV>, ip being normalized poloidal flux. The 
equilibrium used for this reconstruction is generated using the magnetics data 
and 7 or 8 MSE channels to constrain p' and / / ' . Equilibria on which stability 
analysis is performed have been through an additional cycle where the plasma 
pressure is calculated from the profile data and a standard calculation of Wf. and 
then used in a second equilibrium fit to provide more accurate internal profiles 
& and / / ' ) . 

In Figs. 6 and 7 we compare the profile evolution for the first few hundred 
ms of neutral beam heating for shapes A and C. The particular choices (Shots 
79604 and 80072) are chosen because they have the same plasma current (2 MA) 
and input power (10 MW). Shot 79604 has the highest 0-TE achieved on DIII-D, 
reaching ¡3TE = 1.9% s {firg = 1.7% s). 

The central four points on the density plot are from a visible brems-
strahlung diagnostic and are generated using an assumption that Zef[ is a flux 
surface quantity, constant within the region from the magnetic axis to the ver
tical Thomson chord. In Fig. 7 we show the uncertainty in this calculation of 
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FIG. 6. Temperature and density profile evolution in a VH-mode plasma versus This shot 
reached the record value for & -TE , but not for nD(0)T¡(0)TE. Shot 79604, \ = 2 MA, Pb = 11 MW, 
shape A, q95 = 4.9. Times labeled are in milliseconds, relative to the start of beam heating. 

FIG. 7. Temperature and density profile evolution in an H-mode plasma versus V^. Shot 80072, 
Ip = 2 MA, Pb = 10 MW, shape C, q9J = 3.4. Times labeled are in milliseconds, relative to the start 
of beam heating. 
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point values from chordal measurements. However, when data are available for 
ñe from a midplane interferometer, the results of this calculation are consistent 
with the measurement. 

The primary feature in the difference between low and high triangularity 
plasmas lies in the efficiency of central heating as shown in these figures. The 
difference in Te and T¿ profiles shown here is typical of the differences between 
H-mode and VH-mode in DIII-D; namely the strong temperature gradient 

within the region yi/j < 0.8 for high triangularity. 
The observation that central temperatures and <fc> both rise in the high 

performance plasmas motivates us to study the evolution of the discharge more 
thoroughly. To gain a better understanding of the factors influencing the evo
lution of the current profile, particularly in the center of the discharge the time 
evolution of Shot 78136 has been modeled with the WHIST transport code [15]. 
We return to 78136 because the quality of MSE data gives us greater confidence 
in our knowledge of the q-profile. Additionally, for this plasma there are line-
averaged density data from a midplane interferometer, reducing the uncertainty 
in the density profile. 

These simulations confirm that the radial profile of the noninductive cur
rent source (bootstrap current plus co-injected neutral beam current) has a 
positive gradient near the axis (i.e., hollow profile, as seen in Fig. 8 where we 
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FIG. 8. Time evolution of flux surface averaged current density versus minor radius times square 
root of normalized toroidal flux, a0 V ^ ^ (cm). Total J as well as bootstrap and neutral beam 
contributions are shown. 
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show the time evolution of {Jtot), (Jbeam), and {Jboot))- This initially drives Jo 
down after beam turn-on. That is, the gradient in the EMF response to the 
current source is negative as can be seen from combining Faraday's and Ohm's 
laws, which can be written in flux coordinate representation as [16]: 

$ - £ [«.(*-'.)] <4> 
where Bp = noIt{p)V'{p)/{2-n)2Ro{gee/g) is an effective poloidal field, It(p) is 
the toroidal current enclosed by flux surface p, V(p) is the volume bounded by 
p and prime denotes d/dp, g is the Jacobian of the transformation from cylin
drical to curvilinear coordinates, Ja = (Ja • B)/p,oF(p)Ro{l/R2) (the subscript 
a represents either the source current s or the total current t) is an effective 
current density and F(p) is the poloidal current external to surface p. 

Prior to beam turn-on at 2 s the current profile is nearly in Ohmic equilib
rium at the center because of sawtooth activity so rj\\ Jt « const. Immediately 
after beam turn-on the slightly hollow current source term from the beam dom
inates and is soon reinforced by the bootstrap current, causing Bp (and Jt) to 
decrease and go to increase. At 2250 ms the beam and bootstrap contributions 
to the central current density have become approximately equal and represent 
half the total current. Beam penetration decreases as the discharge progresses 
because of the density rise and causes the gradients in both the beam and 
bootstrap currents to relax. The simulations show the «50 ms time scale for go 
to rise and the «300 ms time scale for it to fall, using neoclassical resistivity [17] 
and the bootstrap current expressions of Hirshman [18]. The amount of rise in qo 
is very sensitive to the beam deposition profile and would therefore be expected 
to result in variability from shot to shot as the density varies. As the bootstrap 
current rises, «o rises, contributing to the rise in qo. The simulation shows 
qo > 1 lasting about 0.5 s and indicates the broadening beam deposition profile 
as responsible for the return of qo to unity as both the NBCD and bootstrap 
contributions fade away. This is also consistent with the experiment which shows 
longer qo > 1 intervals and lower maxima for go.with slower rises in the density 
which occur when the beam power is reduced. 

The measured electron and ion temperature and the electron density pro
files are well represented by a combination of neoclassical plus anomalous trans
port with D*n = xtn = XT = 0.12[1 -I- 4(p/a)2] m/s2 . Within the half-radius 
the diffusivity is 3-4 times the ion neoclassical value. The dominant loss is ion 
heat conduction. The simulations also reproduce the evolution of the density 
profile during beam heating. The local peaks at the center and edge at 2.3 s 
reflect the beam source and influx from the walls respectively, combined with 
relatively weak diffusivity. 

Shot 80072 (Fig. 7) begins ELMing and sawtoothing about 200 ms after 
beam heating begins. It also develops an m/n = 3/2 mode at about this time. 
Until this time there is no significant difference in heating rates, qo may initially 
rise to a value slightly above unity, but remains below the value of about 1.12 
required to satisfy the Mercier criterion. 

Taken together, and noting that the same go behavior is observed through
out the experiment, we conclude that the development of the bootstrap current 
is critical to the rise in qo. Initially the beam heating will result in a decreased 
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Jo leading to a slight rise in central qo- If the plasma satisfies the Mercier crite
rion, central (negative) p' builds, the bootstrap current contributes to a rise in 
the current density off-axis, higher «o> and another source term with a positive 
gradient at the axis. All serve to sustain the increase in qo which reaches a value 
well above unity. Where the Mercier criterion is not satisfied, central p' does 
not build sufficiently and qo < 1 is observed. The plasma remains in H-mode. 

4. STABILITY 

We begin this section with a few general observations on the character
istics of the plasmas discussed here. These remarks refer to the beam-heated 
plasma in its VH-mode phase, but neither the Ohmic target nor the ELM-
ing H-mode phases. First, the most prominent theoretical difference between 
shapes is that the high 6 plasmas satisfy the Mercier criterion (with negative 
p') in either its ideal or resistive version [19], while the low 6 plasmas do not. 
Second, the magnetic well, W = rg-zy^^oP + B2/2), is about eight times 
deeper for the high 6 plasmas. Conceptually, the depth of the magnetic well 
represents the minimum amount of energy gained by a unit volume of plasma to 
escape the relevant confinement region. A deep magnetic well therefore repre
sents an energetically stable plasma. Similarly, if plasma confinement is spoiled 
by plasma turbulence, with a comparable level of turbulence, we would also 
expect the plasma confinement to improve with the depth of magnetic well of a 
configuration. Third, while we would like to address the question of the relative 
importance of Mercier stability and second stability to ballooning modes, it is 
the nature of this experiment that they are not separable. Shear will always 
be reduced in the core plasma by the profile evolution mechanisms described in 
the previous section, thus the attainment of Mercier stability and second-stable 
access will be coincident. 

To illustrate these points we examine the stability of shot 78136 (Fig. 1) 
in detail. This is a particularly interesting shot reaching the highest triple 
product on DIII-D, nD(0)TÍ(0)TE = 5 X 1020 s-keV-m"3 and nD {0)^(0)^ = 
4 x 1020 s-keV-m-3 at 2290 ms. Although @-TE continues to rise after this time, 
the central ion temperature has abruptly collapsed from its peak value of 21 keV 
to about 14 keV. The X-event then occurs at 2430 ms whereupon the plasma 
reverts to an ELMing H-mode. 

The stability of this discharge is as follows: shortly after the start of beam 
heating qo rises above unity. The dynamics of this process were described in 
the previous section. The center can support a negative p' and remain Mercier 
stable. The central region will have shear reduced from the already low value 
on the Ohmic plasma and thus, as soon as the Mercier criterion is satisfied the 
central region has access to the second regime. The pressure gradient p' increases 
(negatively) as the temperature gradients are increased while the density profile 
remains flattish. In 78136, as qo is decreasing an internal m / n = l / l bursting 
mode appears during the temperature rise at about the time of the collapse of 
Ti(0) at 2290 ms. As qo continues to fall, the X-event terminates the VH phase 
at 2430 ms. 

We evaluate stability at 2275 ms, the temperature data being obtained in 
the interval 2260-2280 ms. This is the latest time for which we obtain a complete 
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FIG. 9. Normalized S-a diagram for shot 78136 at 2275 ms. The normalization of the experimental 
points differs for each surface in order to approximate the entire plasma by a single instability boundary. 
Labels are 

data set. The equilibrium is the result of fitting the external magnetics, the 
pressure profile, and the MSE data (q-profile). The best fit gives a monotonie 
q-profile with qo = 1.18. The pressure profile is quite peaked, po/(p) = 4.2. 
Ballooning stability is evaluated with the CAMINO [20] code. A composite 
s — a diagram is obtained by scaling each flux surface to normalize the instability 

boundary and is shown in Fig. 9. In the center ( yip < 0.4) most on the plasma 
remains in the connection region with a few surfaces limited to be above critical 
values of à. Prior to this time, this region lies below the stability boundary. The 
shaded region represents the fact that there is not a universal boundary curve. 
None of these surfaces actually enters the unstable region. A few surfaces at 

the outside (0.90< yip <0.94) are ballooning unstable. This may reflect the 
uncertainty in the equilibrium reconstruction; no ELMs occur at this time. n= l 
stability, evaluated with GATO [21], shows no instability at this time. As can be 
seen in Fig. 1(c), qo has peaked and is decreasing at this time. If we recalculate 
the equilibrium, reducing q0 (by fiat) to 1.10, we find the equilibrium then to 
be unstable to a m / n = l / l "quasi-interchange" mode [22]. Note that there is 
still no q= l surface in the plasma. This is in excellent agreement with the 
experimental result, where such a mode is seen at this time. On the soft X-rays 
we observe a decrease in the rate of rise, but no indication of a sawtooth. They 
set in at the X-event where Co ^ 1 [Fig. 10]. 

Shot 80072, a good example of shape C, with profiles shown in Fig. 7, is a 
good example of the low 6 cases. The initial behavior is not dissimilar from that 
described above, qo does rise a bit when beam-heating begins, and may slightly 
exceed unity. The central 1/3 of the plasma remains Mercier unstable. The 
central pressure profile remains flat, no bootstrap contribution to the current 
profile develops and the discharge remains a sawtoothing ELMing H-mode. Note 
that, were any bootstrap current to evolve, «o would increase, which would 
further increase the central q values required for Mercier stability. 
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FIG. 10. VH-mode development for varying beam power. As beam power is increased, density rises 
faster and the VH-phase terminates earlier. The arrow indicates the time at which the plasma is again 
in H-mode. The termination correlates with q0 returning to unity. q0 is obtained from equilibrium fits 
with MSE data at 10 ms intervals. ñe is in units of 10'9 m'3. 

5. SUMMARY A N D DISCUSSION 

We have completed an experiment to compare plasma performance in four 
shapes in ELM-free, non-sawtoothing VH-mode plasmas. Despite our best ef
fort, such plasmas are not observed when 6 is low. For high triangularity cases, 
at both K = 2.1 and « = 1.7 we obtain VH-mode. The duration is considerably 
longer at the higher elongation. In the course of the experiment a new record 
triple product of nD(0)TÎ(0)TE = 5 x 1020 s-keV-m-3 at T¿(0) in excess of 20 keV 
was achieved and a new record ¡3 • rE of 1.9 %.s, the former under conditions 
Ti >> Te and the latter with T¿ « Te. In both cases the fast ion contribution to 
the total stored energy was small. 

We find that plasma shape is an important consideration, consistent with 
previous DIII-D results. One aspect of this dependence is simply the change in 
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the ratio Ip/q^ with plasma geometry. The importance of this ratio arises from 
the observed degradation in confinement time as #95 is decreased below 5. 

Aside from this ratio, we find further improvement with higher triangu
larity of up to 50% in P • TE- The primary experimental signature of such an 
improvement is improved central heating. This improvement is correlated with 
satisfying the Mercier criterion and the consequent access to the second-stable 
regime in the plasma core. We find performance may be somewhat limited by 
the onset of the m / n = l / l quasi-interchange internal mode. Thus far in our 
investigation we have not observed values of a more than a factor of two beyond 
the first-stable boundary. 

The role played by the Mercier stable core in VH-mode is not completely 
clear. In poorly shaped plasmas which do not achieve Mercier stability the ELM-
free sawtooth-free period is short. However, up to the time of the first ELM the 
pressure profiles evolve similarly for both the good and poor shapes. After ELMs 
and sawteeth onset the strong central peaking of the pressure profile is not ob
served. This distinction is consistent with the second-stable access. Discharges 
with long ELM-free periods but without VH-mode have been observed at low 
triangularity and low power, however long ELM-free sawtooth-free periods have 
not been observed at higher power without central Mercier stability. 

Because of volume effects, improvements in the central region do not con
tribute a large effect o n r g . A large part of the confinement improvement in 
VH-mode occurs in a region outside that which is affected by Mercier stabil
ity. Also, other work [9], shows a good correlation between increased shear 
in the E x B flow velocity, reduced density fluctuation levels, improved heat
ing efficiency in the region yijj > 0.8, and increased confinement time. An 
understanding of the relationship of the improved core performance with the 
improvements in the outer region remains a challenge. 

Although we do not have space to discuss the termination of the VH-phase 
(the "X-event"), it is noteworthy that the X-event occurs at the time when qo 
returns to approximately unity. With time resolution of about 10 ms we cannot 
determine whether go returning to unity occurs before or after the X-event. It is 
clear that qo begins its decrease well before the termination. As beam power is 
increased (Fig. 10), we observe a higher initial rise in qo, and a faster return to 
unity. The density rise is also faster with increased beam power, and of course, 
the VH-phase is shorter. These features are consistent with our hypothesis of 
qo driven by beam and bootstrap current sources. 

As stated, one motivation of the experiment was the determination of a 
shape consistent with the DIII-D program goals, which is shape B. Having mod
elled 78136 so successfully, it is interesting to proceed a bit further and inquire as 
to the evolution of such a plasma with particle control. If we were to pump 78136 
well enough to maintain ñe = 7 x 1019/m3, but other than that make no change 
in the modelling of 78136, the results are most encouraging. WHIST predicts 
the discharge would be maintained near peak conditions with T¿(0) w25 keV, 
Te(0) « 9 keV, and ne(0) « 9 x 1019/m3. With the density peaking eventually 
brought about by the beam fueling of the core, such a discharge might exhibit a 
more substantial occupation of the second-regime of ballooning stability. Under 
this scenario, 88% of the current is non-inductive, asymptotically, 0.9 MA from 
bootstrap and 0.5 MA from NBCD. The evolution shows throughout the 5 s 
simulation, after thermal and particle equilibrium have been reached, a slowly 
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decreasing qo, from 1.4 after the initial transients to 1.1 at the end of the beam 
pulse. On balance, the result is extremely encouraging for the future DIII-D 
program. With RF current drive, it seems plasuible that such a discharge could 
be maintained indefinitely [2]. 
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DISCUSSION 

M. KIKUCHI: I understand that q0 > 1 is important for the VH mode. We 
also find in our high /5p mode regime that q0 > 1 is necessary for high /3p improved 
core confinement. Why do you not produce a VH mode in a low triangularity plasma 
by ramping up the plasma current (¿-1) with q0 > 1? 

E.A. LAZARUS: I believe that if q0 were to go sufficiently high to satisfy the 
Mercier criterion this would work. 

A. GIBSON: Is the sawtoothing behaviour in these discharges consistent with 
the q0 transitions which you have described? 

E.A. LAZARUS: Yes. VH mode plasmas are free of sawtoothing. After the 
termination event regular sawteeth are observed. 

R.J. GOLDSTON: You put forward a convincing argument that core Mercier 
stability is a necessary condition for VH modes, but perhaps it is not a sufficient 
condition, since a number of machines have achieved high q0 without very high 
performance. Do you think high triangularity also plays an important role in control
ling ELMs? 

E.A. LAZARUS: Yes, the ELM free period is lengthened by increases in both 
K and ô. However, at reduced ô we observe long ELM free periods but the plasma 
remains H mode. 
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Abstract 

VARIABLE CONFIGURATION PLASMAS IN TCV. 
During its first year of operation, TCV has achieved a wide variety of plasma shapes, limited 

and diverted, attaining 810 kA plasma current and elongation over 2.0. Ohmic H modes have been regu
larly produced, with a maximum confinement time of 80 ms and a maximum normalized /3N of 1.9. 
The conditions for the H mode transition differ from other experiments. The transitions from ELM free 
to ELMy H modes and back have been selectively triggered for configurations close to a double-null. 

1. INTRODUCTION 

The Tokamak à Configuration Variable (TCV) will explore the detailed effects 
of cross-sectional shaping on plasma performance. To be freely capable of producing 
widely different configurations, TCV is equipped with a set of 16 independently 
powered poloidal shaping coils, eight in a vertical stack on each side of the vessel, 
which has an almost rectangular aperture with a height/width ratio of 3.0 (Fig. 1). 
The constructional parameters of TCV are: R = 0.88 m, a = 0.24 m, height = 
1.44 m, B^ = 1.43 T. The vessel is completely carbon tiled over the inside and 
bottom walls and partly covered elsewhere. 

Although the primary aims of TCV will only be achieved with the 4.5 MW of 
additional ECRH due to start commissioning in 1995, considerable progress has been 
made in plasma discharge control and particular attention has been paid to the nature 
of the transitions relating to ohmic H modes [1]. 

1 Present address: JET, Abingdon, Oxfordshire, UK. 
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FIG. 1. Various plasma shapes produced in TCV. 

2. OPERATION AND PERFORMANCE 

A symbolic qa = 6 plasma discharge was obtained in November 1992. The 
first full operational period (June to November 1993) was dedicated to discharge 
control and shaping. The shapes produced already covered a wide range of current, 
elongation and triangularity. The second operational period (February to Septem
ber 1994) saw the creation of .fully diverted discharges with upper and lower single-
nulls and double-nulls. The plasma current now extends up to 810 kA, the elongation 
to 2.05 and the triangularity varies from —0.7 to 0.8. 
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The shape parameters for each discharge are determined by using a full 
equilibrium reconstruction code [2]. Different methods have been tested for real time 
discharge control, using the hybrid analog-digital TCV plasma control system. Shap
ing was controlled for most of the data in this paper by using finite element recon
struction of the plasma current [3] and we have also developed control by using 
heuristic flux combinations programmed by a neural network acquired knowledge 
base [4]. The vertical position has been controlled by using several techniques, 
stabilizing plasmas with growth rates of up to 800 s"1. The power supply bandwidth 
has so far prevented us from exceeding this value. Interestingly, there has been no 
evidence for any increase in disruption likelihood as the growth rate increases until 
the limit is reached and inevitably a disruption ensues. 

In spite of the continuously welded vessel (resistance 55 pifi), plasma 
breakdown in TCV is reliably obtained between 7 and 10 V per turn, assisted only 
by a hot filament at a potential of —900 V. The plasma current ramps are typically 
±1.5 MA/s, slightly slower than the plasma R/L rate. Shaping is performed during 
the current ramps and during the flat-top, according to the scenario required. Regular 
operation is achieved down to a value of q95 = 2.0, with only rare problems 
encountered in crossing q95 = 3. 

Ohmic H mode discharges were marginally obtainable in diverted discharges 
before boronization. Following boronization, ELM free and ELMy H modes have 
been regularly and reproducibly obtained in limited and diverted deuterium dis
charges. H modes have lasted up to 1.5 s, and persisted into the plasma current ramp-
down. ELM free phases have lasted for up to 0.4 s. 

The maximum line averaged density achieved is 1.7 X 1020 m~3, and 100% of 
the Greenwald limit was obtained at the end of an ELM free density rise. 

The plasma energy confinement time is estimated from the total kinetic energy 
content, the Poynting vector at the plasma surface and the internal poloidal field 
magnetic energy, all determined by the plasma equilibrium reconstruction. The 
maximum energy confinement time was 80 ms, during the density rise of an 
ELM free H mode. The ratio between the energy confinement time and the 
ITER89-P scaling varies from 0.5 to 1.4 for L mode discharges, because of a density 
dependence in the experimental data, and from 1 to 2.4 for H mode discharges. The 
normalized beta, ¡3N = (/3toraB/Ip), varies from 0.3 at low density to 1.9 for high 
density H mode discharges. The independent effects of plasma current, q95, elonga
tion and triangularity on the confinement have not yet been unveiled in the presently 
rather intercorrelated database. 

3. OHMIC H MODE TRANSITIONS 

An important aspect of the Ohmic H mode is the set of conditions reequired to 
otain the L-H transition, which is always into an ELM free H mode in TCV, and 
those subsequently required to enter an ELMy phase. In the ELM free phase, the 
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unavoidable increase in plasma density leads to a disruption if no ELMy phase ensues 
and no H-L transition occurs either spontaneously or provoked by a change in the 
configuration. The spontaneous ELMy phases have been more frequent after a fresh 
boronization or after a helium glow. 

At fixed plasma current and with a slow density ramp there is clearly a density 
threshold for the L-H transition. Above a minimum plasma current for the transition 
to occur at all, this density threshold did not vary with the plasma current for a given 
configuration, namely single-null-upper (ion grad B drift towards the X point). 
Different configurations have different line averaged density thresholds, e.g. single-
null-upper at 3 X 1019 n r 3 and limiter at 7 x 1019 nr3 . The density threshold did 
not vary when the field and the plasma current were both reduced by 30%. 

The H mode was not obtained for simple single-null-lower discharges, but 
otherwise the precise effect of the boundary shape on the density threshold is not yet 
clear. Within 100 ¿is of the L-H transition seen on the Da signal, a reduction of the 
MHD mode activity is observed, as well as a reduction of broadband turbulence near 
the X points [5]. 

The role of the power in determining the transition was seen in higher Zeff con
ditions after a vent and before reboronization. The L-H transition into an ELM free 
H mode started a density rise which ended on an H-L transition (Fig. 2). The density 
dropped to its set value, the loop voltage and Poh then decreased as the plasma 

400 r 
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Plasma current (kA) #6010 

10 
Da (a.u.) 

^A^JUIIULM 
1 r-

0.5 -

Ohmic power (MW) 

Line integrated density (lO^/m2) 

Time (s) 

FIG. 2. Repetitive L-H and H-L cycles with the L-H transitions occurring as the ohmic power 
decreases. 
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FIG. 3. Modulation of the vertical position causing small changes triggering the ELM free to ELMy 
transition and vice versa. 

cleaned up, leading to a further L-H transition. This cycle repeated seven times in 
a single discharge and suggests that the quantity Poh/surface area alone does not 
determine our H mode transitions, which clearly occurred with this quantity both 
increasing and decreasing. The conducted power at the plasma edge was probably 
increasing in all cases, the radiated power dropping faster than Poh as the plasma 
cleaned up, suggesting the conducted power as a more general candidate for the tran
sition condition. 

The triggering of the normally unpredictable ELM free to ELMy transition was 
demonstrated in two double-null configurations, i.e. both upper and lower X points 
inside the vessel, one of which is shown in Fig. 3. The magnetic axis height was 
modulated repetitively (±1.2 cm), with roughly fixed shaping field, causing the 
shape to oscillate while retaining both X points inside the vessel. The ELM free to 
ELMy transition was triggered seven times in this discharge, up to 18 in others, syn
chronously with the configuration modifications. Double-null configurations might 
therefore appear to be particularly attractive if the H mode ELMy phase can also be 
controlled in the presence of additional heating by using alteration between two very 
close equilibria close to a double-null. 
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DISCUSSION 

F. DE MARCO: What do you mean by persistent density scaling? Does your 
H factor depend on the density in your ohmic H mode? 

J.B. LISTER: The ohmic confinement increases with density in the L mode. In 
the H mode, the confinement appears to continue to increase with no marked discon
tinuity. Since Tokamak Configuration Variable (TCV) rarely produces an L mode at 
these higher densities, it seems that the increase in confinement continues through 
both L and H modes. 

V.E. GOLANT: May I ask you what the dependence of the energy confinement 
time on current was? 

J.B. LISTER: The ohmic confinement time is relatively independent of 
q95, showing a degradation as q95 approaches 2.0. This is seen over the range 
6 > q95 > 2. 
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Abstract 

DEVELOPMENT OF ADVANCED TOKAMAK SCENARIOS BASED ON HIGH BOOTSTRAP 
CURRENTS IN JET. 

High bootstrap current experiments with the bootstrap fraction (Ibootstrap/Ipiasma) UP t o 0-7 a t 

1 MA and 0.5 at 1.5 MA were previously achieved in JET in plasmas with high q(a), high triangularity 
and high confinement (H > 3). During initial operation with the new JET pumped divertor, the domain 
of parameters has been extended to cover reactor relevant domains such as low q(a) and high /3n; up 
to &n = 3. High beta poloidal plasmas (necessary for the achievement of high bootstrap fractions) with 
@p up to 1 for 2 MA plasmas and with /3p up to 2 for 1 MA plasmas have been achieved. Values of 
/3p = 1.5 and j8n = 3 have been obtained simultaneously over several seconds at q95 = 4.5. The 
confinement of these plasmas is lower than in the previous campaign but these discharges display 
'quasi steady state' characteristics. In order to improve the confinement of these discharges, several 
parameters have been varied such as plasma volume, triangularity and /3p itself, showing no significant 
benefit. Configurations using non-inductive current drive to produce stable, higher confinement plasmas 
are being developed. A 'deep' shear reversal configuration has been established, and initial data are 
presented. 

1. INTRODUCTION 

A large proportion of the plasma current in a steady state reactor [1] will 
probably have to be provided by the neoclassical bootstrap effect. This 
"advanced tokamak" scenario results in challenging requirements for both plasma 
confinement and stability. In previous JET experiments [2] a bootstrap fraction 
of 0.7 has been obtained in plasmas with high confinement compared to the 
usual L-mode and H-mode scalings. However, these discharges, although 
sustained for ~2 seconds, were not stable and collapsed with a large ELM. The 
cause of the collapse has not yet been unambiguously identified. Theory predicts 
that high bootstrap fraction discharges will tend to be prone to a large number of 
MHD instabilities on the current diffusion time scale, the more dangerous being 
the infernal modes due to the hollow current profile and the external kink modes 

1 See Appendix to IAEA-CN-60/A1-3, this volume. 
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due to the large current density in the plasma periphery. It is also predicted that 
several of these instabilities can be avoided if the current profile and/or pressure 
profiles are optimised. JET is developing "advanced tokamak" scenarios aiming 
at achieving high 6p plasmas in reactor relevant conditions in quasi steady state 
conditions using JET high power heating systems and using current profile 
control techniques to produce MHD stable configurations and possibly to 
improve confinement. 

2. HIGH BETA EXPERIMENTS 

The new JET pumped divertor configuration has several features which are 
noticeably different from the old JET configuration as discussed in [3]. For 
instance, the plasma volume and q(a) are lower for similar plasma current and 
magnetic field. During initial JET experiments in the new configuration, the 
recycling appears to be high and long ELM free periods with high confinement 
(VH-mode) have not yet been achieved, but the power handling capability of the 
divertor tiles is higher. 

Pulse No: 31407 lP = 2MA BT = 2.6T (reversed grad B) 

Fig.l Time history of a "quasi" steady state discharge. 
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2.1 Beta poloidal values 

The performance of the new JET configuration has some consequences on the 
magnitude of the current bootstrap which depends directly upon the confinement 
for a given power. Higher power is necessary to obtain a similar 8p as achieved 
previously, 26MW to achieve 8p = 2.1 at IMA and 23MW for Bp = 1.45 at 1.5MA 
instead of the previously required 10MW in ELM-free condition. In the new 
configuration, the high 6p discharges are no longer transient and reach "quasi 
steady state" conditions as shown in fig.l: with a combined power of 20MW 
(ICRH plus NBI) for several seconds, 6p stays at a value of 0.8 at Ip = 2MA while 
the confinement time is 0.9 times the JET-DIIID H-mode scaling. 

2.2 Confinement 

Some ELM free discharges lasting more than one second have been achieved in 
double null configuration as shown in fig.2. These discharges have a higher 6p 

than single null discharges, but the ELM-free period is much reduced when 
power exceeds 15MW and the benefit of this type of configuration seems to be 
eroded by the re-occurrence of ELMs. It is also to be noted in fig.2 that the 
lower confinement normally observed in reversed VB configuration for counter 

1.5 
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0.5 

0 
0 5 10 15 20 25 
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Fig.2 Beta poloidal dependence with power at Ip = 2MA. 
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Pulse No: 31829 lP=1 .OMA BT=1.4T 

12 14 
Time (s) 

Fig.5 Time history of a high fin pulse. Energy confinement time corresponds to 
JET-DIIID H-mode scaling. 

NBI injection is partially restored when combined ICRH NBI heating is used in 
this configuration. 

Other attempts to try to increase the confinement of these high 6p discharges have 
been made. For instance, the volume and the aspect ratio of the plasma have been 
varied respectively from 80m3 to 55m3 and from 3.7 to 3.1. The ELM free phase 
disappears with small volume plasmas, but during the ELMy phase the 
confinement is observed to be similar, with H factor between 1.8 and 2, for both 
configurations as shown in fig.3. This is quite remarkable given the large change 
in the plasma configuration. 

It should also be noted, as shown in fig.4, that the confinement does not increase 
with Bp for ELMy plasmas although some parameters such as ¿i,Te,

 c°Hisionalitv. 
etc. were also changed. 

2.3 Beta normalised values 

6n values of 3 have been obtained together with 6p values of 1.5 and H = 2 (see 
note*) for Ip =1MA B j » 1.4T plasmas as shown in fig.5. For discharges with 
Ip = 1.5MA and BT = IT, high 6n values are also achieved but a degradation is 

* H factor refers to ITER 89-P L-mode scaling law. 
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observed at high power compared to plasmas at 1.4T. A stability analysis has 
shown that at 1.4T the plasma is completely stable to ballooning modes. If the 
same pressure profiles were achieved at IT, the plasma would then have become 
unstable. In practice the pressure gradients are reduced in the IT plasma so that 
the analysis again indicates stability against ballooning modes. It is therefore 
possible that the lower achieved 6n at high power is linked to the effect of 
ballooning modes on the pressure profile. 

3. SHEAR REVERSAL EXPERIMENTS 

It is probable that very high bootstrap experiments need some form of plasma 
profile control to remain mhd stable. Extrapolation of previous high bootstrap 
current plasmas in JET to steady state using the TRANSP code has shown that 
steady state would be reached in 20 to 30sec. but that the resulting current profile 
would be unstable to ballooning modes. Other analyses [4] have shown that 
"deep" shear reversal with high central q values and q minimum above 2.5 have 
to be achieved to prevent instabilities due to infernal modes. Simulations [5] have 
shown the possibility of producing such configurations at JET. 

Pulse No: 31747 lP ramp Br=2.8T 
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Fig.6 Time history of a shear reversal configuration plasma discharge. 
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In JET, an attempt has been made to obtain such a "deep" shear reversal 
configuration by injecting LHCD and ICRF early in the discharge to "freeze" the 
current profile at the required shape. An X-point plasma is produced and ICRH 
and LHCD are used together during the ramp-up phase to maintain the broad 
profiles with the high q(o) which normally occur during this phase. The time 
history of such a plasma is shown in fig.6. The ramp-up rate of the current is 
0.75MA/sec. LHCD and ICRF are injected less than 1 second after the breakdown 
when the plasma current is only 300 kA The temperature goes up to 6 keV 
during this phase. In the absence of specific diagnostics, the q profiles are 
deduced from magnetic reconstruction. Analysis has shown that shear reversal is 
produced at 42s and persists in the current flat-top with q(o) values from 4 and 5 
and minimum q values of about 3. t\ remains very low, at about 0.5, and 
confinement time is about 0.8 times the JET-DIIID H-mode scaling. But the 
stored energy is larger than the stored energy observed in discharges with similar 
power and current and ¿¡in the range 0.7-0.8. Further experiments are required 
to assess the benefit of these profiles. 

4. CONCLUSIONS 

The previous JET high bootstrap current experiments were performed within a 
limited parameter range: medium power (10 MW of ICRF), relatively low p*n 

values (1.5), high q(a) (~10) and high triangularity. The new JET configuration 
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allows a significant enlargement of the parameter domain: variation of q(a), and 
triangularity, combined ICRF and Neutral Beam Heating. This is shown in fig. 7 
where 6p is plotted versus qgs. The achieved parameters are now much closer to 
the advanced scenario domain. For instance, Bp of 1.5 together with 6n = 3 and H 
= 2 have been achieved in quasi steady state. High Bp plasmas obtained during 
the initial operation in the JET pumped divertor configuration have a lower 
confinement than during the previous campaign when only transient conditions 
were achieved. Confinement does not increase with Bp in ELMy plasmas. Deep 
shear reversal configurations have been established. Further experiments are 
required to assess the benefit of these configurations and to exploit the JET non-
inductive current drive capabilities. With the heating systems installed on JET, a 
target domain with Bp > 2, Bn ~ 3 and H > 2 appears to be achievable at 1 MA. The 
confinement has to be slightly improved to enter this domain at Ip = 1.5MA, and 
significantly improved for larger plasma currents. Current profile control will 
mainly be used to improve the confinement. 
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DISCUSSION 

M. PORKOLAB: Can you quote what the bootstrap current fraction was in the 
two reference advanced tokamak scenarios achieved in JET, namely the j8N = 3, 
j3p = 1.6 discharge and the reversed shear scenario case? 

C. GORMEZANO: To assess the bootstrap content, we need to do a detailed 
TRANSP simulation, which is complex when LH current drive is present as in the 
shear reversal case. These simulations are in progress but are not yet ready. 
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Abstract 

NON-INDUCTIVE CURRENT DRIVE EXPERIMENTS FOR PROFILE CONTROL IN JT-60U. 
Profile control experiments using non-inductive current drive techniques have been investigated 

on the JT-60U tokamak. Neutral beam (NB) injection and lower hybrid wave (LHW) methods have 
mainly been used to drive plasma currents non-inductively. It was demonstrated that the current profile 
can be controlled by changing the deposition of the NB which is tangential to the plasma current. 
Moreover, it was also demonstrated that the plasma toroidal rotation profile can be controlled by using 
the tangential NB lines. A large shear of the toroidal rotation profile was found. On the other hand, 
the capability of LHWs for current profile control has also been extended. It was shown that by combin
ing waves of different Nj (the ray refractive index parallel to the magnetic field) the absorption of the 
small N| wave, which is efficient for driving currents, is enhanced. 

1. INTRODUCTION 

Active control of the plasma current profile has recently attracted increasing 
interest, because both experimental and theoretical studies suggest that the current 
profile can affect plasma confinement characteristics [1]. Moreover, plasma rotation 
(or radial electric field) is expected to play an important role in enhancement of con
finement characteristics [2]. In JT-60U, investigations of not only current drive but 
also current profile control by using non-inductive methods, such as neutral beam 
(NB) and lower hybrid wave (LHW) methods, have been carried out. Furthermore, 
recently plasma rotation profile control has also been intensively investigated by 
using NBs. The main purpose of these profile control experiments on JT-60U is to 
investigate how widely and effectively the profiles can be modified, and what 
happens as a result, mainly a modification of confinement characteristics. This paper 
reports the unique results of the profile control experiments with non-inductive 
current drive methods on JT-60U. 

1 Department of Industrial and Technical Education, Faculty of Education, Mie University, 
Tsu, Mie, Japan. 
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2. PROFILE CONTROL BY NBs 

Neutral beams have the capability of both driving current non-inductively and 
giving toroidal torque to plasmas when the beam trajectory has a component parallel 
to the plasma current Ip. On JT-60U, 14 NB injectors are installed. Ten beamlines 
are nearly perpendicular to Ip, while the other four lines are nearly tangential. Two 
of the four tangential beamlines are directed along the plasma current Ip; these are 
referred to as co-beams. The other two are directed against Ip and are referred to as 
ctr-beams. One of the two beamlines in the same direction is directed about 9° 
upward from the equatorial plane, while the other is directed about 9° downward. 
The tangential beamlines and a cross-section of a plasma in JT-60U are shown 
schematically in Fig. 1. For a plasma like the one of Fig. 1, the two upward tangen
tial beams pass through the plasma centre (on-axis injection) while the two downward 
tangential beams pass through the outer region (off-axis injection, roughly p(= r/a) 
> 0.5). In the experiments, the acceleration voltage is up to 95 keV and the 
maximum injection power is about 2 MW per injector. 

The basic concept of current profile control by NBs has already been proposed 
[3, 4]. The main idea is that the NB driven current density profile jBD(r) can be con
trolled by changing the NB deposition profile, since JBDW depends quite strongly on 
the deposition. Since the acceleration voltage and the maximum power are limited, 
NB driven current is not large in the experiments. However, in a plasma of Ip = 
0.6 MA, line averaged electron density ñg at p = 0.3 of about 2 x 1018 m~3 and 
toroidal magnetic field BT « 3 T, more than 90% of the total current was sustained 

FIG. 1. Schematic view of tangential beamlines and plasma cross-section. 
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FIG. 2. Evolution of l¡ with co-directional on- and off-axis tangential beams. 

FIG. 3. Numerical calculation of co-NB driven current profile for on-axis and off-axis cases. 
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O On-axis/Co 
—B—Off-Axis/Co 

FIG. 4. Toroidal rotation profiles, (a) Four cases of single beam injection; (b) two combinations of two 
beams: on-axis/co-beam plus off-axis/ctr-beam (circles) and on-axis/co-beam plus off-axisico-beam 
(squares). 

by injection of NBs. Since the poloidal beta /3P was very small in this case, the boot
strap current was negligible. Therefore, the current was sustained purely by the beam 
driven current. In other NB current drive cases, the driven current was estimated 
from the difference of the one turn voltage V( between co- and ctr-beam injection 
cases. Although the absolute values of the driven current in the experiments were not 
high, they agreed with the theoretical calculation. In order to verify the capability for 
current profile control by using NBs, co-directional on- and off-axis tangential NB 
injections were tried on the plasma of Fig. 1. In Fig. 2, the temporal evolution of 
the internal inductance 4 (including an anisotropic term of plasma beta, whose con
tribution is seen only at the onset and the end of the pulse) is plotted. In the target 
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plasma, Ip = 1 MA, BT = 3 T and r^ at p = 0.25 is about 6 x 1018 m-3. The 
response of i- to each pulse is clearly different, as shown in the figure. With the off-
axis NB injection, 4 decreases, while it increases slowly with the on-axis NB injec
tion. This indicates that injecting off-axis NBs broadens the current profile. The NB 
driven current profiles calculated using the ACCOME code are shown in Fig. 3. In 
the on-axis deposition case, the calculated }m(r) is a peaking profile, in clear con
trast to the case of off-axis deposition, where JBD(I") is located outside p s 0.3. 
These results agree qualitatively well with the temporal evolution of ^ shown in 
Fig. 2. 
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In the case of NB current drive, current profile control is always accompanied 
by a change in toroidal plasma rotation profile, VT(r). As well as j(r), VT(r) can 
affect plasma characteristics [2]. On JT-60U, VT(r) control has also been carried 
out intensively. The profile is measured with charge exchange recombination spec
troscopy (CXRS). The profile of VT is strongly correlated with the deposition, as in 
the NB current drive case. On JT-60U, it is possible to change VT(r) very widely 
using four tangential beamlines. Most simply, by using one out of four tangential 
beamlines it is possible to produce different VT profiles. In Fig. 4(a), VT(r) for four 
cases of single beam injection is shown. The target plasma is the same as that of 
Fig. 1. It is clearly seen that depending on the direction of the beamline the direction 
of VT changes. Moreover, VT(r) is modified by changing the beam deposition. 
Furthermore, by combining two tangential beamlines VT(r) can be modified more 
strongly. Figure 4(b) shows VT(r) values for cases in which on-axis/co-beam and 
off-axis/co- or off-axis/ctr-beam were used. It is found that VT(r) strongly peaks at 
the centre when a combination of on-axis/co-beam and off-axis/ctr-beam was used. 

In order to see the effect of the peaked VT(r), more NB power was applied 
after two seconds of two tangential beams (on-axis/co-beam and off-axis/co- or off-
axis/ctr-beam). In this case the target plasma was of Ip = 1.8 MA, BT = 4 T and 
Hg = 8 X 1018 m~3 (at p = 0.25) at 7.3 s in both shots. The averaged ion tempera
tures, Tfve, in the central region (p ^ 0.3) and the outer region (0.6 > p > 0.3) 
are shown for the cases of on-axis/co-beam plus off-axis/co-beam and on-axis/ 
co-beam plus off-axis/ctr-beam in Fig. 5(b). T¡ave increased faster in the case of 
on-axis/co-beam plus off-axis/ctr-beam injection and exceeded the Tfve of the other 
case, even though the applied power was lower. On the other hand, as shown in 
Fig. 5(c), the difference in averaged VT between the central and the outer region 
(the regions are the same as in the T¡ case) increased in the case of on-axis/co-beam 
plus off-axis/ctr-beam injection, suggesting peaking of VT(r), while in the other case 
it decreased. However, since the causality between an increase of T¡ and peaking of 
VT is not yet clear, more detailed investigation is being carried out in JT-60U. 

3. PROFILE CONTROL BY LHWs 

An LHW also has a large capability for current profile control. In the case of 
an LHW, the most effective way of controlling the LH driven current density profile 
JLHO") is by changing Nfl (the ray refractive index parallel to the magnetic field) [5]. 
Normally when an LHW of small N¡ is injected into a plasma, a peaked j L H profile 
is formed, while an LHW of large Nj produces a broader profile. However, since 
the current drive figure of merit r\cv> also depends on N¡ and decreases rapidly 
with the increase of NB [6], as rçCD <* l/<Njj>, producing a broader jmO") is 
inefficient. A broad current profile is favourable for producing a hollow safety factor 
profile q(r) [7]. 
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In order to investigate the possibility of more flexible jLH(r) control including 
a broad profile, the effects of modifying the N| spectrum have been investigated on 
JT-60U. On JT-60U, two LHW couplers are installed. Both are multijunction type 
couplers [8, 9]. One, installed in a horizontal port, has four rows of 48 waveguides 
each and is referred to as the 'horizontal launcher'. The other coupler is installed 
approximately 45° above the equatorial plane and has four rows of 24 waveguides 
each; it is referred to as the 'inclined launcher'. These couplers are separated toroi-
dally by about 180°. In the experiment an LHW of large Nj = 3.2 was injected 
from the inclined launcher in addition to an LHW of small N¡ = 1.35 which was 
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injected from the horizontal launcher. The spatial profile of the line integrated hard 
X ray (HX) intensity IHX> measured by a six channel Nal detector array viewing the 
plasma perpendicularly to BT, is shown in Fig. 6(a). Two cases — that of the small 
N| wave only and that of the two waves — are plotted. As seen in the figure, when 
two waves were injected simultaneously, enhancement of IHX was observed in the 
outer region of the plasma, in contrast to the case when only the smaller NB wave 
was injected. On the other hand, IHx was reduced in the central region. The change 
is not only in IHX but also in the HX energy spectrum. The HX energy spectra near 
the edge (p = 0.65) of the plasma and near the centre (p — 0.2) are plotted in 
Fig. 6(b) and (c) for the cases with the smaller N¡ wave injection and the two wave 
injection. Each spectrum is normalized at the minimum energy point. At both loca
tions, a significant change of the HX energy spectrum was found, as shown in the 
figure. When two waves were injected simultaneously, the HX energy spectrum was 
enhanced more at higher energy in the edge region; in contrast, in the inner region 
of the plasma the photon count rate decreased faster as the photon energy increased 
than in the case where only the faster wave was injected. These changes are explained 
consistently assuming that the smaller N| wave was absorbed in the edge region. 
Since the smaller N| wave could accelerate electrons to higher energy than the 
larger N| wave could, the HX energy spectrum was enhanced more at higher 
energy. On the other hand, since a fraction of the smaller N¡ wave was already 
absorbed in the edge region, the electrons were accelerated less in the central region. 
The enhancement of the absorption of the smaller N| wave is attributed to the larger 
N| wave. Since the larger N¡ wave is between the smaller N¡ wave and the bulk 
electrons in the phase velocity space, it bridges them and accelerates the absorption. 
By using this technique, combining NB spectra, jLH(r) can be controlled more 
widely. 

In order to investigate the effect of jLH(r) control, NB power was applied on an 
LHCD plasma of Ip = 0.8 MA at BT = 3 T. Typical waveforms are shown in 
Fig. 7. As seen in Fig. 7(b), Ip was fully driven by the LHW. Moreover, as shown 
in Fig. 7(c), J* was increased by about 0.15 by the LHW injection. At the end of the 
NB pulse, j8p reached 1.8. The H factor (= Te/Te

rrER89; T™**9 is re estimated by 
ITER scaling) is plotted in Fig. 7(d), and it is seen that the H factor is higher in the 
case with the LHW. This can be explained by the increase of f- due to the injection 
of the LHW. On JT-60U, the H factor is found to be roughly proportional to Jf-8. 
From the scaling, the enhancement seems to be a little larger. However, more careful 
and systematic investigation is necessary in order to see if there is any additional 
effect due to the LHW. None the less, it is very encouraging that non-inductive j(r) 
control is applicable to an NB heated plasma and can lead to better performance. 

4. CONCLUSIONS 

Active profile control of both current and toroidal rotation with NB and LHW 
methods has been investigated on JT-60U. It is demonstrated that by changing the 
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deposition of the tangential NB the current profile can be controlled. It is also demon
strated that the plasma toroidal rotation profile also can be controlled by using the 
tangential NB. The capacity of the LHW for current profile control has been inves
tigated. It is shown that the absorption of the small N| wave, which is expected to 
be efficient in driving currents, is enhanced by combining waves of different N|. 
NB power was applied to profile controlled plasmas. More systematic experiment 
and analysis should be carried out in order to clarify the effect of profile control on 
confinement. 
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DISCUSSION 

K. IDA: The toroidal rotation velocity is larger with counter NBI than with co 
NBI. The plasma rotates slightly in the counter direction even with co NBI. Do these 
data suggest spontaneous momentum in the counter direction or a non-diffusive term 
of momentum transport? 

S. IDE: It can be explained in terms of ripple loss of ions. Since we have used 
a rather large volume plasma configuration, the toroidal ripple is expected to be 
large. Also, in the case of counter-injection, the loss from ripple loss is larger than 
in the case of co-injection. However, it is difficult to separate these effects definitely. 
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Abstract 

STEADY STATE HIGH PERFORMANCE IN JT-60U. 
By optimizing current and pressure profiles, the integrated core plasma performance was 

improved in the ELMy H-mode: high values of the fusion product nD(0)rET¡(0) = (3-5) X 
1020 m"3-s-keV (QDT = 0.25-0.36) were sustained for up to 1.5 s. Under the fully noninductive cur
rent drive condition (bootstrap ~ 60-74%, NBCD ~ 48-37%), highly integrated performance with 
|8N ~ 2.8-3.2, j8p ~ 2.6-3 and H-factor ~ 2-2.5 was sustained in the ELMy H-mode at 1 MA/3 T 
and 0.5 MA/1.5 T. These results can be obtained when the low (m, n) pressure driven instabilities are 
suppressed in the central region and the control of ELM frequency is adequate. By peaking of the current 
profile and relative broadening of the pressure profile, the maximum values of ¡3p, e/3p and /3N were 
4.7, 1.2 and 4.8. The achievable /3N and /3p values and the H-factor increase with safety factor qeff. In 
the case of fully noninductive current drive at 0.5 MA, low <Te> allows sufficient current diffusion, 
and negative magnetic shear seems to be produced in the central region. The result of the current profile 
control by bootstrap current and NB driven current suggests confinement improvement by small or nega
tive central magnetic shear. 

1. INTRODUCTION 
This paper describes JT-60U results on the achievement of steady-state 

highly-integrated performance as a basic physics demonstration toward JT-60SU 
[1], ITER and SSTR, for which the control of current and pressure profiles and 
selection of safety factor are the key issues. The highly-integrated performance 
means simultaneous achievement of i) high confinement improvement (high H-
factor= T E E X P / T E I T E R ^ 9 P ) , ii) high power density (high normalized p: P N ) . i") 
high bootstrap fraction (high (5p) and iv) high efficiency of heat and particle 
exhaust. Concerning the condition iv), we treat the ELMy H-mode as a candidate 
for the steady-state operation mode. Since MHD instabilities severely restrict the 
above conditions, this paper emphasizes the control of stability. 

2. p-LIMIT IN JT-60U 
The MHD instabilities affecting JT-60U discharges are listed in Fig. 1(a). 

The attainable P-values and the energy confinement time TE are chiefly limited 
by the pressure driven instabilities. The dominant instability and its structure 

1 Princeton Plasma Physics Laboratory, Princeton, New Jersey, USA. 
2 Mie University, Mie, Japan. 
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FIG. 1. (a) Typial MHD modes observed in JT-60U. (b) Achieved values of /3W in high-Pp mode, 
high-f3N experiment and standard H-mode. (c) Values of í¡ of target OH plasmas for high-@N experi
ment and high-@p mode. Dotted line: sawtooth boundary; dashed line: quasi-stationary state with 
(}p < 1 [10]. Disruptive discharges appear in the shadowed regions, (d) Normalized total pressure 
profiles. 

change with pressure and current profiles. From the stability point of view at high 
pN, the operation regimes of JT-60U are categorized into three groups; the high-
pp mode [2], the high pN experiment [3,4] and the standard H-mode [5,6]. The 
PN values of the three groups are given in Fig. 1(b) as a function of the effective 
safety factor at the edge qeff [4]. 

From the stability point of view, the main differences among these groups 
are current and pressure profiles shown in Figs.l(c)&(d) which are related to li 
(internal inductance) and the heating profile. In JT-60U, the selection of the 
plasma volume Vp and the major radius are closely related to the NB heating 
profile. The high-pp mode (Vp=40-55 m^) has the most peaked pressure profile 
(p(0)/<p>=3.5-6) produced by strong central heating and the low values of li 
(0.8-1.2) in which the achievable pN-values (<2.2) are limited by pp-collapses 
located in the central region [2], The standard H-mode (65-95 m^) has the 
broadest pressure profile (p(0)/<p>= 1.8-2.5) and medium values of l{ (0.8-1.4) in 
which the pisf-values (<1.8) are limited by the onset of ELMs. In the high pN 
experiment (55-65m3), discharges have medium values of p(0)/<p> (=1.8-3.5) 
and relatively high l{ (1.2-2.4), in.which PN=4.8 and epp=1.2 were obtained 
(Figs.2(a)-(b)). Therefore, there is an optimum pressure profile to achieve high 
pN-values, and too broad and too peaked p(r) have low PN limit. Although the 
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FIG. 2. (a) Region of operation. Ideal stability limits are shown for A: peaked p(r), (dp/d\¡/ ~ 
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(c) Typical waveforms ofdB/dt at the /3 limit in the high-{5p mode, (d) and (e) Typical waveforms and 
poloidal distribution ofdB/dt at the /3 limit in the high-(3N plasma. 

pN-limit tends to increase with 1¡ of the target OH plasma [3], more detailed 
current profile control is required (see Fig.6). Since the bN-limit (Fig. 1(b)) and 
Pp-limit (Fig.2(b)) increases with qeff, high q operation is essential to achieve 
high power density and high bootstrap fraction (e.g. qeff>6-7 for pp>2.5). 

In case of closed circles in Fig.2(a)&(b) (Pp-collapse in the high-pp 

mode), the mode evolves in the ideal MHD time scale of the order of lO^is 
(Fig.2(c)). Whereas in the case of the high-^N discharges, the mode evolves in the 
resistive time scale (ms) (Fig.2(d)). In both cases, the mode structure is the 
pressure driven type with n=l-2 and m=2-5 and the poloidal distribution of dB/dt 
shows a strong in-out asymmetry (Fig.2(e)) [7]. These results agree with the p-
limit of kink-ballooning mode calculated with ERATO and high n ideal 
ballooning mode (lines A, B and C in Fig.2(a)) [8]. JT-60U has relatively small 
elongation (<1.7), small triangularity (<0.25) and high aspect ratio (~4) 
compared with the highly shaped configuration like DIII-D. Since these 
parameters are important to optimize the trade-off between the engineering 
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2.5-3.2, B, = 7.5 T, Ip = 0.5-0.6 MA, (¡(target) = 1.5-1.7 and dW/dt = 0. 

design of reactors (e.g. divertor) and MHD stability, the results of |3-limit in JT-
60U contribute to optimization of reactor design. 

3. CONFINEMENT OF THE ELMy H-MODE AND ELMS 
Figure 3(a) shows the dependence of H-factor in ELMy H-mode with 

dW/dt (time derivative of stored energy) = 0. For the calculation of the H-factor, 
the power loss due to the toroidal field ripple was not subtracted from PNBa^s- In 
the cases of the high-pn H-mode [9] (closed circles; Vp of 40~55 m*) and the 
relatively off-axis heating (high-^N exp.), the H-factor reaches 2.5. For a fixed 
configuration, the attainable H-factor decreases with decreasing qeff. The reason 
of the degradation was confirmed by the effects of decreasing lj and enlarging 
sawtooth region (if sawtoothing) with decreasing qeff [10]. Based on the JT-60U 
results, qeff>4 is required to obtain H-factors above 2 (Note: q95~0.7-0.8qeff in 
JT-60U). In the ELMy H-mode, high values of P N ~ 3 - 4 and H-factor 2-2.5 were 
obtained simultaneously in the high-PN experiment (Fig.3(b)). However, in a 
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long ELMy phase at high Pp, pressure driven low (m,n) modes gradually appear 
and confinement degrades because of flattening of j(r) due to large bootstrap 
current. In this sense, a stable quasi steady ELMy H-mode is obtained at P N < 3 SO 
far. In the lhigh-pp H-mode (closed circles), the pN-limit is higher than that of 
the high-pp mode because of broader pressure profile due to the high edge 
pressure [3]. 

In JT-60U, an ELM-free phase is obtained only when ïïe is lower than the 
threshold value ñ e

t n , and ñ e
t n increases with (Bt2/(Rqeff

2))li, which is a measure 
parameter for the ballooning stability [11]. The depth of the edge pressure 
pedestal in H-mode is proportional to the ion poloidal Larmor radius [5] scaled 
with (Ti(95%)°-5/Bp(a)) where Bp(a) is the surface poloidal field. In Fig.3(c), 
ñe

thTi(95%)/(Ti(95%)0-5/Bp(a)) is proportional to (Bt
2/(Rqeff

2))li which can be 
interpreted that the edge pressure gradient is a function of (Bt2/(Rqeff ))li and 
that the ELMs are related to the ballooning instability, though the peeling mode is 
not excluded as a possible candidate. In the ELMy H-mode, the H-factor rises 
with decreasing ELM frequency fELM> asymptotically reaching the level of ELM 
free H-mode (Fig.3(d)). JT-60U data also showed fELM is proportional to the 
heating power divided by Bt2/((Rqeff2))U [3]. Therefore, an excess of heating 
power or small edge shear degrades the H-factor by increasing fELM-

4. SUSTAINMENT OF HIGH FUSION PRODUCT IN ELMy H-MODE 
In the high-pp H-mode, high values of nD(0)iETi(0)=3-5xl020 nr3skeV 

and Q D T = 0 - 2 5 - 0 . 3 6 were sustained in the ELMy H-mode for up to 1.5 s with 
Bt=4.4 T, Ip=2.1-2.3 MA, qeff=4.1-4.4, P N B = 2 7 - 3 3 MW, Ti(0)=24-39 keV, 
nD(0)=4.5-5.5xl019 n r 3 , ne(0)=6-7.5xl019 m'3 , H-factor=2-2.2, xE =0.28-0.32 
s, pn=l.1-1.4, P N = 1 . 7 - 2 . 0 and a bootstrap fraction of 35-45%. The thermal 
confinement improvement from the L-mode scaling [12] is 1.5-1.9. The obtained 
values of no(0)TETi(0) are shown in Fig.4(a) where the data were taken in the 
ELMy phase lasting longer than TE, and in this ELMy H-mode jTW/dt is 
negligible. A typical example is shown in Fig.4(b). From the ratio of ne(0) and 
ne(r/a=0.7), it is concluded that the peaked ne profile characterizing the high-Pp 

mode was sustained steadily in the ELMy phase (ne(0)/<ne>=2.3 at t=7.2 s). In 
this type of discharge, the position of the magnetic axis was shifted relative to NB 
trajectories to make the heating profile broad to suppress a Pp-collapse. Since the 
threshold heating power for the H transition increases with B t (>20 MW at 4.4 T), 
the enhanced plasma-wall interaction tends to terminate the steady phase. In 
Fig.4(b), the carbon influx from the divertor region started to increase at t=7.4 s 
when the surface temperature of the divertor tiles at the outer hit point exceeded 
800 degrees centigrade and the core performance was degraded. Therefore active 
control of the heat load onto divertor tiles is the critical issue to sustain a high-
power-heated steady state. 

5. FULL NONINDUCTIVE CURRENT DRIVE IN HIGH p N ELMy H-MODE 
By optimization of the pressure profile, full noninductive current drive by 

combination of bootstrap current and beam driven current was achieved at Ip=l 
MA and Bt=3 T (qeff=7.1, q95=5.2) in the ELMy H-mode with P N B ~ 2 0 MW 
including 4 MW of co-tangential NB for current drive. The time evolution of the 
typical case is given in Fig.5, which also shows the bootstrap current, beam driven 
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FIG. 5. Evolution of fully current driven discharge (Ip = 1 MA, B, = 3 T, qeg = 7.1, q95 = 5.2). 
A bootstrap fraction of 78% and a beam driven current of 37% were obtained with highly integrated 
performance: (3p = 2.6, 0N = 2.9, H-factor = 2.5, nD(0)TET¡(0) = 0.8 x 1020 mT3-s-keV. 

current and surface one turn voltage calculated with the 1.5D time dependent 
analysis code TOPICS. The fully noninductive current drive condition was 
sustained for -0.7 s and a bootstrap fraction of 74% and a beam driven current of 
37% (over drive) was obtained with highly-integrated performance:Pp=2.6, 
P N = 2 . 9 , H-factor=2.5 and no(0)XETi(0)=0.8 xlO^O m"3skeV. The discharge 
region (q95, PN, f3p, H-factor, bootstrap fraction, etc.) obtained in this experiment 
is almost the same as the design region of SSTR. In this case, the safety factor 
profile was almost unchanged during the NB pulse because of a high <Te> of ~3 
keV and no MHD mode except ELMs was observed. 

To study the effects of the current profile evolution due to the bootstrap 
current, fully noninductive current drive plasmas were produced at Ip=0.5 MA/ 
Bt=1.5 T in which low <Te> ~1 keV allows significant current diffusion. In Fig.6, 
P N = 2 . 5 - 3 . 1 , Pp=2.5-3.0 and H-factor= 1.8-2.2 were sustained quasi-steadily for 
~1 s ( t=6.5-7.5 s) which is much longer than TE (-0.14 s) under the full 
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FIG. 6. (a) Typical ELMy high-&N plasma with co-tangential NB injection in full current drive condi
tion at B, = 1.5 T, Ip = 0.5 MA. (b) Calculated evolution ofNB driven current, bootstrap current and 
q(0). (c) Calculated driven current profiles at t = 6.8 s and time evolution ofq-profile. 

noninductive current drive condition (bootstrap current 60% and NB driven 
current 48%, qeff =8.6). We injected co-tangential off-axis NB (4 MW) for 
current drive and 8 MW of near-perpendicular NB. The orbit loss of NB power 
evaluated by the orbit following Monte Carlo code is 35% for the perpendicular 
NB and 10% for the tangential NB. The small value of the bootstrap fraction of 
60% for Pp=3 is caused by the high fraction (57%) of beam component in the 
stored energy. In Fig.6(a), evolution of lj suggests the current profile nearly 
reaches a steady state [4]. The calculated driven current profiles at t=6.8 s and the 
time evolution of the q-profile are shown in Fig.6(b). The calculated safety factor 
profile has two resonant surfaces with q=2.5 at t=6.8 s which is consistent with 
appearance of the 5/2 mode after t=6.8 s (Fig.6(a)). In this type of ELMy 
discharges, the confinement degrades by the appearance of the low (m,n) pressure 
driven modes. Therefore a more flexible method of current profile control is 
required to sustain a high bootstrap fraction longer than the current diffusion 
time. 

The q-profiles shown in Fig. 6(b) have a negative central magnetic shear. 
On the other hand, when the counter-tangential NB was injected into an almost 
identical plasma, the 1.5D. calculation showed that the beam driven current 
compensated the bootstrap current and a monotonie q profile was produced 
(Fig.7(a)). The calculated li-values are 1.15 for co-injection and 1.3 for counter-
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FIG. 7. (a) Calculated current and q-profiles for counter-tangential NB injection and q-profile for 
co-injection, (b) and (c) Comparison of waveforms of H-factor, Te(r) and T¡(r), and toroidal rotation 
between co- and counter-injections. 

injection. However, the H-factor in the higher-lj case (counter-) is lower than 
those in the lower-lj case (co-): the H-factor in the counter- case is -85% of the 
co- case (after the correction of the orbit loss) before the appearance of the 5/2 
mode in the co- case (Fig.7(b)). This result seems to contradict with the usual li-
dependence. The measured Te and T¡ profiles for both cases are shown in 
Fig.7(c). The improved confinement in the co-injection case comes mainly from 
an increase in Tj inside p~0.4 which corresponds to the region with a weak or 
negative shear (Fig.6(b)). This result suggests that the negative magnetic shear 
improves energy confinement [13] if the stability condition is satisfied. This 
result suggests that a finer current profile control (more than 10 is important, in 
particular, in bootstrap-dominated discharges. The toroidal rotation profile 
(Fig.7(c)) was also different between the two cases. The effects of the toroidal 
rotation profile on energy confinement and stability will be studied systematically 
in JT-60U. 

6. SUMMARY 
To achieve the steady-state highly-integrated performance, there are four 

key factors. The first factor is the current profile because H-factor [11], Pp-limit 



660 KAMADA et al. 

and pressure limit for ELMs [4] increase with \[. However, more detailed j(r) 
control is required as shown above. The second factor is the pressure profile. To 
avoid a Pp-collapse, broad p(r) is beneficial. However, a very broad pressure 
profile is associated with low PN-values due to the edge pressure limit. The third 
factor is the NB power to control fELMK). The last factor is qeff. Since the P N 
and Pp-limit increases with qeff, high q operation is essential for achieving high 
bootstrap fraction. The H-factor also increases with qeff. In addition, disruptivity 
drops quickly with increasing qeff and the profile of heat flux onto divertor 
plates becomes broader with increasing qeff. By summarizing these effects, high-
q operation (qeff>5-6) is essential for the steady state highly-integrated 
performance. By optimizing these factors, we obtained the ELMy H-mode at 
high-pp, high-PN and high-H-factor under the full noninductive current drive 
condition with a significant fraction of bootstrap current. 
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DISCUSSION 

D. MORE AU: In your 1 MA fully non-inductive discharge, there was a roll
over in the performance after a time. Do you have any idea what was causing this 
degradation? 

Y. KAMADA: The reason is that the recycling and carbon influx started to 
increase owing to relatively high heat flux onto the divertor. 
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C. GORMEZANO: You have produced very interesting data at 1 and 2.5 MA. 
What are the prospects for extending the regime you achieved at 1 MA with high 
bootstrap current and full current drive up to 2 MA where confinement will be even 
better? 

Y. KAMADA: At present, it is not so easy to increase this regime up to 2 MA 
because we need very high power (up to —40 MW) to obtain relatively high /3p. 
This kind of experiment will be tried after installing negative NBI. 
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Abstract 

DEUTERIUM-TRITIUM TFTR PLASMAS IN THE HIGH POLOIDAL BETA REGIME. 
Deuterium-tritium plasmas with enhanced energy confinement and stability have been produced 

in the high poloidal beta, advanced tokamak regime in TFTR. Confinement enhancement H = 
TE/TEITER-89P > 4 has been obtained in a limiter H-mode configuration at moderate plasma current 
Ip = 0.85 - 1.46 MA. By peaking the plasma current profile, &Ndia = 108</3,± )aB0/Ip - 3 has been 
obtained in these plasmas, exceeding the &N limit for TFTR plasmas with lower internal inductance, /,. 
Fusion power exceeding 6.7 MW with a fusion power gain QDT = 0.22 has been produced with 
reduced alpha particle first orbit loss provided by the increased /,. 

I. Introduction 
The economics of a fusion power plant based on the tokamak concept can 

be significantly improved if the plasma stability and energy confinement, usually 
parameterized by the Troyon normalized beta [1], PN S \0%<pt>aBo /Ip, and 
energy confinement enhancement factor [2], H = TEI^E ITER-89P, could be 
enhanced. Present reactor design studies [3] show that 50% reductions in the cost 
of electricity and the capital cost of the plant can be obtained with "advanced 
tokamak" operation at high H < 4 and PN < 6 compared to more conventional 
tokamak operating parameters. Advanced tokamak plasmas in steady-state operation 
have been considered in both the ARIES [4] and SSTR [5] designs. 

Operation at high poloidal beta, pp, has the additional benefit of reduced 
plasma current, Ip, which reduces the requirements for non-inductive current drive, 
increases the fraction of transport-induced bootstrap current, and reduces the 
adverse consequences of disruptions. The advantages of this operating regime have 
been understood for some time and large experimental tokamak programs including 
TFTR [6], JT-60U [7], and DIU.-D [8] have produced and studied high pp plasmas. 
Operation at high H and PN has been achieved by modifying the plasma current and 
pressure profiles [6,9-10], and the shape of the outer boundary [11-12]. 

Prior to the use of deuterium and tritium (DT) in TFTR, high pp dia = 5.9 
(up to the equilibrium limit [13]), PN dia = 4.9, H = XEI^E ITER-89P = 3.6 
(with PN dia = 4.5, H = 3.5 reached simultaneously) conditions had been 
obtained in deuterium (D) plasmas at Ip < 0.5 MA by actively peaking the current 
profile and creating a plasma with increased internal inductance, /,• [6]. Here, 
Pp dia = 2/¿¿?<pj_>/<<fíp»2 where <p±> is the volume averaged transverse 
plasma pressure and «Bp» is the line average of the poloidal magnetic field over 
the outer flux surface. In addition, high pp plasmas with an on-axis safety factor, 
qo > 2, and low magnetic field shear in the core had been created with access to the 
second stability region [14]. Recently, a separate set of experiments has produced 
plasmas with high qo exhibiting a reversal in the magnetic field shear and enhanced 
confinement properties [15]. Similar "high //" and "high qo" operating scenarios are 
planned to be produced and studied under steady-state plasma conditions in the 
proposed Tokamak Physics Experiment [16]. 

The experiments described in this paper are the first to utilize nominally 
equal concentrations of D and T in high poloidal beta plasmas in TFTR with current 
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FIG. 1. DTfUsion power versus plasma current for TFTR high |3p and supershot plasmas. 

and density profiles optimized for high #v and high H. The purpose of these 
experiments is to demonstrate the ability to produce significant levels of fusion 
power with these plasmas and to examine the characteristics of these discharges in 
the presence of DT fusion alpha particles. Both "high //" and "moderate qd" 
(1 <qo< 1.5) operating scenarios are considered in the present study. 

The ability of high fip plasmas to generate significant levels of fusion power 
at reduced plasma current is illustrated in Fig. 1. Here, the peak DT fusion power, 
PF, is plotted as a function of Ip for TFTR supershot plasmas with Ip > 1.5 MA and 
high pp plasmas at lower Ip. Up to 6.7 MW of fusion power was produced in a 
non-disruptive high pp plasma with auxiliary heating power Ptot = 31 MW, 
Ip = 1.46 MA, and q* = 5(a2B0/RpiP(MA))(1+ K2)/2 = 4.7. This value of q* is 
in the range presently being considered in advanced tokamak reactor design studies. 
The fraction of fusion reactions by thermal ion collisions, beam ion collisions with 
other beam ions, and beam ion collisions with thermal ions, as computed by the 
TRANSP code [17] were 34%, 10%, and 56%, respectively. This level of fusion 
power is 90% of the maximum power produced in a non-disruptive supershot 
plasma, but at 2/3 of the plasma current. 

II. Experimental parameters 
The increase in /,- required to produce high fix plasmas in TFTR was 

produced by rapidly decreasing the plasma current from Ip = 1.65 - 2.5 MA to 
0.85 - 1.46 MA in a deuterium plasma with toroidal field Bt = 4.6 - 5.1 T and 
major radius Rp = 2.45 - 2.6 m during a period of neutral beam injection (NBI) in 
the co-direction (Fig. 2a). Addition of counter-injected beams later in the discharge 
produced the desired power level Ptot = 1 6 - 3 1 MW with a nominally equal 
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FIG. 2. Time history waveforms for a high &p DT H-mode plasma and comparison with an equivalent 
D discharge, (a) Plasma current, plasma internal inductance, and neutral beam heating; (b) diamag-
netic normalized beta and DT fusion power; (c) energy confinement enhancement factor and confinement 
time; (d) Da emission; (e) edge ion temperature. 

number of D and T sources. The fraction of Ptot due to injected tritium neutral beam 
power was in the range 0.45 - 0.72. Electron and ion temperatures reached 11 keV 
and 35 keV respectively with peak electron densities of up to 8xl01 9 nr3 . Non-
inductive current of up to 55% has been computed by TRANSP at Ip = 1.46 MA 
with a 35% contribution from the bootstrap current. The thermal plasma comprised 
65% of the total stored energy in the highest density plasmas. Determination of the 
q profile using motional Stark effect (MSE) measurements of the magnetic field 
pitch angle indicate that qo ^ 1 for plasmas with Ip > 1 MA. 

High pp DT plasmas with moderate qo, Ip = 0.85 MA, Rp = 2.6 m, and 
Ptot < 17 MW were produced in a manner similar to that described above to test 
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the recent theoretical result [18] indicating that the alpha particle driven toroidal 
Alfven eigenmode (TAE) [19] can be destabilized if qo could be raised to a value 
between 1.2 and 1.5. In this case, pp dia = 2.9, fa ¿ia - 2.8, H = 4.2, and 
Pp = 1.8 MW were attained and preliminary equilibrium modelling using MSE 
data shows qo = 1.4. 

Advanced tokamak operation in DT produced a relatively large alpha particle 
beta, pa, for a given plasma current. The on-axis value, pao, of 1.6xl0-3 was 
computed by TRANSP for the Ip = 1.2 MA DT plasma shown in Fig. 2. This 
value is the same as has been obtained in a DT supershot plasma with 
Ip = 1.8 MA. At Ip = 1.2 MA, the pa profile is slightly broader. A pao of 
2.5xl0"3 was generated in the plasma with Pp = 6.7 MW. The plasma at moderate 
qo had a peak pao = 0.9x10-3. 

III. Enhanced confinement and the DT limiter H-mode 
Producing enhanced energy confinement involved a reduction in particle 

recycling. This was obtained in both D and DT plasmas when the discharge made a 
transition to a limiter H-mode [20], or by lithium pellet conditioning [21] of the 
limiter. Limiter conditioning has allowed XE at Ip > 1 MA to reach a value of 0.2 s 
at 1.5 MA. This is a significant improvement compared to the maximum value of XE 
= 0.14 s reached before the use of Li pellets in high pp plasmas [22]. Similar 
increases in XE have been observed in sequences of D plasmas which utilize Li 
conditioning before and/or after NBI. The greatest improvements were obtained 
when pellets were injected before NBI. The combination of limiter conditioning, 
operation using DT, and transition to a limiter H-mode has produced a maximum 
value of XE = 0.26s. 

The general characteristics of edge localized modes (ELMs), precursor 
MHD activity to j3-collapse, and disruptions are similar in D and DT plasmas. High 
frequency "grassy" ELMs occur in low power H-mode discharges, while large 
amplitude, low frequency (~40 Hz in Fig. 2) "giant" ELMs are more likely to occur 
in DT plasmas with relatively broad pressure profiles and high p^. DT H-mode 
plasmas exhibit an earlier transition time, a longer ELM-free phase, and a greater 
drop in Da light when compared to equivalent D plasmas. 

Transitions to the high pp H-mode in equivalent D and DT plasmas are 
shown in Fig. 2 (c-e). While a significant increase in XE was observed in the D 
plasma during the MHD quiescent "ELM-free" phase of the H-mode, a greater 
increase (of approximately 40%) was observed in the DT plasma [23] and an 
H factor of 4.3 (using an average isotopic mass of 2.3) was attained. This 
improvement was transient, since the onset of the first ELM caused a decrease in 
XE. However, a recovery of enhanced energy confinement was observed during the 
relaxation period of the ELMs. 

Since transition to the H-mode occurred during the initial rise of the plasma 
stored energy during NBI, the plasma density and temperature increased up to the 
onset time of the first ELM. However, while the edge electron temperature and 
density steadily increased, the edge T¡ displayed a more rapid increase in both DT 
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and D plasmas at the time of the H-mode transition (Fig. 2(e)). At this time, the 
effective ion thermal diffusivity, Xitot= -Qilnith ^ a s computed by TRANSP 
decreased in both DT and D comparison plasmas (Fig. 3). Here, q¡ is the ion heat 
flux, and «; th is the thermal ion density. A larger change in T¡ and Xi tot occurred 
in DT plasmas as compared to equivalent D discharges. 

After the onset of ELMs, the increase in both the edge temperature and 
density ceased. The edge Te decreased during an ELM burst but recovered its 
original value before the next ELM burst. In addition, the edge T¿ in DT plasmas 
decreased to the value reached in the equivalent D plasma. This matching of the T¿ 
profile, which appeared to be caused by the ELMs, generally extended from the 
plasma edge to a normalized minor radius r/a = 0.65. 

The range of H and PN achieved during the DT phase of TFTR operation is 
shown in Fig. 4. The highest values of H (up to 4.5) were reached transiently 
during the ELM-free H-mode phase, during which time (dWtot/dt )IPNBI was 
maximized (exceeding 40% in some discharges). While the largest value of H 
occurred in a D plasma at Ip = 1 MA, DT plasmas produced the larger H at equal 
Ptot and I p. Also indicated in Fig. 4 are the values of $v and H for some plasmas at 
the time of maximum $v (where dWtot/dt = 0). The high pp plasma with the 
highest fusion power output, F/r = 6.7 MW reached during the ELMing phase of 
the discharge, had H = 3.1 and /3N dia ~ 3. 

IV. Stability 
Plasma stability limited the improvement in XE for plasmas with high H 

factor. The first high pp DT experiments were concentrated on reaching enhanced 
performance while simultaneously minimizing the probability of major disruptions. 
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Based on results from prior D plasma operation, the PN dia stability limit was 
determined for a given plasma current time history, and a value of PN dia 15% 
below this limit was chosen as a target value for DT operation. This technique was 
almost entirely successful. Out of 134 discharges in which neutral beams were 
injected, only 3 major disruptions were produced, each one occurring below the 
reduced target value of PM dia- Two of these disruptions occurred in D plasmas for 
which the electron density profile peakedness, FN6 = ne(0)/<ne>voiume became 
excessively large. This observation of a reduced PN limit at increased density 
peakedness is consistent with ideal MHD stability analyses of n = 1 kink/ballooning 
modes performed for TFTR deuterium plasmas [22]. The result of these 
calculations showed that the increase in pNdia observed in plasmas with increased 
internal inductance can be eliminated by increased peaking of the plasma pressure 
profile. The excessive density peaking was created by excessive limiter 
conditioning using Li. This conditioning typically caused a reduction of particle 
recycling that allowed increased neutral beam penetration and caused F# to rise 
(with a corresponding increase in 1E). The disruptions that occurred below the 
target value of PN dia had Fue - 3.4, while a more common value for high pp 

plasmas is 2.5. 

The peakedness of the DT neutron source strength as measured with a 
neutron collimator (an indicator of the pressure profile peakedness) was found to be 
a useful diagnostic in examining the MHD stability. DT plasmas either disrupted or 
suffered a /i-collapse when the neutron profile peakedness rapidly increased to a 
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value of PsN=sN(0)/<SN>volume ~ 10 (Fig- 5). Such large values of PsN were 
obtained only with DT operation or Li pellet injection. These /^-limiting events 
occurred at fa less than the observed disruptive limit of D plasmas with less peaked 
pressure profiles. 

A "secondary ballooning instability" [24] was clearly observed as a 
precursor to the DT disruption and the toroidally localized nature of this mode was 
established by observing Te fluctuations at two distinct toroidal locations. Details of 
this instability can be found in a companion paper by Fredrickson, et al. [25]. 

Alpha-driven TAE instabilities have not yet been observed in high pp DT 
plasmas. TAE mode stability analysis of plasmas with high /,- and qo ^ 1 is 
consistent with this observation. The J3QO required to drive the least stable toroidal 
mode number, n, was computed to be 9.0x10"3 for the n = 4 mode in the DT 
plasma shown in Fig. 2. This level is 5.6 times greater than the peak poo reached in 
this discharge. High pp plasmas at moderate qo that were also observed to be stable 
are computed to be stable, but have pa0 significantly closer to the unstable 
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boundary. Preliminary analysis of the DT plasma with qo-lA yields an instability 
threshold of pao = 2.1xl0~* for the n = 1 mode, which is a factor of 2.2 larger than 
the peak fiao generated in this discharge. 

V. Alpha Particle Confinement 
Confinement of alpha particles in high poloidal beta plasmas appears to be 

classical and large losses due to collective effects have not been observed. The 
alpha particle loss fraction does not increase as the fusion reactivity increases 
(Fig. 6). High poloidal beta plasmas with Ip = 1.5 MA and higher plasma internal 
inductance experience alpha loss similar to 2.0 MA supershot plasmas with a lower 
plasma internal inductance. Due to the peaked current profile produced in the high 
Pp plasmas, first orbit losses are less than in a plasma with lower /,- and equal Ip. 
Modelling of experimental DT plasmas using TRANSP shows that at Ip = 1 MA, 
17% of the alpha particles are lost with /,- = 2.2 as opposed to 34% with /,- = 1.2. 

The ELMs also have a small but measurable effect on the DT fusion alpha 
particle loss. The alpha particle detector mounted at a poloidal position 90° below 
the outboard midplane of the torus measured a fluctuation in amplitude of less than 
10%, approximately in phase with the ELM bursts. The detector mounted at 45° 
below the outboard midplane showed a 15% fluctuation that was out of phase with 
the ELM bursts. This modest poloidal redistribution of particle loss may be 
important for ITER, in which even a few percent loss of the alpha particle 
population could damage first wall components. 
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VI. Conclusion 
The initial TFTR DT experiments performed in the high f3p "advanced 

tokamak" regime have begun to address issues important to future tokamak reactors 
designed to operate in this regime. Significant fusion power production (6.7 MW) 
has been demonstrated at fi/v dia = 3, / / = 3.1, and q* = 4.7 with a central fusion 
power density (1.6 MW/nv) at the level of the present ITER design (1.7 MW/m3). 
In these plasmas, peaking the current profile allowed fusion power production 
similar to supershot plasmas, but at 2/3 of the plasma current. Operation with DT 
produced an increase in T£ of approximately 40% in an enhanced limiter H-mode. 
Confinement of alpha particles was classical, with no large loss due to collective 
effects. Alpha particle losses due to ELMs are small, but are at a level that may be 
significant to the operation of ITER. The alpha particle driven TAE has not been 
observed to date in these plasmas. DT plasmas with high /,• and qo <, 1 are 
computed to have an adequate margin against TAE instability. However, plasmas at 
moderate qo might encounter TAE instability at higher Ptot since TFTR DT plasmas 
are presently about a factor of two below the computed instability boundary. Future 
experiments are planned to test the TAE thresholds at qo ~ 1.4 by increasing poo in 
these plasmas. 
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DISCUSSION 

J. JACQUINOT: At the extreme /3p values reached in TFTR you must be 
approaching the conditions for a separatrix to appear near the inner wall. Have you 
observed this and what are the resulting plasma effects? 

S.A. SABBAGH: We have observed and measured the formation of a natural 
inboard poloidal field null (separatrix). The result has been published (Ref. [6]). The 
energy confinement and plasma stability remain enhanced when the plasma becomes 
separatrix limited, but no sudden change in plasma parameters was observed at this 
time. A separatrix has not yet been formed in a DT H mode plasma. However, our 
recent ability to operate at high H and high Ip will allow us to study the effect of the 
separatrix on the DT H mode at Ip = 0.9 MA. These experiments are planned for 
the next experimental run. 

O. GRUBER: Have all the high H factor discharges been achieved with 
decreasing plasma currents, and does the H factor stay at the high level during the 
constant plasma current phase afterwards? 

S.A. SABBAGH: The highest H factors (up to 4.5) were attained in plasmas 
with increased internal inductance, although values of TE significantly above 
TEITER89-P

 n a v e a l s o D e e n produced without profile modification. The H factor 
remains high during the constant current phase of the discharge and is sustained 
through the end of the neutral beam heating pulse. 

R. YOSHINO: You talked about disruption free plasmas in the high (3p experi
ments. Does the NB heating continue during the disruptive phenomena (or the fast 
release of stored energy event)? Please explain the essential factors which determine 
whether a plasma is disruption free. 

S.A. SABBAGH: One plasma (a DT discharge) encountered a minor disruption 
and the neutral beam heating continued during the /5 collapse. Only 3 plasmas out 
of 134 neutral beam heated discharges ended in major disruption. The disruption 
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probability was kept low (i) by intentionally operating at /3Ndia = 3, significantly 
lower than the expected limit of /3Ndia = 3.6 at Ip = 1.5 MA; and (ii) by avoiding 
extremely peaked pressure profiles (details are given in the paper). Two of the three 
major disruptions might have been avoided if the excessive pressure peaking had not 
been allowed. 
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Abstract 

DISRUPTIONS IN VERTICALLY ELONGATED ASDEX UPGRADE PLASMAS. 
Dedicated studies of disruptions and vertical displacement events cover the wide operational 

regime of ASDEX Upgrade up to Ip = 1.2 MA and q^5 > 2.1. The disruption rate can be lowered 
to 8% by avoiding the most dangerous regimes and using safety setups. Results on disruption dynamics, 
induced eddy and halo currents (up to 35% of Ip) and forces on structures are presented. During the 
thermal and current quench phase half of the plasma energy is radiated and 30% is deposited on the 
target plates. 

1. Introduction 

Plasma disruptions pose a serious problem to tokamak performance: they lead to high 
thermal and electromechanical loads on structures and therefore have a strong impact on 
the design of ITER. Accordingly, discharge control, disruptions and vertical displace
ment events (VDE) are major aspects of the ASDEX Upgrade programme. 
Distinguishing features of our device are the poloidal field (PF) coils, placed outside the 
toroidal ones, and the passive saddle loops (PSL), located inside the vacuum vessel to 
stabilize the vertical displacement instability [1]. 

Up to now we have limited the plasma current to Ip = 1.2 MA to gain an understanding 
of the disruption dynamics and the forces exerted on structures (toroidal fields Bt = 1.1 
- 2.7 T, 2.1 < qy95 < 6,ñe < 1.2-1020 m"3 and 6p < 2.1). It will be possible to 
operate at the full design value of Ip =1.6 MA after reinforcements of the target plates 
and the PSL suspension, which are being implemented at present. Operation has also 
been affected by flash-over across the toroidal PSL insulation gap during hard 
disruptions with gap voltages above 70 V resulting in currents of up to 100 kA [2]. 
During the last campaign with heating powers of up to 12 MW (NBI and ICRH) this 
arcing problem could be well tolerated and copper contamination was negligible. At 
present the gap is being refurbished by further reducing the resistor across the gap to 
0.15 m£2 (resulting gap voltage<50 V) and changing the Vespel insulation to Micat 
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2. Disruption Types and Discharge Behaviour 

To avoid disruptions, we have to understand their physics and characterize the 
occurrence of disruptions (setting up a disruption data bank has started). Several types 
of disruptions are observed on ASDEX Upgrade, namely soft 8-limits with a Troyon 
factor of up to 6N = Bt / (Ip / (aBt)) = 3.9 at q\j/95 > 3 and especially hard current 
disruptions due to 

- density limit (provoked intentionally or occurring during high-density operation with 
strong gas puffing) [3], 

- radiation collapse (in high edge radiation experiments using neon puffing and after 
abruptly switching off the beam heating) [4], 

- low-q operation (down to 0 ^ 5 = 2.1), 
- second limiter contact during SN equilibrium formation in the ramp-up phase, 
- operation at too high quadrupole moment or with plasmas shifted away from the PSL 

(leading to a VDE and finally a current quench when shrinking of the plasma cross-
section results in qvj/95 < 2.5) [2], and 

- intended VDBs (provoked by disabling the active vertical control system) [2]. 

Even without avoiding risky operational corners but carefully programming and 
controlling the discharge scenario (PF currents, density, impurity puffing and heating) 
has allowed operation with 92% disruption free discharges (over a total of 393 #). A 
forced pulse end procedure is used in case of severe control problems. Special care has 
to be taken in ramping the strong auxiliary heating down in stages since the higher 
radiation level often cannot be sustained by the ohmic heating alone and leads to 
radiation collapse. In addition, the current ramp-down has to follow the density decay. 
The line averaged density in ohmic and additionally heated discharges never exceeded 
the Greenwald limit Se = k<j> [3]. 

The time sequence leading to a hard current disruption and especially its final phase (see 
also next section) are very similar in all the cases listed above. As an example Fig. 1 
shows the discharge evolution of an H mode discharge where enhanced Neon puffing 
is finally ending in a collapse at a radiation level equal to the input power. As the power 
flux into the SOL is reduced by the increasing radiation the type I ELM mode reverts to 
type HI ELM mode before the discharge falls back into L-mode. This is accompanied 
by a strong reduction of the heat flux to the target plates and followed by a marfe 
instability. The marfe moves to the XP (seen by the corresponding bolometer channel) 
and finally expands into the closed flux surface region (detected by bremsstrahlung 
channels). The radiation cools the plasma edge, leading to shrinking of the current 
channel (li increases up to 1.5), and MHD modes grow and lock, this being followed 
finally by the energy quench. A similar sequence of H-to-L transition and marfe onset is 
seen in disruptions caused by enhancing the density with gas puffing, but here the bulk 
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FIG. 1. Time evolution during an NBI heated SN discharge with a radiation collapse disruption due 
to Neon puffing (Ip = 1 MA, B, = 2.5 T) of Ip, ne, internal inductance l¡, ratio of bulk radiation to 
heating power, Da line in the divertor, bolometer signal through the XP and bremsstrahlung channels. 

radiation including the marfe region stays below 60 - 70 % of the input power. In 
ohmically heated density limit disruptions the sequence via near detatchment, marfe and 
current quench is again the same [3]. 

The loss of thermal energy occurs in two steps. Firstly, internal MHD instabilities lead 
to redistribution of the poloidal magnetic field and flattening of the inner temperature 
profile (Te drops to about 200 eV). This phase with reduced Te lasts then for about 0.3 
ms in circular limiter plasmas and up to 1 ms in non-circular diverted plasmas. The 
second step is the final energy decay, followed immediately by the negative voltage 
spike and the related positive current hump (Fig. 1). These seem to be delayed from the 
inner flux changes at the beginning of the first phase by screening by the still thermal 
insulating plasma [5]. 

3 . Disruption Dynamics and Forces on Structures 

In vertically elongated plasmas disruptions are accompanied by a VDE. This intimate 
link is produced by the radial inward shift of the plasma (Fig. 2) at fixed external fields, 
which follows the 6p and li drops. Closer to the inner wall the plasma experiences an 
increased destabilising quadrupole moment n of the external PF (destabilizing vertical 
force dFz « n Ip2 dz) and decreased coupling with the resistively stabilizing structures, 
i.e. PSL and vessel (stabilizing force dFstab ^ Is Ip ^ (dMSp/dz)2 Ip2 dz) [1], 
Therefore, at a stability margin f = dFstab / dFz < 1 the position feedback is not able to 
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2.83 2.86 2.87 2.84 2.85 
time [s] 

FIG. 2. Time evolution during the disruption phase of the discharge shown in Fig. 1 ofIp, UL, current 
centre position (Rc, zc), top and bottom current in PSLIPSL, net vessel current lv, halo current Ih, CHI 
line at the outer target plate, vertical stretching force of vessel support Fzv and stabilizing currents in 
internal control coils Ico¡. 



IAEA-CN-60/A5-7 679 

stop the vertical - predominantly towards the XP - and partly radial inward plasma 
motion. The danger is enhanced by the "full current displacements", which can survive 
10 ms in ASDEX Upgrade (and more than 60 ms in JET with its larger cross-section 
[6]) up to large displacements. 

The induced dipole eddy currents are not sufficient to slow down the unstable 
movement, and the associated fast toroidal magnetic flux changes induce halo currents 
Ih- These flow on the open flux surfaces, close through the target plates and the vessel 
and help to balance the vertical force on the plasma through the jhxBt force. Flowing 
essentially force-free parallel to the magnetic field, they amount to a substantial fraction 
of the total Ip towards the end of the current quench. Measurements with shunt resistors 
(of both the total currents in an inner and outer target plate as well as the currents in 
each single tile at two toroidal positions) and with Rogowski loops (around plate 
supports) agree within 20% and show that the halo can carry up to one-third of the pre-
disruptive Ip to the vessel (see Sect. 4). Toroidal asymmetries of less than 20% peak to 
average are measured which are considerably smaller than those reported from other 
devices [6]. This fact may be linked with the small error fields Br,error / Bt ^ 7-10"̂  in 
ASDEX-Upgrade (no "ab initio" locked modes are observed even at densities below 
10*9 m"3). The maxima of both PSL and halo current coincide with the highest vertical 
plasma shift Az, and both currents decrease when the plasma movement stops or even 
reverses. 

Afterwards all currents decay very rapidly and the highest plasma current decay rates of 
Ip7 Ip < 300 s"* appear. Obviously the plasma current is mainly carried by the halo 
current seeing an additional resistance on its way through the target plates (including 
arcing, see Sect. 5) and vessel. The CHI line shown is observed in front of the outer 
target plate and is a measure of the power deposition on the plate (compare Fig. 4). 

The time evolutions of currents and related forces are simulated by means of the 
Tokamak Simulation Code (TSC) and are in good agreement with those measured [2, 
7]. The reaction forces on the PSL and vessel are strongly reduced by the interaction of 
induced eddy currents with the external poloidal field. During the current decay the 
reaction force of the halo current has to be fully taken by the vessel. The frequently 
observed reversal of the vertical plasma motion might be caused by overshooting of the 
halo current in relation to the requirement from the vertical force balance, since Ih is 
possibly driven from the decaying Ip. During the whole disruption less than 40% of the 
unstable plasma force Fz / (Ipo Ip Sz) -1.2 [MN / (MA2m)] appears as a mechanical 
force in the combined suspension rods of the vessel and PSL (the pre-disruptive plasma 
current Ipo stands for the unchanged external fields during this phase; Ip and 6z are the 
momentary values). The tension on the suspension rods is further reduced and phase-
shifted by the inertia! damping provided by the vessel weight and stiffness of the rods. 
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TTiis is consistent with their tension oscillations after the current decay as measured by 
strain gauges (Fig. 2). 

4 . Scaling of Induced Currents and Forces 

Experimental results over the full operational range are used to assess the parametric 
dependences of the induced currents and associated forces during disruptions. Intended 
VDEs were used first since they show very reproducible behaviour (the observed 
scalings are described in [2]). A rigid plasma model with eddy currents in the PSL 
describes well the drift phase of the discharge on the resistive time scale for a stability 
margin f > 1 without halo currents. The induced maximal toroidal eddy currents in the 
PSL scale as °dp Az and the total vertical tension of the suspension has an Ip2Az 
dependence. In the hard disruptions described here the maximum PSL current is also 
proportional to IpAz (Fig. 3a). Then, in the very rapid motion during the current 
quench phase, the amplitude of the halo currents seems to be governed by the plasma 
force balance Ih Bt <* Ipo Ip Az within the error bars (Fig. 3b). The observed 
stretching of the vessel supports is also consistent with the scaling of the total vertical 
force Fz>s °= Ipo Ip Az (Fig. 3c). 

Extrapolations to ITER result in manageable global vertical forces of -10^ tons at 25 
MA. The heat load during the thermal plasma quench with extrapolated power fluxes of 
up to >20 GW / m2, however, may lead to strong erosion problems. 

5 . Power Balance and Target Heat Load 

To assess the energy balance during disruptions, we monitor the heat load onto the 
target plates thermographically (time resolution > 0.13 ms) and the radiated power with 
a fast bolometer camera (12 vertical channels, time resolution 1 ms) [8]. The first major 
power peak in Fig. 4 (ohmic density limit discharge) represents the thermal load during 
the thermal quench phase. The energy is broadly deposited on the target plate surfaces 
within less than one ms and accounts for all of the lost plasma thermal energy (W m ~ 
45 kJ, peak power of up to 25 MW at Ip = 800 kA for the two similar ohmic density 
limit disruptions shown). 

Then, during the current decay and halo current phase, the measured heat fluxes and 
halo currents to the plates show a series of peaks and are in good temporal and spatial 
correlation. This indicates that a significant fraction of the magnetic energy associated 
with Ip which is dissipated in this phase is conducted and converted along the open 
field lines to the target plates (« 30%). In the final phase of high Ih the radiation profile 
becomes in-out asymmetric, with the asymmetry depending on the direction of Bt: the 
strike region on the ion-side target plate radiates more. This is consistent with the 
presence of arc traces on the target plates, which are seen predominantly on the inner 
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FIG. 4. Halo currents lh, power loads Pdiv and radiated powers Prad on inner (broken lines) and outer 
(solid lines) target plates during an OH density limit discharge. 

plates since we run mostly with the ion gradient B drift towards the XP. The energy 
radiated during the current hump agrees with the change of magnetic energy due to 
current flattening to a final li ~ 0.5. The total radiated power amounts typically to 50 % 
of the total plasma energy before disruption (~ 900 kJ, which is mainly the magnetic 
energy), while the energy deposited on the plates accounts for about 30 % of it [8]. The 
missing part can be attributed to the dissipation by the eddy currents. 

In the additionally heated discharge with a high radiation due to Neon puffing shown in 
Fig. 1 and 2 the thermal plasma energy at the thermal quench is about 300 kJ, but here 
only half of it is given to the plates with a peak power below 40 MW. The remaining 
part must have been radiated away (no fast bolometer measurement was available). 
Again only 30% of the magnetic energy is conducted to the plates during the current 
decay as in the ohmic discharge described above. Using these results, ITER has to 
withstand an energy flux to the targets of about 30 - 50 % of the plasma energy, i.e. 
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100 MJ/m2 both during the thermal quench within a few ms and the current decay with 
a more relaxed time scale. 

6. Conclusions 

Disruptions may occur all over the operational range; they are caused either by MHD 
limits or bulk and edge heating deficits, induced intentionally or due to incomplete 
discharge scenarios. By avoiding the most dangerous regimes the disruption occurrence 
rate can be lowered to a few percent in ASDEX Upgrade which may be sufficient for 
ITER. Understanding of the disruption dynamics, induced currents and related forces (a 
substantial fraction is due to halo currents of up to 35 % of Ip) and heat loads has been 
considerably improved. Radiation helps to reduce the power load on the plates and 
opens the path to a "softening" of disruptions by impurity injection. Moreover this 
procedure may help to increase the current dissipation rate resulting in reduced forces 
(«Ip^Az) on the structure. Such safety setups are indispensable and a forced disruption-
free pulse termination is already used in ASDEX-Upgrade if the discharge runs out of 
preprogrammed control limits. 

REFERENCES 

[1] GRUBER, O., et al., in Proc. 17th Symp. on Fusion Technology, 1992, Vol. 2, Elsevier, 
Amsterdam (1993) 1042. 

[2] GRUBER, O., et al., Plasma Phys. Control. Fusion 35 (1993) B191. 
[3] MERTENS, V., et al., Plasma Phys. Control. Fusion 36 (1994) 1307. 
[4] NEUHAUSER, J., et al., IAEA-CN-60/A4-1, this volume. 
[5] SCHÜLLER, F.C., et al., in Controlled Fusion and Plasma Physics (Proc. 21st Eur. Conf. Mont

pellier, 1994), Vol. 18B, Part I, European Physical Society, Geneva (1994) 230. 
[6] BARABASHI, P., NOLL, P., in Proc. Workshop on Electromagnetic Forces and Related Effects 

on Blankets and Other Structures Surrounding the Plasma Torus, Karlsruhe, 1992. 
[7] PAUTASSO, G., et al., in Controlled Fusion and Plasma Physics (Proc. 20th Eur. Conf. Lisbon, 

1993), Vol. 17C, Part I, European Physical Society, Geneva (1993) 199. 
[8] PAUTASSO, G., et al., Nucl. Fusion 34 (1994) 455; 

PAUTASSO, G., et al., in Controlled Fusion and Plasma Physics (Proc. 21st Eur. Conf. 
Montpellier, 1994), Vol. 18B, Part I, European Physical Society, Geneva (1994) 222. 

DISCUSSION 

D.E. POST: Did the radial decay width of the power deposited on the plate 
increase during the thermal quench compared with normal operation, and if so, by 
how much? 

O. GRUBER: Yes, during the energy and current quench phase we observed 
a broadening of the radial extent of the power-conducting sheath to the plates com
pared with normal discharge phases of - 5 -15 cm. This was confirmed by radiation 
(bolometry) and halo current measurements. 
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F.C. SCHÜLLER: You did not say anything about the toroidal symmetry of the 
events, especially the halo current. Do you have any comment? 

O. GRUBER: We measure the halo current at three toroidal positions on the 
inner and the outer target plate. The toroidal asymmetry is ±20% (0.8-1.2). This 
is much smaller than the asymmetries of 0.5-1.5 found in other experiments (e.g. 
DIII-D, JT-60U). I would be interested in the correlation between toroidal asym
metries of halo currents and the error fields, which are small in our device and larger 
in the others, as is found from locked mode occurrence. 
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Abstract 

DISRUPTION AMELIORATION EXPERIMENTS IN JT-60U AND JET. 
Recent experimental analyses in JT-60U and JET presented in the paper describe the methods of 

ameliorating major disruptions; these methods support the design of next generation large tokamaks such 
as ITER. 

1. INTRODUCTION 

In tokamak fusion reactors, the disruptive termination of a discharge will reduce 
the lifetime of the first wall materials drastically with the intense heat flux at the 
energy quench and the intense runaway electrons during the current quench, and will 
generate high electromagnetic forces on vacuum vessel components with intense eddy 
currents and/or halo currents at the current quench. Thus avoidance and softening of 
the energy quench and the current quench must be established in the present tokamak 
machines. 

This paper investigates three types of disruption: (1) density limit disruption, 
which will be a most likely possibility in tokamak fusion reactors, in the case of an 
accidental influx of impurities; (2) vertical plasma instability (or vertical displace
ment event, VDE) during the current quench of (1); (3) error field instability, which 
will be a serious problem in reactors owing to a very low threshold of the error field 

2. SOFTENING AND SUPPRESSION OF THE CURRENT QUENCH 

In JET, a sudden influx of carbon was observed at the end of the energy quench 
[2]. In JT-60U, a fast measurement of the energy quench showed a large heat flux 
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FIG. 1(a). Time evolution of the energy quench: plasma current, central electron temperature 
measured by ECE heterodyne (with 20 ¡is time resolution), heat flux density and power onto the inboard 
divertor plate measured by IRTV (with 250 fis), and Clll line emission from the main plasma (with 
100 ¡is). The energy quench starts at 11.0163 s with the rise of the heat flux onto the divertor plate. 
The maximum heat flux is 150 MW/m2. A delayed rise of the Clll intensity with respect to that of the 
heat flux onto the divertor plate can be observed. A positive spike of the plasma current starts at 
t = 11.0173 s, just after the Clll spike. lp = 1.7 MA, qeff = 4.5. 

of 150 MW/m2 onto the divertor plate at the energy quench, followed by a delayed 
spike of CIII emission from the main plasma at the end of the energy quench 
(Fig. 1(a)). The maximum rate of the current quench was reduced with the increase 
in the central electron temperature Te(0) in the range 100-300 eV measured just 
after the energy quench (Fig. 1(b)), and the current quench was avoided for Te(0) of 
greater than about 300 eV for hydrogenic plasmas both in JET and in JT-60U. 
According to these observations, slowing down of the current quench has been 
obtained by the following three methods. 

(a) Reduction of the impurity generation at the energy quench by decreasing the 
heat flux onto the divertor plate. For OH density limit disruptions observed in 
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FIG. 1(b). Central electron temperature at the end of the energy quench versus the rate of the subse
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FIG. 1 (c). Plasma stored energy 20 ms before the current quench versus the plasma current quench 
rate for OH density limit disruptions in JET with carbon tiles (disruptions without heating and for any 
K and 1.6 < I. < 4.9 MA). 

JET with carbon tiles, the maximum rate of the current quench decreases with 
the lower stored energy just before the energy quench (Fig. 1(c)), as observed 
in JT-60U [3]. In JET, fast current quenches also occurred even for low stored 
energy, because of the switch-off of the plasma current control during the cur
rent quench [4]. 
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FIG 2(a). Plasma stored energy just before the energy quench versus n°e
4Sq°ff7R2-65 for the current-

quench-free shots observed in JT-60U and JFT-2M with carbon tiles, and in JET with beryllium tiles. 
Units of parameters are ne [1019 m'3] and R [m]. The threshold stored energy of ITER with carbon tiles 

for the current-quench-free condition is predicted to be ~5 MJ. 
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FIG. 2(b). Plasma stored energy just before the energy quench versus the plasma current quench rate 
with and without heating in JET with beryllium tiles. 1.5 MJ may be the threshold stored energy for 
the current-quench-free condition, because a very long current quench time of 0.5-1 s has been obtained 
for -1.5 MJ (1.5 < Ip< 5.3 MA). 

(b) Reduction of the impurity influx into the main plasma at the energy quench by 
increasing the connection length of field lines with the higher safety factor in 
JT-60U [5]. 
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tor plasma under 12 MW NB heating. The central electron temperature drops suddenly from 3 keV to 
<100 eV within -0.5 ms. The heat flux onto the divertor plate is very low, 5-20 MW/m2 at the 
energy quench. Almost all of the plasma stored energy of 2 MJ has been radiated within -0.5 ms. The 
hard X ray emission and a small rise in the neutron emission at the tail of the plasma current quench 
show the generation of the runaway electrons. The one turn voltage is shown for each 2 ms, and the 
neutron emission is filtered with 2 ms. The time resolution ofTe(0) is 20 us, and that of the heat flux 
density onto the divertor plate is 250 /J.S. 

(c) Reduction of the drop in the central electron temperature just after the energy 
quench by decreasing the radiation loss of impurities through the use of beryl
lium tiles in JET [6], or by direct NB heating in JT-60U [3]. 

3. CONDITIONS FOR AVOIDING CURRENT QUENCH 

No current quench has been obtained after the energy quench in JT-60U even 
for low qeff of 3-4 with low stored energy of 0.3 MJ measured just before the 
energy quench. A semitheoretical scaling of the threshold stored energy W* mea
sured just before the energy quench for obtaining a current-quench-free condition has 
been proposed [7] on the basis of the scaling of the heat flux density onto the divertor 
plate [8] and the increase in the temperature of the divertor tiles due to the heat flux. 
In this scaling the dependence on R is high, and was roughly confirmed by JFT-2M 
(R « 1 m) and JT-60U (R « 3 m) with carbon tiles (Fig. 2(a)), where the coeffi
cient was determined to be: 
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Wth [J] = 3 X 103(ne [1019 irr3])°-45q£f
67(R [m])265 (1) 

The dependence of Wth on n,. and qeff in Eq. (1) has not yet been confirmed, owing 
to a poor database. 

Equation (1) predicts Wth of - 5 MJ for ITER (R « 7.75 m) with carbon 
tiles, which is only about 1% of its stored energy. Thus the following two scenarios 
have been investigated to obtain the current-quench-free condition in ITER. 

(1) The increase of Wth with the use of beryllium tiles: Very slow current 
quenches of 0.5-1.0 s were obtained even for high stored energy of —1.5 MJ 
in JET with beryllium tiles (Fig. 2(b)). Thus W* is - 1 . 5 MJ, which is 
5 times higher than that of JT-60U with carbon tiles (Fig. 2(a)). 

(2) The fast drop in the stored energy just before the energy quench: In JT-60U, 
a neon ice pellet of 3 mm diameter (0.8 km/s) was injected into a 1.6 MA 
plasma with 12 MW NB heating (Fig. 2(c)). The stored energy of 2 MJ 
dropped to less than about 100 kJ within a short time of —0.5 ms with an 
enhanced radiation of a few gigawatts. The sudden drop of Te(0) from 3 keV 
to < 100 eV caused a fast current quench with a rate of 62 s"1. Here the maxi
mum heat flux onto the divertor plate at the energy quench was very small, 
5-20 MW/m2, compared with 100-200 MW/m2 in the normal energy quench 
(Fig. 1(a)). 

4. SUPPRESSION OF VDEs AND RUNAWAY ELECTRONS 
DURING THE CURRENT QUENCH 

Damage of in-vessel components due to the halo current caused by VDEs was 
observed in JET [9] and JT-60U [10]. To suppress VDEs, lower K and higher stabiliz-
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FIG. 3(a). Growth rate of VDEs versus the plasma current quench defined by (dlp/dt)/lp in JT-60U; 
dlpJdt is the averaged plasma decay rate for a 50% drop in the plasma current. Ip is the plasma current 
just before the positive plasma current spike. Control of the plasma position works during the current 
quench. 



IAEA-CN-60/A5-8 691 

I 0.5 

f 0.3 

O JT-60U 
• JET 

0.1 -

_* 0.05 

JET 
lp=0.5-3.0MA 

' / # 

/ • 
• 

JT-60U 
IP" 

0 

:0.1-0.5MA \°I 

o o 

6 s5% 
oá>° ' 
cfb : 

.?fc o 
101 102 

(dlp/dt)/lp at 
103 
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FIG. 3(c). Stress on the vacuum vessel measured by strain gauges versus the estimated stress B,IhWeff 
from the measurement of the halo current from the top/bottom difference of the poloidal vessel current 
[9] in JET. 

ing force are required [11]. In JET, vertical forces on the vacuum vessel could be 
reduced by 1-2 orders by a real time reduction of K from —1.8 to < 1.5 [6]. In 
JT-60U, the growth rate of VDEs increases up to -500 s"1 with higher current 
quench rate for the field index n = -1 .7 to -1 .0 (Fig. 3(a)), in spite of a low 
growth rate of 10-50 s"1 at the plasma current flat-top. Tokamak Simulation Code 
analysis can reproduce Fig. 3(a) [12], and the destabilizing effects of eddy currents 
are now under investigation. 

Figure 3(a) shows that the slowing down of the current quench is useful to 
decrease the growth rate of VDEs. Both in JET and in JT-60U, the halo current can 
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be reduced with a decrease in the current quench rate (Fig. 3(b)). As a result, the 
maximum stress on the vacuum vessel can be reduced with a lower product BtIhWeff 

as measured in JET (Fig. 3(c)). Here Ih is the halo current and Weff is its poloidal 
effective path length. The product IhWeff was measured by the difference between 
the voltage drop of shunt resistors installed along a poloidal section at the top and 
bottom of the vessel. Furthermore, the generation of runaway electrons has been sup
pressed by the slower current quench in JET [6] and JT-60U [7], because higher elec
tron temperature is essential to reduce the toroidal electric field to much smaller than 
the Dreicer field. 

5. AVOIDANCE OF ERROR FIELD INSTABILITY 

The low density lock mode (LDLM) for OH plasmas, which was observed in 
DJJI-D [1], COMPASS [13] and JET [14], appeared in JT-60U at the plasma current 
flat-top for 3 < qeff < 3.7, n. < 0.9 X 1019 m-3. Further investigations clarified 
the destabilizing effect of plasma elongation K at greater than about 1.5 with a 
decrease in the required error field for LDLM (Fig. 4(a)). Here the error field is 
produced by the divertor coil current (10 mm random shift and tilt of the divertor coil 
causes 1.37 G (1.37 x 10"4 T) of 2/1 mode at the plasma edge for 50 kA). An 
enhanced toroidal mode coupling produced for higher K may reduce the threshold of 
the error field [15]. 
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FIG. 4(b). Toroidal plasma rotation at 70% of the plasma minor radius (at theq « 3 rational surface) 
versus fipfor NB heated plasmas. Closed circles indicate the toroidal plasma rotation at the start of its 
deceleration followed by the QSM or at the QSM, and open circles indicate that of stable plasmas 
without the 3/1 mode. The solid line is a time trace of a stable discharge with pre-counter-tangential 
NB injection. Dotted lines are time traces of totally co-directed NB heating with an appearance of the 
3/1 mode (qeff = 4-5, PNB = 10-36 MW, and l¡.targel = 0.9-1.2). 

Error field instability was also observed under NB heating of 10-36 MW in the 
same unstable region for LDLM of OH plasmas (Fig. 4(a)). When the plasma inter
nal inductance 1¡ of an NB target plasma was higher than 1.2 for qeff of 4-5, the 
m/n = 2/1 mode always appeared and degraded the confinement. Thus the current 
profile clearly plays an important role in stabilizing the error field instability [16]. 
Even for lower target 1¡ of 0.9-1.2, the m/n = 3/1 mode always appeared and 
degraded the confinement. However, this 3/1 mode was clearly suppressed by higher 
counter v^ri of less than —50 km/s (open circles in Fig. 4(b)). Here vfú is 
measured at ~70% of the plasma minor radius (around the q = 3 surface for 
Qeff = 4-5), and the closed circles show vg6" at the start of its deceleration followed 
by the quasi-stationary mode (QSM) or at the QSM. The v^n is counter-directional 
even under the balanced NB injection, owing to the ripple loss of high energy ions 
produced by the perpendicular NB [17]. Here co means in the same direction as the 
plasma current and counter the opposite. 

Co-directed NB injection always caused a drop of \fri to ~ 0 km/s with an 
appearance of the 3/1 mode due to the deceleration by the ripple loss (the dotted line 
in Fig. 4(b)). On the other hand, the counter-rotation produced'by the preinjection 
of tangential counter-NB ( < 5 MW) was powerful for avoiding the 3/1 mode (the 
solid line in Fig. 4(b)). These results clarify the importance of the control of the 
toroidal rotation at the rational surface under the ripple loss of high energy ions. 
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6. CONCLUSIONS 

The following common observations have been obtained for both JET and 
JT-60U with carbon tiles. (1) High heat flux onto the divertor plate (or the first wall) 
generates impurities at the energy quench, and the central electron temperature is 
reduced by this impurity influx. (2) Lower stored energy just before the energy 
quench is of benefit for reducing the impurity generation and minimizing the drop 
in the central electron temperature. (3) A current-quench-free condition has been 
obtained for Te(0) of greater than about 300 eV for hydrogenic plasmas. 

A scaling of the threshold stored energy W* just before the energy quench for 
the current-quench-free condition has been proposed and fitted to data of JFT-2M and 
JT-60U, and very low W* of 5 MJ for ITER with carbon tiles has been roughly 
predicted. Thus two scenarios have been investigated for obtaining the current-
quench-free condition: (1) In JET, the use of beryllium tiles, with high W* of 
1.5 MJ, 5 times higher than that with carbon tiles in JT-60. The same analyses should 
be tried for metallic tiles. (2) In JT-60U, the injection of a neon ice pellet, which 
resulted in a fast drop in the stored energy (~2 M J within —0.5 ms). Further 
optimization of the neon mass is required to avoid the subsequent fast current quench. 

The growth rate of VDEs during the current quench can be reduced by the slow
ing down of the current quench. As a result, the halo current, the stress on the 
vacuum vessel caused by the halo current and the generation of runaway electrons 
are reduced at the same time. 

The destabilizing effect of plasma elongation K on the LDLM has been observed 
at K = 1.48-1.55. Experimental investigations clarify that the error field instability 
can be avoided by optimization of many parameters: qeff, plasma density, error 
field, plasma elongation, toroidal rotation at the rational surface and plasma internal 
inductance. 
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DISCUSSION 

R.J. GOLDSTON: Have you looked at j8 limit disruptions in JET with beryl
lium? If so, are these /3 limit disruptions also slowed down by the use of beryllium? 

R. YOSHINO: In JT-60U with carbon tiles, the /3 limit disruption does not 
cause current quench when the divertor configuration is maintained. In JET, /? limit 
disruptions have not yet been observed. 

K. LACKNER: A reduction in the displacement velocity dz/dt accompanying 
a reduction in dlp/dt does not necessarily lead to a reduction in the maximum force 
on the vessel, ~max(Ip(t)Az(t)), or the impulse load, fIp(t)Az(t)dt. Do you have a 
measurement of the non-halo-current-transmitted forces onto the vessel (i.e. those 
due to induced toroidal currents)? 

R. YOSHINO: The control of z becomes easy in the case of slow current 
quench, which can reduce Az and the force caused by Ip X Az. We also measure the 
toroidal halo current which decreases as the plasma current quench speed reduces. 
Measurement of the force induced by the toroidal halo current is currently under 
investigation. 

F. WAGNER: Density limit studies out of the H mode have shown in several 
devices (e.g. JT-60U) that the disruption is preceded by an H-L backtransition. Can 
we use the transition as a precursor to initiate a safe current ramp-down? 

R. YOSHINO: That may be possible. At the subsequent L mode, radiative 
contraction occurs — which is still long before the disruptive termination — and this 
can be used as the precursor. 
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Abstract 

DISRUPTION CONTROL BY ECH IN THE JFT-2M TOKAMAK. 
A tearing mode with a poloidal mode number of m = 2, a large saturated amplitude and a surface 

safety factor of about 3 is suppressed by local electron heating in the magnetic island by using ECH. 
Mode lock disruption caused by the m = 2 mode during the density rise is avoided by the island heating 
with ECH. Feedback pulse modulation of the ECH power synchronized to the island, which rotates 
toroidally as well as poloidally, reveals that heating of the O point of the island is effective in suppressing 
the tearing mode. The effect of neutral beam heating on the m = 2 mode is compared with the effect 
of ECH. Counterinjection of the beam increases the toroidal plasma rotation and the frequency of the 
m = 2 mode by toroidal momentum input, but a growth of the m = 2 mode is observed. Near the density 
limit, also a growth of the m = 2 mode is observed although its amplitude is much smaller than that 
of the m = 2 mode observed at qa = 3. This mode can also be diminished by ECH. The maximum 
obtainable density is increased when the m = 2 mode activity is decreased by ECH island heating. A 
recent computational calculation from the non-linear MHD equations shows similar characteristics of 
the reduction of the m = 2 mode by ECH. 

1. REDUCTION OF THE m = 2 TEARING MODE BY ECH 

The stability of the m = 2 tearing mode with respect to local electron heating 
or local current drive is analysed in Refs [1-3]. According to these analyses, tearing 
mode stability is greatly affected by these local modulations of current density and 
plasma resistivity. 

We have applied local ECH to the m = 2/n = 1 tearing mode in the JFT-2M 
tokamak [4, 5]. JFT-2M has a D shaped vacuum vessel of major radius 1.31 m, with 
a maximum toroidal magnetic field of up to 1.5 T. The frequency of the ECH system 
is 59.8 GHz. An electromagnetic wave is launched in the second harmonic extra-
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ordinary mode with an injection angle of 80° (nearly perpendicularly) to the 
magnetic axis. 

In the discharge with circular plasma cross-section, a saturated m = 2 tearing 
mode with large amplitude (Mirnov oscillation) appears when the surface safety fac
tor is around qa = 3, at a typical plasma current of 0.21 MA (Fig. 1(a)). The elec
tron temperature at a minor radius of 0.7a, where a is the minor radius of the circular 
plasma (a < 0.35 m), decreases by the appearance of the m = 2 magnetic island 
there, and a large temperature fluctuation appears. The temperature of the island 
X point is the peak temperature of the fluctuation, and the O point temperature is the 
bottom value. The island width, which is known from the measured fluctuation in the 
electron temperature (measured by electron cyclotron emission), extends up to 
0.15a-0.20a (Fig. (lb)). We have found that the m = 2 mode is decreased and some
times even completely suppressed when the wave power is deposited locally around 
0.7a, where the q = 2 surface is located. A decrease in Te fluctuation and in 
poloidal magnetic field amplitude as well as an increase in mode frequency are 
observed. The time-scale of the suppression is 0.02-0.03 s. The time-scale of the 
variation in the overall internal inductance decreased by ECH is 0.05-0.10 s, which 
is smaller than the time-scale of mode amplitude suppression, which shows that the 
suppression using ECH is faster than the other method employing current penetration 
from the plasma surface. 

We have modulated the ECH power directly by using the magnetic probe signal. 
The signal amplitude is proportional to dBp/dt, where Bp is the poloidal magnetic 
field. The voltage waveform of the probe signal is superposed (after some processing) 
on the gyrotron-gun-anode control voltage pulse in order to control the power. Dur
ing this process, we imposed a phase delay varying from 0° to 260°, in order to know 
whether heating of the island O point is more effective than heating of the island 
X point [5]. This method is equivalent to changing the ECH power deposition 
poloidally because the tokamak plasma rotates both toroidally and poloidally and the 
magnetic island has an m/n = 2/1 structure (Fig. 2(a)). Each resulting single pulse 
width of the ECH power was about 0.1 ms and the ECH power was 92 kW at the 
peak of the pulse. It is found that O point heating is effective in suppressing the 
m = 2 mode, but X point heating not (Fig. 2(b)). 

2. NBH AND THE m = 2 MODE 

We have studied the effect of neutral beam heating (NBH). The plasma rotates 
toroidally in the direction opposite to the plasma current. Therefore, counterinjection 
of the neutral beam increased the toroidal rotation of the m = 2 island. Accordingly, 
the mode frequency increased from 3.8 to 5.2 kHz. However, an increase in mode 
activity and a decrease of the O point temperature are observed (Fig. 3). On the other 
hand, injection of a co-beam decreased the toroidal plasma rotation, and a similar 
growth of the mode was observed. It was, therefore, impossible to reduce the m = 2 
mode activity by core heating or speed-up of island rotation with NBH. 
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FIG. 1. Suppression of large amplitude m = 2 mode by ECH. (a) Time evolution of magnetic probe 
signal (dBp/dt), electron temperature at the island and plasma density, (b) Te profile (radiation 
temperature) by ECE. The O point of the island (on the tokamak high field side) has a lower electron 
temperature than the X point. 



700 HOSHINO et al. 

(a) 

B„i, 

toroidal 
rotation 

(b) 

Nos 73 828 to 73 843 

2 7 0 3 6 0 9 0 1 8 0 
Phase difference, 8<t> (degrees) 

FIG. 2. O point heating by pulse modulation, (a) Magnetic probe signal is used to synchronize ECH 
to the m/n = 2/1 island rotation, (b) Phase delay and amplitude of the magnetic probe signal. 
A = dBp/dt. It is shown that only heating around the O point is effective in stabilizing the tearing 
mode. The decrease with CW power is almost the same as that with modulated power. 

3. AVOIDANCE OF LOCKED MODE DISRUPTION BY ECH 

A disruption due to the large m = 2 mode, by raising the plasma density above 
<ng> = 1.1 X 1019 m"3, is avoided by local island heating. The disruption could not 
be avoided when ECH heated either inside or outside the m = 2 magnetic island 
(up to an injected ECH power level of 0.14 MW). By the magnetic probe array 
measurement, it is found that, without ECH, the frequency of the m = 2 poloidal 
component of the magnetic field fluctuation (3-5 kHz) decreases towards zero 
(mode locking occurs) with growing mode amplitude, and disruption takes place. 
ECH on the m = 2 island decreases the mode amplitude, which implies a decrease 
in the island width, and then mode locking and disruption are avoided (Fig. 4(a)). 
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FIG. 3. Effect of NBH on the large amplitude m = 2 mode. Counterinjection. The power is 287 kW. 
The time evolution of (a) the magnetic probe signal (dBp/dt) and (b) the electron temperature at the 
island is shown. 

Either island heating at the high field side or island heating at the low field side are 
effective in suppressing the disruption. The minimum power needed to avoid disrup
tion was 18% of the ohmic input power. 

We observe a growth of the m = 2 mode at the density limit when qa < 3. In 
scanning the heating position, we found that the m = 2 mode activity is decreased 
when the resonance layer is located at r/a = 0.86 (Fig. 4(b)). In these conditions, 
the density limit is improved by 12%. The mode frequency does not change in this 
case, in contrast to the case of large amplitude, m = 2 mode suppression at qa = 3. 
Appearance of wave cut-off (the cut-off density is 2.1 x 1019 m-3 at the resonance 
layer) and resultant loss of heating, or movement, of the island, may terminate the 
suppression. No improvement in the density limit was observed without reduction of 
the m = 2 mode activity when the heating zone was placed further towards the 
plasma core, with the same power. Therefore, a correct location of the resonance 
layer on the island is important for the suppression. 
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FIG. 4. Avoidance of locked mode disruptions by ECH. (a) Suppression of locked mode disruption trig
gered by the large amplitude m = 2 mode appearing at qa = 3. The dotted line shows the case without 
ECH. (b) Improvement of the density limit by the suppression of the small amplitude m =2 mode, which 
grows near the density limit, with ECH, at qa = 2.5. Resonance layer location: r^a = 0.86. The 
broken line shows the case without ECH. 



IAEA-CN-60/A5-9 703 

4. COMPARISON WITH THEORETICAL CALCULATIONS 

A recent computational simulation of the reduced set of the non-linear resistive 
MHD equations [6], carried out to analyse these experimental results, reveals that 
these experimental observations on the reduction of the m = 2 mode amplitude by 
ECH are described qualitatively well. It shows that local decrease in the island 
resistivity can diminish the m = 2 tearing mode and that heating of the island O point 
can stabilize the mode, but heating of the X point cannot. 

DEDICATION 

The authors dedicate this paper to the memory of Dr. Hikosuke Maeda, head 
of the JFT-2M tokamak experimental group, who passed away on 29 November 
1994. Dr. Maeda had devoted his life to the investigation of plasma physics and 
controlled thermonuclear fusion. 
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DISCUSSION 

J.A. WESSON: Were you able to move the operational disruption limit 
significantly? 

K. HOSHINO: The qa = 3 disruption region is completely avoided. We find 
that the density limit differs with different ECR positions. The improvement in the 
density limit amounts to 10-15%. Tracking of the magnetic island position and 
heating of the island would be necessary to improve the density limit further. 

K. McGUIRE: In your presentation you said that you avoided the m = 2 density 
limit disruption. However, it would appear rather that you were able to delay the 
m = 2 density limit disruption. Is this correct? 

K. HOSHINO: Yes. First of all, let me stress that we were able to avoid the 
qa = 3 disruption completely. Secondly, ECH suppressed the m = 2 mode which 



704 HOSHINO et al. 

appears near the density limit, and during that suppression we were able to delay 
disruption. As I have just said, tracking of the island position may be necessary to 
improve the density limit further. 

T.N. TODD: Many machines have exhibited a significant rise in the disruptive 
density limit just as a result of adding extra power to the plasma. Is this a possible 
explanation of your observations of improved density limit in ECRH aided dis
charges, i.e. do you see a sensitivity of maximum density to ECRH resonance 
position? 

K. HOSHINO: Yes, we moved the ECR layer and we find that without a 
decrease in the m = 2 mode amplitude we cannot delay the density limit disruption. 
We think that suppression of the m = 2 mode is essential for avoiding the density 
limit disruption which is triggered by the m = 2 tearing mode. 
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Abstract 

WALL STABILIZATION OF ROTATING HIGH BETA DISCHARGES IN DIII-D. 
Wall stabilization of the ideal n = 1 external kink mode is shown to be possible in high /3, rotating 

DIII-D plasmas for times much longer than the resistive wall penetration time. The gain in (3 can be 
more than 30% above the calculated stability limit with no wall stabilization. Stabilization from the resis
tive wall is found to require plasma rotation speeds of several kHz; otherwise, unstable locked or slowly 
rotating modes appear, with growth times of the order of the wall penetration time, which ultimately 
lead to termination of die discharge. The slowly rotating modes have the characteristics expected of the 
theoretically predicted resistive wall mode in an ideal plasma. 

1. INTRODUCTION 

Significant reductions in the size and cost of a tokamak power plant can be 
realized if the maximum operating (3 can be increased [1,2]. The P limit in present 
high performance tokamak regimes and in future "Advanced Tokamak" scenarios is 
limited [2] by low n kink stability . In all proposed second-stability access schemes 
[3-5] for example, a close fitting perfectly conducting wall is required to stabilize 
low n ideal kink modes. 

However, there remains a question whether a real wall with finite resistivity 
can provide the required stability; it is widely believed that a resistive wall can 
provide stabilization only for times much less than the wall penetration time. The 
earliest simple theoretical models of a straight circular cross-section tokamak 
predict that if the unstable ideal kink mode with no wall is stabilized by an assumed 
perfectly conducting wall, a "resistive wall mode" is unstable if the ideal wall is 
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replaced by a resistive wall [6]. The resistive wall mode has a characteristic growth 
time of the order of the wall penetration time. This mode is also predicted to be 
unaffected by sub-Alfvénic plasma rotation [7] and other non-ideal effects; in this 
simple model the mode is nearly stationary in the reference frame of the wall. Only 
very recently has it been suggested [8] that toroidal effects coupled to non-ideal 
dissipative damping could stabilize the resistive wall mode in a rotating plasma. 

Previous tokamak experiments have suggested that wall stabilization can 
improve stability limits but have not provided definitive evidence that a resistive 
wall can afford complete stability. There has also been no clear demonstration of a 
mode with the predicted characteristics of the resistive wall mode. Experimental 6 
limits in DIII-D are somewhat greater than the theoretically predicted Troyon limit 
[9] of BN = B/(I/aB) = 2.8 MA/(mT), which assumed no wall stabilization and a 
restricted set of profiles; in full size DIII-D discharges the 6 N limit is roughly 3.5. 
Here, I is the current (MA), a is the minor radius (m) and B is the toroidal field (T). 
However, the maximum P reached in smaller DIII-D discharges with larger wall-to-
plasma distances is consistent with the Troyon limit of BN ~ 2.8. The DIII-D 
discharges with 2.8 < BN < 3.5 are, furthermore, consistent with ideal stability 
limits computed assuming a conducting wall at roughly the DIII-D vacuum vessel 
location but lie in the unstable range predicted by calculations assuming no wall 
[12]. It is now well-known that the stability limit depends on the details of the 
profiles [10,11] and these details need to be included in order to demonstrate 
conclusively that the discharges are wall stabilized. More recently, stability 
calculations have been done for specific DIII-D discharges [13,14] using equilibria 
reconstructed from the magnetic and pressure profile data. In many of these cases, 
the results are consistent with stabilization from the wall but it has been difficult to 
rule out all possible alternatives because of uncertainties remaining in the 
reconstructed equilibrium profiles, particularly the current density profile. 

Convincing evidence of wall stabilization has now been obtained from detailed 
equilibrium and stability analyses of recent high B DIII-D discharges. These 
discharges were designed to test the existence of wall stabilization by operating at 
low ¿i in a full-sized double-null diverted cross section to increase the coupling 
between the plasma and wall so that the difference in the calculated B limits with 
and without wall stabilization is most pronounced. New diagnostic measurements of 
the q profile have also eliminated much of the earlier uncertainties in the 
equilibrium reconstruction. Stability calculations for the reconstructed equilibria 
from the recent high p discharges then confirm that wall stabilization of the ideal 
kink mode persists for at least 30 wall penetration times, with a gain in p of 35% 
above the limit calculated with no wall stabilization. Stabilization from the wall is 
found to be correlated with plasma rotation; low m/n modes appeared when the 
rotation was slowed, and these instabilities ultimately either led or contributed to 
termination of the discharge. This result is in good qualitative agreement with the 
predictions of the newly developed theory in Ref. [8] and the observed unstable 
modes have growth rates and rotation frequencies consistent with those predicted 
for the resistive wall mode. 

In the following section, we discuss the characteristics of the recent 
experiments. We also briefly discuss the method used to reconstruct the equilibria 
since this is crucial to demonstrating wall stabilization in individual discharges. In 
Section 3, we discuss the detailed analysis for two representative cases, the record B 
(B = 12.5%) discharge #80108, in which q0 < 1, and a lower current, lower B 
discharge #80111 in which q0 was maintained above unity. The termination of these 
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Fig. 1. Scaling of the DIII-D /? limit with £t and I/aB, including the recent high /? 
experiments (solid circles). 

discharges is discussed in Section 4. Section 5 provides a summary of the results 
and the consequences for Advanced Tokamak operation in TPX [15] and ITER. 

2. HIGH (3 DIII-D WALL STABILIZATION EXPERIMENTS 

A series of high p experiments was designed specifically to test wall 
stabilization. Previously, theoretical stability calculations [10] and analysis of high 
pN current ramp experiments [11] in DIII-D resulted in a refinement of the earlier 
Troyon scaling law to include the improved stability obtained from peaked current 
profiles. In the new scaling, the Troyon coefficient Cj defined by p < C j (I/aB), 
where C j = 3.5, is replaced by C T = 41\ so that the maximum PN scales with 4 l\. 
The 4 ¿i scaling has since been found [2] to describe JET and other Tokamak p 
limits in addition to the DIH-D data. The highest P N discharges, until recently, were 
then obtained with moderate to high l\ in the range 1.0 to 2.0. At high tx, the 
stability is predicted to be limited by internal modes [10] and consequently the wall 
is expected to have a negligible effect on the achievable p. For low tx with broad 
current profiles, the stability is predicted to be limited by external kink modes and a 
nearby wall is then expected to have a large stabilizing effect. The DIII-D stability 
data base with respect to the 4 t \ scaling is shown in Fig. 1. The new discharges are 
shown as solid circles, and they consistently exceed the earlier 4 i\ scaling by 
margins of up to 40%, suggesting that the discharges are wall stabilized. 

In the new experiments, l\ was maintained in the range 0.6 to 1.0 by a slow 
positive current ramp and early neutral beam heating to increase the temperature. 
The discharges were also programmed as large, double-null, high triangularity 
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Fig. 2. Time history of discharges (a) #80108 and (b) #80111, showing Ip,pN, and the 
neutral beam timing. 

plasmas to maximize the plasma volume and minimize the average plasma-wall 
separation. Two of the discharges shown in Fig. 1 have been analyzed in detail, 
#80108 and #80111. The time histories of Ip, PN, and the neutral beam timing are 
shown in Figs. 2(a) and 2(b). In both cases, l\ was maintained near 0.7 during the 
high p phase. In discharge #80108, qo dropped below unity and the remaining 
neutral beam sources were turned on later in the discharge . This discharge was at 
0.8 T and high current (q95 = 2.5) and reached a new record P of p = 12.5%, at 2300 
ms, with PN = 4.2. In comparison, PN predicted from the 41\ scaling is only 2.85. 
Discharge #80111, on the other hand was run at lower current and higher q95 (q95 ~ 
5), and the beams were injected early in the discharge to reach high p while qo > 1. 
Maintaining qo > 1 is important for the later stability analysis. The discharge 
reached P = 6% at 700 ms, and PN = 3.8 was still well above the limit predicted by 
the 4 t\ scaling of P N = 2.85. Both discharges were finally terminated by MHD 
modes but only after the high PN state had been maintained through several wall 
penetration times. 
Equilibria were reconstructed using the EFITD code [16] from the data taken at 
several times during the high P phases of the discharges. The reconstructions used a 
complete set of profile diagnostics, including 8 channels of motional Stark effect 
(MSE) measurements [17] of the internal field line pitch to constrain the internal q 
profile. The experimental pressure profile is determined from the electron density 
and temperature measurements from Thomson scattering, the ion temperature from 
charge exchange recombination (CER) spectroscopy, and Zeff from visible 
bremsstrahlung. The fast ion contribution is calculated from the deposition profile 
assuming a classical slowing down distribution function, including a fast particle 
loss obtained from the observed neutron fluxes. Soft x-ray (SXR) data provides an 
extra constraint on the peakedness of the central p(\j/) profile. The total current is 
also known and p is obtained from the total stored energy. The plasma edge is very 
well determined from flux values at 40 external poloidal flux loops and poloidal 
field measurements from 50 probes located inside the vessel wall. Global values of 



IAEA-CN-60/A5-10 709 

Pp and t\ are independently obtained from the poloidal field measurements, 
diamagnetic loop measurements, and the kinetic profile measurements and are 
found to be in extremely good mutual agreement. 

The plasmas were all strongly rotating during the high P phase. Plasma 
rotation can often be inferred from the frequency of saturated MHD tearing modes 
observed on the Mirnov coils, and rotation profile data was also obtained 
independently from the CER measurements of impurity ion rotation. The inferred 
rotation from the Mirnov data is usually in good agreement with the measured ion 
rotation when account is taken of differences between main and impurity rotation 
[18] and neoclassical corrections for Vp¡ effects are included. Except near the 
plasma boundary, however, these corrections are expected to be small. 

3. STABILITY ANALYSIS 

Ideal ñ = 1 stability was computed for all the reconstructed equilibria using the 
GATO code [19]. This code uses either a perfectly conducting wall boundary 
condition or conditions corresponding to no wall. The wall is taken from a 26 
parameter harmonic fit [20] to the real DIII-D vacuum vessel, with an adjustable 
parameter Rw used to scale the wall radius uniformly (normalized so that unity 
corresponds to the real vessel). Usually, the stability is most sensitive to variations 
in qo and equilibria in which different values of qo are imposed can be generated to 
find the acceptable range in qo allowed by the data. Such a series of reconstructions 
with a variation in qo was carried out for several time slices for discharge #80111 
and confirms that qo was at all times significantly above unity: equilibria with qo 
approaching unity gave unacceptably large fitting errors, qo > 1 was inferred also 
from the lack of sawteeth or any other m/n = 1/1 activity on the SXR or Mirnov 
arrays. 

3.1. Discharge #80108 

The new record of P = 12.5% reached in discharge #80108 was evidently a 
result of wall stabilization. The maximum P was 40% above the limit predicted by 
the modified Troyon scaling law P N = 4 t\ and the high P phase in which P N 
exceeded 41\ lasted about 100 ms. During this time t\ was constant around 0.7 and 
q0 was just below 1.0, as inferred from the MSE data. Fishbones and a sawtooth 
were observed. A rotating saturated 2/1 tearing mode was also present but no high 
m modes were seen that could be associated with any external kink activity. 

The ideal stability calculations are consistent with the observed MHD activity 
if an ideal wall is assumed at the location of the DIII-D vacuum vessel. Several 
alternative equilibria were reconstructed from the discharge data at 2300 ms as 
described in Section 2. All the equilibria had q < 1 at or near the magnetic axis and 
are considered to be equally acceptable. All were found to be unstable to a 
predominantly 1/1 mode for all wall positions, including a wall identically on the 
plasma surface (Fig. 3). However, the computed unstable mode changes character as 
the wall is moved closer to the plasma, from a relatively global mode with a 
displacement amplitude at the edge of 35% of the peak amplitude to a much more 
internal mode with less than 10% edge amplitude for a wall at the DIII-D vessel 
location as shown in Fig. 3. At the same time, the linear growth rate undergoes a 
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Fig. 3. Variation of the square of the growth rate and the edge amplitude of the normal 
displacement = B, • Vy/Z/Vy/I normalized to the maximum amplitude computed for discharge 
#80108. 

similar transition to the internal kink growth rate (as computed with the wall on the 
plasma) when the wall is moved in to the DIII-D vessel location. These predictions 
are consistent with the m/n =1/1 sawtooth and fishbone modes observed in this 
discharge. 

The wall is also clearly acting as the ideal theory predicts in suppressing the 
edge-localized higher m harmonics of the computed unstable modes since little 
activity is seen in the discharge outside the q = 2 surface. If the global mode that is 
computed with no wall were present in the discharge, one would expect to see a 
more catastrophic mode on the Mirnov and SXR arrays. Also, the 2/1 and other 
saturated rotating modes are tearing modes and their stabilization by the resistive 
wall and plasma rotation are consistent with the applicable theories [19,20]. 

With regard to the resistive wall mode, the ideal stability calculations are 
ambiguous since the plasma is predicted to be unstable with a perfectly conducting 
wall since qmin < 1, so the conditions for destabilization of the resistive wall mode 
do not strictly apply. However, the higher m components (m> 3) to the unstable 
mode are largely suppressed as the perfectly conducting wall is moved in, and are 
stabilized in that sense. So, with a resistive wall, one might expect to see a resistive 
wall mode comprising m > 3. (Note that qg$ = 2.5.) This, however, is not observed 
in the experiment. 

3.2. Discharge #80111 

In discharge #80111, an effort was made to keep qQ above unity and eliminate 
the ambiguity that arises from the presence of the otherwise unstable 1/1 internal 
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Fig. 4. Variation of y2 with wall position for the reconstructions of discharge #80111 at 645 
and 704 ms showing stability with a wall and instability with no wall. 

kink mode. P was maintained above the 4 i\ prediction from about 640 ms through 
710 ms, which corresponds to about 35 wall times (x\v ~ 2 ms). 

Equilibrium reconstructions were produced at 5 time slices between 620 ms 
and 705 ms, and sensitivity studies were completed for 3 of these time slices. This 
required scans in qG and other parameters to determine the acceptable ranges. Also, 
approximate reconstructions were obtained between time slices in some cases by 
linearly interpolating the pressure profile data, and fitting the remaining data at the 
appropriate time. In all cases, q0 is well above unity. The lower range of qQ is 
largely constrained by the MSE data. The upper range is constrained by the clear 
presence of a q = 2 surface inferred from SXR observations of a saturated 2/1 mode. 
At the high P time of 704 ms, the minimum acceptable q0 consistent with the data is 
q0 = 1.1, while the best fit to the data is q0 =1.35. At 645 ms (the earliest time slice 
for which a wall is required for stability), the minimum is q0 = 1.5. 
Stability calculations for the n = 1 ideal kink modes were performed for varying 
wall positions for all the reconstructed equilibria. The results are displayed in Fig. 4 
for the 645 ms and 704 ms times as the square of the growth rate y2 (the eigenvalue 
in the stability code) versus wall expansion parameter Rw. In all cases between 645 
ms and 704 ms, the reconstructed equilibria were stable with a perfectly conducting 
DIII-D wall (Rw = 1) but unstable to a global pressure driven mode with 
no wall. This result holds for all acceptable reconstructions consistent with the 
discharge data, as determined by sensitivity studies. 

The ideal stability calculations show stabilization by the resistive wall for at 
least 30 wall times. The stability limit with no wall was calculated to occur at 
640 ms, corresponding to B = 4.1% ± 0.2% (PN = 2.8), while at the highest B time 
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(704 ms) 6 = 6.1% ± 0.2% ( P N = 3.8). The maximum PN reached at 704 ms is then 
about 35% greater than the limit with no wall. The gain in PN is also consistent with 
the increase over the 4 l\ scaling; the limit with no wall is very well described by 
the 4 l\ scaling. This increase in P is, of course, a lower limit for the possible gain 
from wall stabilization since the maximum P value reached was limited by 
confinement. 

The unstable mode computed with no wall stabilization is a robust global 
instability with growth time of the order of a few tens of Alfvén times. In Fourier 
space, the mode is global with dominant m = 2,3 but with all m in the range 
1 < m < 10 contributing to roughly the same order. The Fourier harmonics tend to 
add in phase on the outboard midplane, while the odd and even harmonics cancel on 
the inboard side, which results in a strong outboard peaking (ballooning) in real 
space. 

The observed stability of this discharge is in disagreement with the simple 
theory in Ref. [7], which would predict a slowly growing resistive wall mode with 
growth time y - 1 ~ Tw ~ 2 msec throughout this time. The mode should be rotating 
slowly with frequency / < (27CTW)_* ~ 80 Hz from onset [8]. The resistive wall 
mode is predicted to have la global structure similar to the unstable ideal mode that 
is calculated with no wall [8]. No mode with these characteristics is observed during 
this time. It seems unlikely that such a robust global mode would nonlinearly 
saturate at such a low level that it could not be seen. 

We conclude that the resistive wall mode was stabilized for at least 30 wall 
times during the high P phase in which the plasma was strongly rotating. At 710 ms, 
an unstable mode did appear which has all the characteristics expected of the 
resistive wall mode. It appears as a slowly growing m = 3 mode with a growth time 
of 6 ms and a rotation of 25 Hz as determined from a detailed analysis of a toroidal 
array of Mirnov coils and two poloidal arrays of saddle loops. After 719 ms, this 
mode ultimately led to termination of the discharge through a large loss of energy 
and will be discussed in detail in the following section. 

4. TERMINATION OF WALL STABILIZED DISCHARGES 

With few exceptions, all the wall stabilization experiment discharges 
ultimately terminated through a disruption when q0 ~ 1 or through a large energy 
collapse when q0 was significantly above 1.0 (qc ~ 1). The sequence of events 
leading to the final disruption was often complicated. The common feature was the 
appearance of a slowly growing, locked, or slowly rotating low m n = 1 mode 
which continued growing until the termination. The growth of these modes was 
always associated with a slowdown in the plasma rotation. The two discharges 
described in Section 3 have been analyzed in detail and will be discussed here. 

The disruption in discharge #80108 was due to a non-rotating 2/1 mode. 
During the high p time, a saturated rotating 2/1 mode, rotating at f ~ 2 kHz, was 
observed on the Mirnov array as shown in Fig. 5(a). At 2304 ms, the mode rotation 
slowed after an ELM and there was also a small drop in both the central and edge 
SXR signals. The mode unlocked, however, at 2311 ms and rotated —more slowly 
than before —for 6 ms when it locked again. A sawtooth crash at 2318 ms then 
appears to have precipitated the growing locked mode which finally terminated the 
discharge. At the sawtooth crash, there was a small drop in both the central and edge 
SXR signals. The 2/1 mode then grew with a growth time somewhat greater than the 
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Fig. 5. Time history of observed MHD activity for discharge #80108 showing (a) the 
Mirnov and (b) central and edge SXR signals. 

wall penetration time of Tw ~ 2 ms. The locking in this case was not quite complete 
and there was some small mode rotation of a few Hz. Throughout this time, both 
central and edge SXR signals decayed and the divertor D a signal increased as the 
energy was dumped onto the divertor. 

The final termination is associated with a loss of plasma rotation. The 2/1 
mode earlier in this discharge was clearly a tearing mode and the saturation before 
2304 ms is consistent with the widely accepted tearing mode theory [21,22] for a 
rotating plasma; the q = 2 surface is found to be rotating at several kHz from CER 
measurements, consistent with the observed Mirnov frequency. The subsequent 
locking and plasma rotation slow-down are also qualitatively consistent with the 
theory developed in Ref. [22], since the measured rotation profiles after the 
sawtooth crash indicate that the rotation of the q = 2 surface is then almost zero. 
The high 0 N phase of discharge #80111 is terminated by a slowly growing, slowly 
rotating 3/1 mode. During the high P N phase, the plasma rotation steadily 
decreased, as inferred from CER measurements and the frequencies of saturated, 
rotating 2/1 and 5/2 tearing modes [see Fig. 6(a)]. At 711 ms, the slowly rotating 3/1 
mode appears and grows with a 6 ms growth time. The edge SXR signal drops 
noticeably at the time the 3/1 mode appears [Fig. 6(b)]; this is partly due to an ELM 
but the signal does not recover as it ordinarily does after an ELM. The 3/1 mode 
reaches significant amplitude at 727 ms [Fig. 6(c)], at which point the rotating 
modes lock and the central SXR signal collapses, as an energy collapse ensues from 
which the discharge never fully recovers. 

The termination of this discharge is again associated with a loss of plasma 
rotation at the mode's rational surface. The 3/1 mode first appears within 5 msec of 
the time the q = 3 surface has stopped rotating as seen from comparing ÔBr and SBe 
in Fig. 6(c) with the rotation of the q = 3 surface in Fig. 6(a). The plasma is still 
rotating at the interior 2/1 and 5/2 mode rational surfaces at this time [Fig. 6(a)]. 
The 3/1 mode has a rotation frequency of 25 Hz which corresponds to ©Tw ~ 0.3, in 
good agreement with that expected for the resistive wall mode [8]. There is also a 
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Fig. 6. Time history of observed MHD activity for discharge #80111 during and after the 
high p phase (a) rotation speeds from CER at q = 2, q = 2.5 and q = 3, (b) central and edge 
SXR signals, and (c) saddle loop 3/1 mode ÔBrand ÔBQ signals. 

counter-rotating 4/1 mode; the counter-rotation is consistent with the expectation 
that the ExB rotation at the edge of the plasma is reversed. 

It is clear from this analysis that the appearance of the slowly rotating 3/1 
mode in discharge #80111, which has the characteristics expected of the resistive 
wall mode, is strongly correlated with loss of rotation at the q = 3 surface; this mode 
was expected on the basis of the simple theory in Ref. [7] during the high PN phase 
but appeared only when the rotation was lost. Recent numerical calculations [8] now 
suggest that the resistive wall mode can be stabilized for a range of wall positions if 
there is sufficient plasma rotation. This stabilization appears to be due to coupling 
of the resistive wall mode to backward-propagating, strongly-damped acoustic 
modes which are also stationary (or nearly so) in the frame of the wall if the plasma 
rotation speed is comparable to the sound speed. The detailed results depend on the 
model used for acoustic damping but are generally consistent with the behavior of 
discharge #80111; the calculations predict loss of stability for the resistive wall 
mode if the rotation speed is less than some fraction (-1/3) of the sound speed [8], 
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A definite cause of the plasma slow-down has not been identified. In both 
discharges, one can expect on the basis of the work in Ref. [22] that the saturated 
rotating islands suffer an electromagnetic drag from the resistive wall and that 
viscous drag between the islands and plasma also slows the fluid. However, 
fishbones appear in discharge #80108 and neutral beam driven TAE modes [23] 
appear in discharge #80111 early in the high PN phase and result in a loss of the fast 
ions that drive the plasma rotation. In discharge #80111, the appearance of the TAE 
modes correlates well with the beginning of the slow-down in both plasma rotation 
and the 2/1 and 5/2 Mirnov frequencies. While the fishbones and TAE modes 
almost certainly contribute significantly to the loss of angular momentum, other 
discharges with higher toroidal field and qo well above unity also suffered slow
down in the plasma rotation to varying degrees, even though the fishbone and TAE 
modes were not present. Resolution of this will require more comprehensive 
analysis. 

5. CONCLUSION 

In conclusion, it has been demonstrated that both the ideal n = 1 kink mode 
and the resistive wall counterpart — the resistive wall mode — can be stabilized by 
sufficient plasma rotation and a finite conductivity wall, leading to a significant 
increase in the p limit. For the discharges that were calculated to be unstable with 
no wall but stable assuming a perfectly conducting wall at the DIII-D vacuum 
vessel location, the ideal mode is not observed. More importantly, the expected 
resistive wall mode did not appear while the plasma was rotating. 

Plasma rotation is crucial to maintaining wall stabilization. The discharges 
with PN above the 41\ scaling were all terminated by slowly growing or locked low 
m, n=l modes which appeared when the plasma rotation was slowed. For the 
resistive plasma (tearing) modes, the stabilizing effect of rotation is consistent with 
the theory developed in Refs [21] and [31. For the ideal-plasma, resistive wall 
mode, the observation of a slowly rotating instability is consistent with the results in 
Ref. [8]. 

The cause of the slow-down in the wall stabilized discharges is not yet 
determined and at this point it has not been shown that the necessary rotation can be 
maintained indefinitely. The presence of saturated tearing mode islands in most of 
the high P discharges is one contributing cause but there are some discharges in 
which there were no such modes but which nevertheless ultimately developed a 
slowly rotating, slowly growing mode. Rotation profiles in those cases are presently 
being evaluated TAE modes in some discharges can contribute to the loss of angular 
momentum but this is also not a universal cause. It is also possible that the slowly 
rotating resistive wall mode itself may contribute an electromagnetic drag to the 
plasma through the continuum resonance so that the plasma ultimately slows down 
and the resistive wall mode is eventually destabilized. 

Stabilization of high p discharges by a resistive wall and plasma rotation is a 
promising avenue for future work. It has been shown that the plasma can be 
stabilized for times much longer than the resistive wall time (an order of magnitude 
longer), making active feedback stabilization a real possibility. The effectiveness of 
a resistive wall in stabilizing the ideal kink and resistive wall modes on such long 
time scales is especially noteworthy for the most promising steady-state advanced 
tokamak scenarios envisaged [4,5] in DIII-D and TPX since in the absence of wall 
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stabilization these advanced tokamak modes have only moderate (3 limits but with 
wall stabilization the gain in the P limit can be a factor of 2 or more [4,5]. 
Furthermore, with plasma rotation, stabilization by a resistive wall could 
significantly increase the operating range and p limit of the present ITER design. 
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DISCUSSION 

J.A. WESSON: I find your evidence convincing, but I do not understand the 
relevance of 4^ for the kink mode. I regard this as a first region ballooning limit, 
and I thought your high (3 discharges arose from second region stability in the core. 

A.D. TURNBULL: The 4^ scaling is an operational scaling which represents 
a stability limit for ballooning and kink modes. Some theoretical calculations do 
obtain an explicit 4 scaling for ballooning modes, but numerical calculations also 
yield an i- scaling for the n = 1 kink mode — for example, the paper by W. Howl 
et al. (Phys. Fluids B 4 7 (1992) 1724) finds this for the optimum profiles. 

N.R. SAUTHOFF: You cited the theoretical predictions that very fast plasma 
rotation speeds would be required for wall stabilization and discussed the experi
mental data that show stabilization at very low speeds. What do you feel is the 
requirement for rotation speed (~R/Twau, cs, etc.)? 

A.D. TURNBULL: This depends on which theory you use. Probably the wall 
time is important in all of them. For the theory of Bondeson and Ward, the ratio of 
the rotation speed to the sound speed must also be relevant. Unfortunately, all the 
theories quote the rotation speed relative to the Alfvén speed, so it is difficult to make 
a comparison without calculating these discharges. 

R.J. HAWRYLUK: You mentioned that the new data lie above your previous 
empirical curve. What are the operational differences which are responsible for, or 
correlated with, the improved performance? 

A.D. TURNBULL: The difference was that we were operating at low 4 where 
the wall is most effective and that we were running with full sized double null 
discharges that were as close to the wall as we could make them. So I think the 
difference is wall stabilization. 
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Abstract 

THE START SPHERICAL TOKAMAK. 
Methods of plasma formation at low aspect ratio are described, and it is shown that the problems 

of plasma induction (due to the limited space for a central solenoid) can be overcome. Improvements 
have recently been made to the START experiment, and the operating region of START plasmas has 
been considerably extended, with all low aspect ratio plasmas remaining immune to the current 
terminating major disruption. Novel features of spherical tokamak plasmas, such as high plasma elonga
tion (up to four) and the natural exhaust, are reported. 

1. INTRODUCTION 

The (Small Tight Aspect Ratio Tokamak) START device [1,2] has recently 
been upgraded. A new centre column has been installed, containing a more powerful 
solenoid (up to 80 mV-s, a fourfold increase), and the poloidal field coils have been 
repositioned. The new configuration is shown in Fig. 1. 

At the same time, improvements in power supplies, gas puffing and diagnostics 
have been made so that the plasma position current and density can now be held con
stant for about 20 ms (Fig. 2), enabling more accurate measurements to be made of 
the energy confinement time. 

Larger plasmas can now be obtained giving 'spherical' tokamaks of 1 m overall 
diameter and aspect ratio A = Ro/a ~ 1.25 [3]. Plasma currents of 250 kA and 
pulse durations of 50 ms have been achieved. During rapid current ramp scenarios, 
broad or hollow current profile plasmas are inferred with elongations of up to four, 
which are vertically stable without active feedback. 

1 Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA. 
2 University of Manchester Institute of Science and Technology, Manchester, UK. 
3 University of Sâo Paulo, Brazil. 
4 Ioffe Institute, St. Petersburg, Russian Federation. 
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FIG. 1. Comparison of original (LHS) and present configuration of START. Flux surfaces show the 

natural exhaust feature for a typical plasma (Ip = 100 kA, A = 1.3, K = 1.5). 

PLASMA INDUCTION 

Plasma induction at low aspect ratio is of special interest because of the very 
limited space available for a central solenoid. Two methods of plasma formation are 
employed in START [3]. 

By using a compact central solenoid, breakdown can be obtained near the inner 
limiter at loop voltages as low as 0.3 V, using low power (< 1 kW) of 14 GHz ECR 
or only a hot filament for preionization. If a relatively high loop voltage is applied 
(3-4 V), then current rise is rapid, with ip ~ 50 MA/s. These plasmas have high 
elongation, low inductance (both external and internal), and plasma currents of up 
to 160 kA have been achieved with efficient volt-second consumption of the order 
of 10 kA-(mV-s)"1 of solenoid flux. 

In contrast, in the induction-compression method of plasma formation origi
nally used on START [1], the plasma is formed at large radius and is then 
compressed into the low aspect ratio configuration; here, plasma currents of up to 
180 kA are obtained. A combination of these two methods can produce plasma 
currents of over 250 kA. 

An experimental study has also been made of the merging of two 'spherical 
tokamak' plasma rings [3]. Contrary to predictions of simple models, the total 
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O 5 10 15 20 25 30 

t(ms) 

FIG. 2. Evolution of plasma current, applied loop voltage, and line integrated density for a 'flat-top' 
discharge used in confinement study. Dashed lines indicate waveforms used in earlier confinement 
studies [2], 

plasma current was found tó be approximately conserved as merging occurred, which 
can be explained by the high elongation (and hence low inductance) of the merged 
plasma. 

3. PLASMA PROPERTIES 

Electron temperature and density profiles are measured by Thomson scattering, 
line average electron density by a midplane interferometer, and ion temperatures by 
a neutral particle analyser. START discharges exhibit a wide range of densities, 
3 x 1018 < He < 1 x 1020 m"3, with temperatures usually 150 < T^ < 600 eV, 
although temperatures of over 1 keV have been observed in low density discharges. 

Early results [2] obtained before the 1994 upgrade indicated confinement times 
of 0.5 < rE < 2.5 ms, with large error bars due to the non-stationary discharges. 
These values were typically twice the neo-Alcator prediction and were generally best 
represented by the Rebut-Lallia or Lackner-Gottardi (modified for low aspect ratio) 
scalings. 

More precise results are obtained by using the long flat-top discharges now 
available. The dependence of confinement time on density for constant plasma size 
and current is shown in Fig. 3(a), and compared with neo-Alcator scaling, confirm
ing the earlier results. 
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FIG. 3. (a) TE versus ne, compared to neo-Alcator scaling [TE = 0.07 <ne> aR2qcyl], for the dis
charges shown (solid circles) in the Greenwald diagram (b). 

4. OPERATIONAL REGIME 

Operation is in hydrogen or (recently) deuterium, and START is boronized by 
glow discharge in trimethylboron. Preprogrammed gas puffing is used to control the 
density behaviour in time and can produce either density flat-tops or a density 
increase. 

Present START data appear to be bounded by the Greenwald scaling [4]: 
ñe(max) (1020 m~3) = «J (MA/m2), where J is the plasma current density, demon
strating the beneficial effect of plasma elongation and K (Fig. 3(b)), and resulting in 
values of Ip/N below 1 X 10"14 A-m, where N = ñe7rab. 

Values of the cylindrical safety factor qcyi (= 5abBT/RIp) as low as 1.3 have 
been achieved, corresponding to an Ip/IROD ratio of 0.76. So far, in over 20 000 dis
charges, 'hard' limits (i.e. current terminating disruptions) have not been observed, 
provided A < 1.8. Instead, relatively benign 'internal reconnection events' (IREs) 
occur, having features in common with the early phase of a disruption. For example, 
the discharge shown in Fig. 2 experiences an IRE (negative voltage spike) during the 
current ramp-down at t = 22 ms and terminates in a major disruption of the final 
small (conventional aspect ratio) plasma at t = 29 ms. At present, the bounds of the 
operation space are evidenced by increasing occurrence of IREs. 

NATURAL DIVERTOR 

Further investigation of the 'natural divertor' [2] has been made [5]. This 
feature becomes increasingly important as the aspect ratio is reduced, and the form 
of the exhaust plume is shown in Figs 1 and 4. Because of the large START vacuum 
tank (2 m X 2 m cylinder) the divertor region is almost 1 m long vertically, with 
connection lengths up to 10 m. Probe studies indicate a large scrape-off layer of 
typically 15-40 mm. This is consistent with a recent model [6] which indicates that 
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FIG. 4. Comparison of shots 21 501 and 20 502 which have identical control values. The equilibrium 
reconstructions show the change in form of the exhaust plume at solenoid reversal. 

ballooning stability imposes a minimum SOL thickness, which is large at low 
aspect ratio. 

6. IMPROVED CONFINEMENT MODES 

As is seen on more conventional tokamaks, by applying a bias voltage, it was 
possible to reach an improved particle confinement mode on START, characterized 
by an increase in density and a decrease in Ha emission [5, 7]. 

Recent studies show that a similar transition can occur spontaneously above a 
certain density, without biasing. Successive discharges with identical control values 
are compared in Fig. 4. A change in MHD activity (and the possibility of transition) 
may be associated with reversal of the solenoid current; before this, all the SOL inter
cepts the centre column, whereas at later times a substantial fraction of the SOL is 
in the free exhaust plume. 

The transition is evidenced as an increase in ñg of typically 30%, and a small 
reduction in Ha emission. Thomson scattering measurements show a significant 
increase of density near the magnetic axis; there is an increased bolometer signal and 
sometimes significant visible light from the core. 
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7. CONCLUSIONS 

Results from the upgraded START device confirm the promising early predic
tions and encourage further investigation of the 'spherical tokamak' concept. The 
forward programme includes installation of X-point coils and vertical feedback 
stabilization to investigate possible access to improved modes of confinement, and 
ECRH and neutral beam injection to evaluate heating and current drive in spherical 
tokamak plasmas. 
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DISCUSSION 

K. TOI: START has a nicely elongated magnetic surface and also a magnetic 
separatrix. Moreover, the ohmic heating power is typically in the range of 200 kW. 
According to the scaling law of threshold power for the H mode, START should be 
capable of accessing the H mode easily. My question is whether START has achieved 
H mode or not. 

A. SYKES: Studies of the transitions observed at higher densities in recent 
discharges are in progress. It is too early to determine their relation (if any) to the 
H mode. 

R.J. GOLDSTON: When you attempt to lower q95, I take it that you do not 
encounter a disruptive limit. What limits q95 in START and at what value is q95 

limited? (I suppose a plasma with many internal reconnection events should be called 
'irate' rather than 'disruptive'). 

A. SYKES: To date, START plasmas become increasingly 'irate' at q95 S 4 
(qcyl ^ 1.3) but this is not believed to be an ultimate limit. 
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Abstract 

FORMATION AND SUSTAINMENT OF A LOW ASPECT RATIO TOKAMAK BY COAXIAL 
HELICITY INJECTION. 

Tokamaks are formed and sustained with plasma currents reaching up to 200 kA using coaxial 
helicity injection current drive on the Helicity Injected Tokamak experiment. Equilibria fitting using 
EFIT shows hollow current profiles but tokamak q profiles (increasing from q0 = 5-8 to q95 = 
10-12). Tokamaks of over 100 kA are sustained for up to 7 ms, i.e. many current decay times. 

1. INTRODUCTION 

For the tokamak to make an economically attractive reactor an efficient method 
of steady state current drive and higher j8 are needed. When scaled to a reactor, 
current drive by RF or neutral beams has efficiencies of ~ 10"3, requiring a high 
recirculating power fraction [1, 2], Coaxial helicity injection current drive has the 
potential of efficiencies in the tens of per cent for a reactor [3]. This improvement 
of over a factor of a hundred changes the current drive cost in a reactor from being 
dominant to being insignificant. The development of an inexpensive and efficient 
steady state current drive would eliminate the need for the transformer that is 
presently used to form and sustain tokamaks. The space previously used by the 
transformer can be used to lower the aspect ratio. Low aspect ratio tokamaks or 
'spherical tori' [4] feature natural elongation, high paramagnetism, improved drift 
surfaces, and high predicted j8 limits [5]. Results from the low aspect ratio tokamak 
START [6] have shown no disruptions for aspect ratios of less than two. 

Experiments with reversed field pinches and spheromaks have shown that 
helicity is the best constant of the motion of a magnetized plasma [7, 8]. Therefore, 
it is one of the most important quantities to consider in sustaining a plasma confining 
configuration. Helicity is a measure of the magnetic flux linkage and for toroidal 
devices can be approximated (usually within 20%) as the product of the toroidal and 

1 Permanent address: Institute of Plasma Physics, Academia Sínica, Beijing, China. 
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poloidal flux (K s $^). For a tokamak the toroidal flux is approximately equal to 
the vacuum flux, and the poloidal flux is proportional to the plasma current. There
fore, building up and sustaining the helicity of the tokamak establishes and sustains 
the current. Since energy is dissipated faster than helicity the configuration tends to 
relax to a state of minimum energy while conserving helicity. This minimum energy 
state or Taylor state satisfies the relation V X B = XB, where X(= /x0j/B) is a 
global constant. In general, helicity injection, plasma heating and magnetic dissipa
tion drive the configuration away from this state while relaxation drives it towards 
this state. The steady state equilibrium is a result of a balancing of these processes. 
The transformer of a normal tokamak brings in poloidal flux that links the toroidal 
flux thus injecting helicity. The rate of helicity injection is given by 2V,$, where V, 
is the loop voltage and $ is the toroidal flux. Since helicity is the best constant of 
the motion it need not be brought in with the topology needed for the normal tokamak 
current. Relaxation will convert it to that topology since the minimum energy state 
is a tokamak. Helicity injection can be either electrostatic or electromagnetic [9]. 
Injection by a transformer is electromagnetic. Electrostatic helicity injection 
(sometimes called DC helicity injection) requires the use of electrodes and can be 
steady state using DC power. The helicity injection rate for electrostatic helicity 
injection is given by 2Vinj I^J , where Vinj is the voltage between the electrodes and 
0inj is the flux connecting the electrodes. The effective loop voltage is defined by 
Veff = Vinj^inj/$. The energy efficiency, assuming helicity balance, is given by 
e = Ip ^in/Iinj^ [10]. When the electrodes have toroidal symmetry and are coaxial 
the term coaxial helicity injection is used. Electrostatic helicity injection was 
developed to form and sustain spheromaks [11] and has been used to form and sustain 
tokamaks [12-14]. 

The Helicity Injected Tokamak (HIT) experiment is designed to study and 
develop helicity injection current drive and to study the properties of low aspect ratio 
tokamaks. This paper reports results where coaxial helicity injection (CHI) is used 
to produce low aspect ratio tokamaks with toroidal currents reaching 200 kA (highest 
value yet attained by helicity injection current drive) and is sustained over 150 kA 
for many resistive diffusion times. The HIT experiment has no current drive trans
former. The current drive power efficiency, on the assumption of helicity balance, 
is calculated to be 40% that of ohmic drive. These tokamaks are characterized by a 
rotating n = 1 toroidal distortion, with poloidal distortions occurring only in the outer 
bad curvature region. Equilibrium reconstruction suggests that these plasmas have up 
to 120 kA of closed field toroidal current, an aspect ratio of A = 1.69, a tokamak 
q profile (increasing from q0 = 5-8 to q95 = 10-12), and a hollow toroidal current 
profile. These results represent a major breakthrough for tokamak current drive. 
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2. EXPERIMENTAL APPARATUS AND DIAGNOSTICS 

Figure 1 shows a schematic drawing of the experiment. The toroidal field coil 
is capable of 1 MA turns. The electrodes completely surround the tokamak. The 
central shell, 0.2 m diameter, 12.7 mm thick copper, is one electrode (usually 
cathode) and the outer shell, 10 mm thick copper, is the other. Both electrodes are 
plasma sprayed with tungsten. The flux connecting the electrodes is produced by the 
axially symmetric coils shown. These coils are energized long before the beginning 
of the discharge so that the fields have time to soak through the electrodes. Eddy 
currents in these shells provide the equilibrium vertical field. The poloidal flux loss 
time is about 80 ms. Large electrodes are used to ensure that the initial connecting 
flux (^inj) will continue to connect the electrodes throughout the discharge even 
though its points of penetration may move because of diffusion in the copper. 

Toroidal Insulator 
(one each end) 

Outer Conductor 

Inner Conductor 
(Central Column) 

Positive 
Bias Coil 

Toroidal Field Coil 
(40 turns) 

m 

FIG. 1. Schematic of HIT experiment. 
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Reversed field pinch [15] and spheromak [16] experiments have shown that larger 
amounts of open flux outside the plasma greatly increase the plasma resistance and 
decrease the confinement. The relaxation activity attempts to make j/B uniform and 
therefore tries to drive current on all field lines inside the helicity barrier (the shells). 
The open field lines, especially those not connecting the electrodes, are very resis
tive, and a great deal of helicity can be dissipated on the open field lines. In this 
experiment the amount of unused open flux is minimized by having the eddy currents 
in the conducting boundary provide the vertical field. For diagnostic access, the outer 
shell has a 50 mm wide midplane gap held apart by 64 copper bushings called 
'bridges'. The bridges are bolted to copper flanges that provide a 50 mm recess from 
the gap in the shell. This recess is to prevent the edge poloidal field that bulges into 
the gap from striking the bridges and becoming open flux. This design is similar to 
the solid flux conserver used on the final CTX spheromak experiment [16]. 

Hydrogen or deuterium gas, introduced into the injector, is ionized and pre
heated by a 100 /¿F, 7 kV preionization bank (switched at t = 0), and the initial 
configuration is formed with a 3 mF, 1.7 kV formation bank. Up to twenty 36 mF, 
950 V sustainment bank units are then triggered in sequence to maintain the injec
tor current. Wall conditioning consists of H2 discharge cleaning followed by 
Ti gettering. 

Magnetic probes are mounted inside vacuum tight Inconel housings. The 
housing is mounted in a hole in the copper shell and recessed 1 mm from the surface. 
The probes have a frequency dependent sensitivity which is calibrated by measuring 
their spectral response to a field of measured amplitude and spectrum placed on the 
surface of the copper. For high frequency magnetic signals, fringe fields from the 
hole in the copper penetrate the Inconel housing, giving an 80 kHz frequency 
response with accurate calibration data up to 200 kHz. The probe outputs are 
integrated with active integrators. These surface probes measure all three compo
nents of the magnetic field. By inerpolating between the poloidal field probes the 
poloidal field at the surface of the shells is obtained. Ampere's law then gives the 
total plasma current. There are 14 probes at each of two toroidal locations. Five toroi-
dally spaced bridge Rogowski loops measure the current through several of the 
bridges. Each Rogowski loop is calibrated to the total current, Ib, assuming equal 
current through all bridges. Thus, Ib measures the amount of current flowing to the 
upper half of the outer shell and the absorber region's outer conductor (see Fig. 1). 

In addition to the surface probes and bridge Rogowski loops, HIT diagnostics 
include a scanable FIR (184.6 /¿m) interferometer, scanable Thomson scattering, two 
0.2 m VUV monochromators, an excluded flux loop (which measures the plasma 
diamagnetism), and various other Rogowski loops and flux loops. 

3. RESULTS 

For the data shown in this paper, $ and ^inj are 100 mWb and 5 mWb, respec
tively. Figure 2 shows the integrated signal from a typical surface probe and the 
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FIG. 2. Actively integrated signal from typical surface magnetic probe, (a) Integrated voltage from the 
probe, (b) Magnetic field versus time using the data of (a) and the measured spectral response of the 
probe. 

poloidal magnetic field as a function of time which is found from the integrated signal 
by using the spectral response data. Figure 3 shows Ip, Iinj, and Vinj as a function of 
time for a discharge that reached 200 kA. Figure 4 shows Ip, Iinj, and the density as 
a function of time for a discharge that had over 100 kA of plasma current for 7 ms. 
The density is from interferometry, averaged along a chord tangent to R = 0.24 m. 

A high current regime of operation is reached when the plasma current Ip 

exceeds 100 kA during the sustainment phase. This regime is characterized by a 
higher ratio of poloidal field on the outer wall to the inner wall, up/down symmetry, 
low Ib, and a rotating n = 1 toroidal distortion causing fluctuations in Ib at approxi
mately 50 kHz. Figure 5 shows Ib versus time for the five bridge Rogowski loops 
plotted at the toroidal location of each loop. The inverse growth rate of this n = 1 
mode, 7, is 110 /¿s (coy = 0.033). Poloidal probe signals show a moving poloidal 
distortion at 50 kHz existing only on the outer shell probes and approximately follow
ing the field line pitch. Also shown in Fig. 5 is the power spectrum for the inner and 
outer shell probes. The injector voltage has a large broadband fluctuation level in the 
50-100 kHz frequency range, similar to those seen in other coaxial helicity injection 
experiments [17]. These fluctuations are not correlated to the n = 1 mode. 
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FIG. 3. Plasma current, injector current, ratio of plasma to injector current, injector voltage, calcu
lated efficiency, and helicity decay time versus time for a discharge reaching 200 kA. 
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FIG. 4. Plasma current, injector current, ratio of plasma to injector current, density, ratio of current 
to plasma density, and helicity decay time versus time for a discharge lasting over 7 ms. j/ne reached 
in this shot would burn through a normal amount (~ 1 %) of oxygen impurity if the time were long 
enough. 
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The excluded flux loop shows A# to be up to 2% paramagnetic. The O VI/O V 
ratio increases dramatically during a discharge, saturating the O VI photomultiplier. 
C V is observed to increase as C VI decreases and vice versa. Thomson scattering 
shows electron temperatures up to 40 eV and possibly increasing in time. 

4. DISCUSSION 

The EFIT equilibrium fitting code is used to reconstruct the flux function \p for 
a 150 kA discharge shown in Fig. 6 for t = 1.0 ms. Equilibria are calculated with 
no pressure gradient, P' = 0, and parameterized with separate surface functions in 
the confinement region, FF' = 7o + Yiy, and the injector region, FF' = /30, where 
F = R B0, y = (\f/ - \l/m)/(\¡/up — t̂ m); \¡/m is the value at the magnetic axis, and \J/up 

is the value at the inner wall at z = 0.52 m. Fitting parameters consist of Ip, Iinj, 
A<i>, 15 poloidal surface probes, and 21 poloidal flux loops. Measured and calculated 
values agree to average errors 1.57%, 0.3%, 4.12%, 12.4%, and 0.58%, respec
tively. Convergence of EFIT can only be reliably obtained for high current regime 
discharges when Ib is low. EFIT suggests that, at t = 1.0 ms, 2.32 mWb of the 
original 4.9 mWb of injector flux is pulled out and encircles the 11.5 mWb of closed 
poloidal flux. Approximately 3.2-4.6 kA of the 20 kA of Iinj flows on this open flux 
around the tokamak. Note that for this low aspect ratio configuration we obtain a 
tokamak q profile — increasing away from axis — with a slightly hollow j/B profile 
(internal inductance i- = 0.26) (see Fig. 6 for the flux surface plots and a table of 
parameters). 

That this method of current drive may degrade confinement is a major concern. 
Much more work is needed to address this question. At present, we believe that under 
the assumption of axial symmetry, closed poloidal flux is being generated. However, 
until we generate EFIT equilibria that more closely fit the surface probe data and 
make some non-perturbing internal magnetic measurement or achieve electron tem
peratures well in excess of 100 eV, some uncertainty will remain. The currently 
measured 40 eV may be low because of oxygen line radiation. The nrp required to 
burn through oxygen at 40 eV is 3.5 X 1017 m_3-s [18]. At n = 3 X 1019 nr3 , 
12 ms are required to burn through, longer than the discharge time of the experiment. 
Another indication of good confinement would be the production of a low Vf (or 
Veff) tokamak. The equations given above for e and Veff use the assumption that all 
injected helicity is dissipated in the tokamak. At present, this probably is a poor 
assumption with more helicity being dissipated in the injector and on the driven open 
field lines outside the tokamak than inside the tokamak. If only a fraction f of the the 
helicity is dissipated in the tokamak then the power efficiency and loop voltage would 
both be decreased by f. At present, we do not have a good estimate for f. Figures 3 
and 4 show e versus time, using f = 1. In the data shown here Veff is given by 
fVinj/20 ( = 30 V for f = 1). Thus, a major goal being pursued by the HIT experi
ment is to understand and improve the confinement of the tokamak produced. 
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FIG. 6. EFIT reconstruction of the flux surfaces and other data from the fit. 

However, results to date are very exciting because this method has started up a 
200 kA tokamak without using a transformer. Thus, other current drive methods that 
need a seed plasma will not need a transformer, and transformer driven tokamaks will 
not need to waste volt-seconds for startup. 
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DISCUSSION 

T.N. TODD: If you crowbar the helicity injection drive circuit near the peak 
current in HIT, does the plasma relax to a hot tokamak as it decays? 

T.R. JARBOE: We are not able to do that at the present time but plan to develop 
that capability in the future. 
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Abstract 

EXPLORATION OF LOW-ASPECT-RATIO TOKAMAK REGIMES IN THE CDX-U AND TS-3 
DEVICES. 

In the low-aspect-ratio tokamak regime, a lower q(a) regime (i.e. q(a) < 5, A = R/a « 1.5) 
has been explored in CDX-U, and the ultra-low-aspect-ratio tokamak regime (1.05 < A < 1.5) has 
been explored in TS-3. Using a relatively low toroidal magnetic field, plasma discharges with 
Ip < 53 kA and q(a) 2: 4 [qcyi(a) > 1] have been obtained in CDX-U. Low q(a), ohmic plasmas in 
CDX-U show increasing MHD activity as the edge safety factor is lowered. These modes appear to 
reduce the current ramp-up rate and, at present, limit the access to even lower q(a) regimes. An experi
ment carried out in the ULART regime (A = 1.05 - 1.5) on the TS-3 device identifies a threshold of 
q(a) > 3 with qcyl(a) < 1 for stability of global tilt/shift modes. 

1. Introduction 

The low-aspect-ratio tokamak (LART) and ultra-low-aspect-ratio (ULART) 
tokamak configurations offer interesting possibilities for a cost-effective, high-
performance (high stable beta in the first stability boundary) plasma regime 
which lend themselves naturally to a compact volumetric neutron source as well 
as a high beta advanced fuel reactor [1]. The recent results from START have 
been encouraging [2]. Non-inductive current drive results using internally 
generated bootstrap currents and helicity injection current drive in a low-aspect-
ratio configuration have been reported previously [3]. To extend the parameter 
range of the low-aspect-ratio tokamak regime, a new class of 1 MA level 
devices is being considered (e.g., NSTX [4]). The CDX-U tokamak at 

1 Instituto Nacional de Pesquisas Espaciáis, Sâo Paulo, Brazil. 
2 University of Troms0, Tromso, Norway. 
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Princeton [3] with the recent installation of an ohmic solenoid can be used to 
proto-type LARTs such as NSTX. In a typical LART design, due to the limited 
ohmic heating coil capability, an efficient tokamak start-up assist would be 
particularly important for saving valuable ohmic volt-seconds. Among various 
LART regimes, it is important to explore a lower q(a) regime [i.e. q(a) < 5] 
since the MHD [5] and kinetic mode stabilities [6] are expected to change with 
q(a) and A = R/a. 

The ULART configuration, A < 1.4, is similar to the spheromak in its strong 
paramagnetism and magnetic helical pitch. As the aspect ratio and plasma 
configuration approach this extreme limit, the features of the magnetic well 
(average minimum B), the shear, and their effects on the plasma's MHD stability 
should deviate from those of standard tokamaks, and the MHD characteristics 
are expected to change drastically. Since ULART requires a substantially 
smaller toroidal field current (Itf « Ip) than conventional tokamaks (Itf » In), 
it has particularly significant reactor advantages over regular tokamaks. By 
utilizing the merging spheromak facility with an addition of a slender center TF 
conductor in the Tokyo University TS-3 device [7], the MHD stability of the 
ULART configuration can be investigated. 

In this paper, we report the recent LART/ULART experimental 
investigations in three important areas; I. tokamak start-up assist experiments in 
CDX-U using ECH to minimize the volt-second consumption as well as the 
induced wall eddy currents, II. investigation of a lower q(a) regime [q(a) < 5 
for A ~ 1.5] in CDX-U, and III. investigation both experimentally and 
theoretically of the MHD characteristics in the ULART regime (A ~ 1.05 - 1.5) 
in TS-3, which has not been previously investigated. 

2. Investigation of Tokamak Start-Up and Low q(a) Regimes in CDX-U 

2.1 Experimental Set-up 
CDX-U is a low-aspect-ratio tokamak facility with R « 35 cm and A > 1.4, 

and with Itf < 240 kA (steady-state). Presently, an OH power supply with 40 
mV-s capability (OH solenoid capability is 150 mV-s) is operational on CDX-
U. Four pairs of PF coils are used to control the plasma shape and position. 
Two 2.45 GHz, 4 kW sources provide initial plasma break-down for the start
up. The device cross-sectional view is shown in Fig. 1. A low base pressure, P 
< 1-2 x 10"7 Torr, is maintained with the combination of cryo-pumping and Ti 
gettering. The experiment was conducted with hydrogen and helium. 
Diagnostics include a 2-D scanning microwave interferometer, a poloidal array 
of magnetic pick-up coils, and a 2-D scannable internal magnetic probe. 

2.2 Low-Aspect-Ratio Tokamak Start-up Assist 
With ECH, it was possible to initiate low-aspect-ratio tokamak plasmas with 

a wide range of toroidal field coil current [Itf = 70 kA - 160 kA with R(ECH) = 
16 cm - 36 cm]. Plasma initiation was also possible with an almost arbitrarily 
low loop voltage of Vioop ^ IV, though typically a higher peak voltage of 
Vloop œ 1 - 5 V was used, depending on the desired current ramp-up rate. A 
plasma current generating efficiency of 1.7 kA / mV-s was obtained up to Ip = 
53 kA. Figure 2(a) shows the maximum plasma current obtained thus far in 
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FIG. 1. Schematic of the CDX-U device. 

CDX-U ohmic discharges as a function of volt-second expenditure for various 
discharges. This measure of ohmic heating efficiency can be seen to improve 
slightly with increasing Ip , suggesting an increasing average temperature with 
Ip. The maximum current ramp-up rate attained thus far is 10 kA / ms. An 
Ejima coefficient [8] of 0.4 was routinely obtained. The observed efficiency 
and the ramp-up rate only dropped by 10% when Itf was reduced by a factor of 
2.3 (from Itf = 160 kA to 70 kA). 

2.3 Lower q(a) Discharge Characteristics 
Taking advantage of the relative insensitivity of Ip to the toroidal magnetic 

field, it was possible to attain q(a) < 5 tokamak discharges with various toroidal 
magnetic fields. The maximum plasma current obtained thus far in CDX-U 
ohmic plasmas, as a function of toroidal field, is shown in Fig. 2(b). Maximum 
plasma currents at given toroidal magnetic fields seem to be limited by q(a) ~ 4 
(qcyl ~ 1) and q(0) ~ 1. Typical plasma parameters for these low q(a), low-
aspect-ratio plasmas were: R = 0.34 m, a = 0.22 m, the line integrated density 
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neL « (4.5 - 10) x 10*7 m~2, and estimated T e a v < 100 eV from neoclassical 
e,av 

resistivity with Zeff =2. These parameters indicate that the plasma is already in 
the low collisionality regime with v*e « 0.1- 0.3, where trapped particle effects 
become important. Maintenance of a 5-10 ms flat-top discharge at Ip ~ 20 kA, 
with an average loop voltage ~ 1 V also indicates that the plasma has entered a 
relatively hot, collisionless regime. We typically observe an increase in the 
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central plasma density and density gradient with the toroidal magnetic field, 
suggesting an improvement of plasma confinement. 

As the q(a) is decreased, however, we observed more frequent abrupt plasma 
terminations. Most terminations of high q(a) plasmas could be avoided by 
reducing plasma-limiter interactions with the proper plasma position control. On 
the other hand, low q(a) plasmas could still terminate even with relatively good 
position control. As the q(a) is lowered, a strong enhancement of m=l-2/n=l 
internal MHD modes in the 10-15 kHz range, as shown in Fig. 3(a), was 
observed. Those modes appear to reduce the current ramp-up rate and, at 
present, limit the access to even lower q(a) regimesfi.e. q(a) < 4 and qCyi(a) < 1]. 
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FIG. 4. MHD equilibria of low-aspect-ratio tokamaks for three different aspect ratios, A = 1.05, 1.5 and 2.0. (a) Poloidalflux plots and (b) radial magnetic 
field profiles of toroidal and poloidal fields (B^and Bp) and Bnomfor q(a) = 3. 
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The radial structure of these modes shows a dip in the SBz/Bz signal but not in 
the ÔBR/BZ signal as shown in Fig. 3(b), which suggests the possible existence 
of large magnetic islands at the low field side. As the central safety factor, q(0) 
goes down to less than one, these islands can couple with m=l/n=l sawteeth and 
terminate the plasma abruptly. The q(0) of maximum plasma current discharges 
for various toroidal magnetic fields were estimated to be near one, which 
supports the above conjecture. Detailed studies of these modes are ongoing. 
Possible stabilization schemes such as DC-helicity injection to flatten the 
current profile are also being considered. 

The behavior of MHD and kinetic fluctuation activities (using various probes 
and a tangential CO2 phase-contrast-imaging system) and related confinement 
as a function of the plasma aspect-ratio, q(a), and plasma collisionality are 
presently under study. 

3. Investigations of ULART Plasmas in the TS-3 Device 

3.1 Characteristics of the ULART Configuration 
MHD equilibrium calculations show that the ULART plasmas with edge 

safety factor of q(a) > 3 (q is the inverse of the rotational transform of field 
lines) are characterized by high maximum toroidal beta, low poloidal beta, high 
natural elongation, strong paramagnetism, and a large ratio of plasma current to 
toroidal-field-coil current. Figure 4 presents poloidal flux contours and poloidal 
magnetic field profiles of a q(a)=3 tokamak for three different aspect ratios of 
A=1.05, 1.5 and 2.0. The paramagnetism is seen to increase as A decreases. In 
the low-aspect-ratio limit, the field line pitch resembles that of a spheromak in 
the outer radial edge of a toroidal plasma, but it has a large toroidal field 
component in the inner radial edge, just like in a tokamak. The global stability 
of the ULART is determined by the magnetic well depth (not always present) 
and the shear of the configuration. One of the most important global modes is 
the m=l/ n=l tilt/shift mode. 

Since the ULART requires a very small axial coil current to generate the 
necessary toroidal field for a tokamak confinement configuration, it has 
important reactor advantages over regular tokamaks. We have calculated 
required axial coil current for typical ULART configurations using (1) 
simplified analytical calculation and (2) computer equilibrium code calculation 
based on the Grad-Shafranov equation. Our analytical calculation is based on a 
simplified model in which q is predominantly determined by the field line pitch 
in the inner toroidal edge of the ULART [9]: 

B t = M t f / 2 7rRtf, (la) 
Bp = M p / 2 L p , (lb) 

q(a) = (BtLp)/(Bp27iRtf), (lc) 

where Lp and Rtf are vertical length of the plasma and radius of the inner 
toroidal coil. By combining equations (la), (lb), and (lc), we obtain 

Itf/Ip= 2q (a )URt f /Lp)2 (2) 
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FIG. 5. Required toroidal coil current (ltf/Ip) versus aspect ratio A for ULART equilibrium with 
q(a) = 3 and for K = 1.67 and 4.17. 

With a relationship between aspect ratio A and the plasma's major radius Rp 

(= a + Rtf ) and minor radius, a: 

A = (a + R t f ) / a = l + R t f / a , 

we obtain an analytical approximation for toroidal coil current, 

Itf / Ip = 2 q(a) ( 7C a / Lp )2 (A -1)2 (3) 

Figure 5 presents the ratios of (total) toroidal coil current (Iff, Ampere-turns) 
over plasma current (Ip) versus various aspect ratios ranging from 1.05 - 2.0 for 
q(a)=3 and K=Lp /2a = 1.67 or 4.17. The curves shown in Fig. 5 are from Eq.(3) 
and agree well with more exact calculations based on the Grad-Shafranov 
equation. One notices that ULART requires substantially smaller toroidal field 
current (Itf«Ip) than conventional tokamaks (Itf»Ip), and that the ratio (Itf/ 
Ip) can be as small as 0.1 for an ultra low aspect ratio tokamak with A=l.l and 
q(a)=3. 

3.2 Experimental Study of the Global Stability 
It has been known that the spheromak's tilt mode can be stabilized either by 

passive stabilizers and/or figure 8 coils [10], or by an external toroidal field, but 
not by a thin passive center conductor (because of ineffectiveness of small 
image currents). The question arises of what amount of external toroidal field is 
necessary to stabilize the n=l tilt mode. By introducing a slender current-
carrying conductor assembly (Rtf > 1 cm) through the geometric center axis of 
the TS-3 device, we have generated ULART configurations with extremely low 
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FIG. 6. (a) Schematic of the TS-3 device for ULART experiments, (b) Growth rate of the n = 1 toroidal 
mode versus Ilf in the TS-3 ULART regime with A = 1.1 (Ip « 30 kA) and A = 1.5 (Ip « 20 kA), 
where q is defined at ¥/¥<, = 90%. 

aspect ratios of 1.05-1.5. In this extreme limit we investigate the transition of 
the spheromak (q(a) = 0, ltf=0) to a ULART plasma (q(a) = 2-20). The 
attainable plasma current is 30 - 40 kA with variable toroidal field of 0-2 kG for 
Rp=18 cm, a< 16 cm. The evolution of the current and magnetic profile [q(R), 
B(R), \j/(R)] is monitored by an array of magnetic probes immersed in the 
plasma. Figure 6(a) presents the basic geometry of the TS-3 device[l 1]. 
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A significant observation is the effectiveness of the central toroidal current 
against tilt and kink modes. An important question is at what Itf the plasma 
becomes stable by suppressing the n=l tilt/kink mode. It is observed that a small 
axial current (Itf«Ip) in the center conductor can significantly improve the 
overall stability of the plasmas. Figure 6(b) depicts the n=l component of the 
plasma displacement due to tilt/shift or kink modes versus time for different 
toroidal coil currents at the center conductor. It is observed that the growth rate 
of the n=l mode decreases drastically as toroidal coil current is raised or q is 
increased. The threshold value of Itf for n=l global stability decreases 
substantially from about 20 kA to 6.0 kA as A is reduced from 1.5 to 1.1. These 

threshold cases correspond to q9o = 2 - 4 at the plasma edge of xj/Aj/a = 0.90. A 
simple MHD theory predicts <Bt> > <Bp> for external tilt stability for a large 
aspect ratio limit, which is easily satisfied in conventional tokamak 
configurations. If we apply the same criterion to the ULART, the threshold 
value for tilt mode stability would be qCyi(a) = a/Rp ~1 (where qCyi(a) denotes 
cylindrical q value) or Itf > Ip. However, our experiment has demonstrated that 
notably smaller Itf is required for n=l tilt/shift global stability. In Fig. 6 the 
stable regime is shown by Itf > 0.2 Ip for A= 1.1. The present result from the 
ULART experiment on TS-3 is consistent with the CDX-U result in which a 
significant enhancement of m=l-2/n=l internal MHD modes is observed as the 
q(a) is decreased as shown in Fig. 3(a). Here, we expect a coupling of low-n 
internal modes with external modes. A further extensive investigation with the 
aid of MHD numerical stability codes will clarify this important issue and reveal 
many more unique MHD characteristics of the ULART configuration. 
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Abstract 

INITIAL OPERATION OF THE TJ-IU TORSATRON AND THEORETICAL STUDIES FOR THE 
FLEXIBLE HELIAC TJ-II. 

In April 1994, first ECRH plasmas (28 GHz, second harmonic) were produced in the TJ-I U tor-
satron (R = 0.6 m, <a> = 0.1 m, B(0) = 0.52 T, t(0) = 0.3). The main parameters of the device, 
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the basic characteristics of the heating system and some results concerning magnetic surface mapping 
and first plasma discharges are reported. TJ-II is a medium size stellarator (R = 1.5 m, <a> = 0.2 m, 
B(0) = 1.0 T) in an advanced stage of construction at CIEMAT. In the paper the latest understanding 
in the fields of equilibrium, stability and transport in a strong helical system such as TJ-II is presented 
in a summary way. 

1. TJ-I UPGRADE TORSATRON 

1.1. Description of the device 

TJ-I Upgrade is an t = 1, m = 6 torsatron constructed at CIEMAT, Madrid 
[1], with a major radius of 0.6 m and an average plasma radius of 0.1 m. The mag
netic field is created by five coils: one helical coil and two pairs of vertical field coils. 
At the magnetic axis, B = 0.52 T with a magnetic ripple of 7.6%. The magnetic sur
faces are elliptical for <¡> = 0° and slightly triangular for 0 = 30°. The latter angle 
was selected for ECRH power injection from an external port. 

1.2. Magnetic surface mapping 

During the initial operation only the helical and external vertical field coils were 
available. This arrangement restricts the flexibility of the device; nevertheless, the 
existence of magnetic surfaces was predicted and experimentally confirmed. The 
quality of the magnetic surfaces has extensively been studied by means of mapping 

FIG. 1. Calculated and experimental magnetic surfaces. Current ratio: IVf/Ihc = 0.451. Rotational 

transform at axis: 0.21. 
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techniques at reduced magnetic field values, up to 0.05 T. The relevant parameter 
determining the magnetic configuration is Ivf/Ihc, the ratio of external vertical and 
helical field coil currents. Changing this ratio from 0.35 to 0.51 makes the rotational 
transform at the magnetic axis vary from 0.52 to 0.11. The results obtained, in good 
agreement with the theoretical calculations, show the existence of closed, nested 
magnetic surfaces (Fig. 1), provided the value of the rotational transform is away 
from the low order rationals. Otherwise, since the shear in this device is small, large 
islands are observed. 

1.3. Heating system 

ECRH plasmas are produced by using perpendicularly launched second har
monic extraordinary waves. The heating system, including gyrotron, transmission 
line and auxiliary systems (MIG-2U complex) was designed and constructed in Rus
sia. The gyrotron generates a 28 GHz Gaussian beam with almost linear polarization 
(99%) and a power level of up to 420 kW. The quasi-optical transmission line con
sists of four cyclindrical mirrors coupled in pairs so that the curvature radii of each 
couple lie in perpendicular planes. The total losses in the line do not exceed 10%. 
The measured waist of the gyrotron output beam is 23 mm, and the beam diameter 
at the TJ-I U window is 40 mm [2]. 

1.4. First results 

After installing the diagnostics and conditioning the walls by a He glow dis
charge, the first plasmas were achieved 20 April 1994. So far, 800 shots have been 
produced with the main purpose of checking the performance of the machine and 
exploring the accessible range of parameters. In most discharges the magnetic 
configuration was kept fixed at i(0) = 0.21. 

A fast injection system is used for density control and suppression of runaway 
electrons during the ramp-up of the magnetic fields. Effective suppression of hard 
X ray emission before and after plasma shots was possible for puffing rates compati
ble with good preionization conditions (p = (3-5) x 10~5 mbar). 

Figure 2 shows the time evolution of some plasma parameters during 200 kW 
ECH discharges: microwave absorption monitor; line electron density; radiative 
electron temperature, Tr, near the magnetic axis, measured by ECE, and O V 
(2781 À) emission. The ECE signal drops immediately when the electron density 
exceeds the corresponding cut-off density, 0.49 x 1013 cm-3. The time behaviour 
of the O V line has been used to optimize the discharge qualitatively and to obtain 
a preliminary estimate of the ion temperature, T¡ « 25 eV, from Doppler 
broadening. 

The particle balance during the initial phase of the injection [3] indicates a low 
fuelling efficiency (»7-10%), increasing with the electron density. The electron 
density response to a short gas pulse was followed in order to evaluate the effective 
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particle confinement time: values of 4 to 5 ms were obtained. No evaluation of the 
recycling coefficient, R, was possible, thus precluding a direct estimate of TP. 

Ray tracing studies have been performed by assuming electron densities n^ = 
(0.3-0.45) x 10B cm-3 and temperatures, T^ = 100-200 eV. The single pass 
absorbed power for an intermediate regime (íleo = 0.3 X 1013 cm-3 and Teo = 
200.eV) is about 12%. This value increases up to 32% for the most favourable 
regime (n^ = 0.45 X 1013 cm"3 and T^ = 200 eV), in which the cut-off layer 
appears in the plasma inside the resonance zone (two pass absorption). In some series 
of 200 kW discharges with electron densities of 0.4 x 1013 cm-3 and radiative tem
peratures about 200 eV, as deduced from ECE measurements and XPHA, the time 
evolution of the plasma energy derivative has been measured with magnetic flux 
loops. The stored energy is « 10 J, and the deduced absorbed power fraction is about 
30% (also confirmed by microwave absorption monitors), resulting in energy con
finement times of up to 0.1 ms. 
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Non-linear least squares fitting of the current-voltage Langmuir probe charac
teristic has been used to determine the electron temperature at « 1 cm inside the last 
closed magnetic surface position, as deduced from code calculations. Electron tem
perature values up to 40 eV have been measured. 

2. TJ-n FLEXIBLE HELIAC 

2.1. Description of the device 

The flexible Heliac TJ-II is a medium size device (R = 1.5 m, <a> = 0.2 m, 
B(0) = 1.0 T) in an advanced stage of construction at CIEMAT, Madrid [4]. TJ-II 
coil configuration consists of 32 toroidal field coils centred around a toroidal helix 
of major radius RQ = 1.5 m, minor radius rsw = 0.28 m, and pitch law 0 = —4$, 
where 0 and $ are the usual poloidal and toroidal angles. The flexible heliac owes 
its name to the central conductor which is made of two components, a circular coil 
located at the major axis, 1.5 m, and a helical winding wrapped around the circular 
one, following the same winding law as the toroidal coils. These separately controlla
ble currents in the central conductor windings give the device its unique flexibility, 
which is characterized by a wide range of attainable physical parameters (0.96 < IQ 
< 2.5, — 1 % < magnetic well < 6%) that can be independently controlled and 
differentiate it from the original heliac design. Two circular vertical field coils com
plete the coil configuration. 

2.2. Theoretical studies 

To understand the potential problem of island formation in heliacs, we have 
applied the PIES equilibrium code [5] to a standard configuration of TJ-II with 
increasing values of </?>. The configuration seems to be very robust to island forma
tion and only when <|8> reaches 2%, two n/m = 4/11 islands (iota = 4 x (4/11) 
= 1.455) and one n/m = 7/19 island (iota = 1.474) are observed (Fig. 3). The 7/19 
island is just before the fixed boundary and does not show up clearly in the iota pro
file. A comparison of the PIES results with those obtained by using VMEC (which, 
unlike PIES, assumes the existence of nested flux surfaces) shows, as was to be 
expected, good agreement when there are no noticeable islands and significant dis
crepancies for <|8> = 2%. 

Using the wide flexibility of TJ-II to obtain configurations with different physi
cal properties, we have also studied a special configuration of TJ-II having the low 
order resonance iota/N =1 /3 inside the plasma even at zero (3, giving rise to a large 
third order island. When the central jS is increased up to 1 % apparently there is a 
rapid initial flattening of the island followed by a widening phase. No new islands 
appear. (For more details, see Ref. [6]). 



ÂSCASIBAR et al. 

1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95 

FIG. 3. Poincaré plot for the standard configuration, for <#> = 2% (old). 
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We have analysed the loss cone structure and the distribution of trapping regions 
in real and velocity space in TJ-II. Particle orbits have been followed for fast ions 
(H+ , 1-40 keV), using 'guiding centre' approximation and Boozer co-ordinates, 
with no collisions, no re-entering and, up to now, with no radial electric field [7]. 
Passing particles appear for high pitch parameter values (high parallel velocities) with 
the loss regions concentrated around the plasma borders. These lost passing particles 
escape from the plasma extremely soon (prompt or direct losses), with loss fraction 
values increasing strongly with energy. In addition, there is a much larger fraction 
of losses for parallel velocities (7 = Vyv > 0) than for the antiparallel cases, a 
difference that has its origin in the behaviour of drifts and horizontal shifts for both 
cases. These differences between parallel and antiparallel directions and between 
prompt and delayed losses have important consequences for tangential NBI in TJ-II. 

Trapped particles appear for low 7 values (high perpendicular velocities). Con
trary to passing particles, the regions of trapping are not very sensitive to energy, 
except slightly near the plasma centre. And, corresponding to trapped particles that 
lose their memory of the initial pitch direction, there is no sensitivity to pitch sign, 
either. This energy insensitivity becomes very clear from Fig. 4. The loss cone is 
clearly visible as is the sharpness of the boundaries between the different trapping 
regions that reveal the energy insensitivity. 

Finally, for the energy range studied, all trapped particles are lost in TJ-II; 
nevertheless, in realistic cases (thermal populations, NBI scenarios, etc.) the total 
fraction of losses lies around a 20% level, highly dependent on many parameters. 
These levels are rather high — a consequence of the strong magnetic ripples near the 
TJ-II plasma border. 
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DISCUSSION 

K. YAMAZAKI: I am very interested in the global confinement in your two 
devices. With regard to confinement in the TJ-IU torsatron, how do your results 
compare with commonly used helical confinement scalings such as LHD scaling? 

C. ALEJALDRE: Our preliminary results in TJ-IU indicate values for the 
energy confinement time (TE) of about 0.2 ms and an effective particle confinement 
time of about 3 ms. More experiments are in progress to compare the TJ-IU confine
ment properties with the LHD scaling laws. 

K. YAMAZAKI: Concerning neoclassical transport in the TJ-II, I am slightly 
worried about ripple loss in your heliac. Do you have a plan to reduce that? 

C. ALEJALDRE: In TJ-II, we have modified the position of the toroidal field 
coils to minimize ripple at the axis, which is now below 0.8%. 
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Abstract 

CONFINEMENT STUDIES OF PLASMAS IN HELIOTRON E WITH BORONIZATION. 
An improvement of the plasma confinement has been achieved in Heliotron E, in which the 

plasma wall interaction has been changed using a newly developed technique of boronization with 
decaborane. The boronization resulted in low-density, high-ion-temperature plasmas whose ion 
collisionality extended to the range of the deep 1/̂ »» regime. The local electron and ion thermal diffu-
sivities in the beam heated plasmas are analyzed using detailed profiles of the electron and ion tempera
tures, and the radial electric field from the ambipolar constraint was investigated by observing the 
poloidal rotation velocity of C6 + by charge exchange recombination spectroscopy. The difference 
between the experimental and theoretical thermal diffusivities is discussed by comparison with theory-
based transport models. 

1. INTRODUCTION 
In helical systems, the study of confinement in the low collisionality regime 

is the most important subject for reactor-relevant physics. In Heliotron E, 
steady progress of the experimental studies on confinement improvement has 
been made by magnetic configuration control [1], density and heating power 
profile control, and edge potential control [2]. An initiative based on these 
confinement experiments is the attainment of elevated ion temperature in the 

Faculty of Engineering, Nagoya University, Nagoya, Japan. 
2 National Institute for Fusion Science, Nagoya, Japan. 
3 Interdisciplinary Graduate School of Engineering Science, Kyushu University, Kasuga, Japan. 
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long-mean-free-path regime (Í/¿** < 1) through the "electron-root" with large 
radial electric field Er > 0, where the neoclassical ion heat transport should be 
reduced substantially. In order to achieve this scheme, we firstly have to find the 
way toward the collisionless regime of ions without assuming the favorable Er 

effects (e.g., magnetic configuration optimized from the "absolute-confinement" 
viewpoint), and secondly we have to devise a tool to produce large Er in the 
plasma of that regime (e.g., enhanced electron loss under the superposition of 
high-power ECH), and finally we have to realize low electron heat transport 
by eliminating or suppressing the possible parallel electron transport in the 
edge "high-shear" region or the drift wave turbulence such as trapped-electron 
modes or the resistive-interchange modes in the edge "magnetic-hill" region 
(e.g., formulation of a thermal barrier due to velocity shear by the edge potential 
control). 

Based on such a motivation, the present work is intended to contribute to 
this important topic by analyzing the detailed profile data that are now avail
able and by clarifying the mechanism of local heat transport that is essential 
for the global confinement scaling. For the above purposes, a new boronization 
technique with low H/B atomic ratios (~ 0.1) has been applied to Heliotron 
E since July 1993 [3]. After this boronization, the operational region of both 
density and temperature was extended widely, and the ion collisionality sub
stantially reduced to the deep 1/ẑ ** regime (0.01 ¿5 ^¿**). A newly installed 
charge exchange recombination spectroscopic diagnostic [4] provided detailed 
spatial profiles of the ion temperature, which opened the way to understand the 
local ion transport physics. The control of Er is also an important issue and 
is considered to be a key factor in the improvement of plasma confinement. In 
Heliotron E, the radial electric field behavior is determined by the operational 
density and the medium density NBI plasma generally showed a negative Er, 
indicating the "ion root" [5]. On superposing ECH power on the beam heated 
plasma, an increase of the ion temperature with the electron temperature was 
observed and a buildup of the more positive edge Er zone was observed de
pendent on ECH power which afforded an experimental basis for Er control. 
In this paper, a global confinement property and local transport analysis are 
described in Sections 2 and 3. In Sections 4 and 5, edge plasma and fluctuation 
are discussed. The conclusion is presented in Section 6. 

2. GLOBAL CONFINEMENT PROPERTY 
Heliotron E is an axially asymmetric confinement device with i = 2 and 

m = 19. A currentless plasma is initiated by high power gyrotrons and further 
heated by neutral beam injection. The maximum injected power of the neutral 
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FIG. 1. Plasma stored energy as a Junction of neutral beam power. 

beam is 3.5 MW and the acceleration voltage is 23 ~ 28 kV. In 1993, a 35 
GHz gyrotron was available and so the beam heated plasma at B = 0.62 T 
could be investigated. In order to obtain high density plasmas in the low mag
netic field and high ion temperature plasmas at B = 1.9 T, a new boronization 
technique has been developed. The coating of boron on the chamber wall was 
made by a 2.45 GHz discharge at B = 0.045 T with He and Bio H i 4 . The 
typical thickness of the deposited layer was 1500 Â and the H/B atomic ratio 
was about 0.1. Before the boronization, titanium flash on the vacuum cham
ber wall was necessary on every day of experiments. After the boronization a 
remarkable reduction in light impurities, oxygen and carbon was observed, and 
the reproducibility of plasmas was greatly improved. The favorable effects of the 
boronization remained for more than 300 shots of typical Heliotron E neutral 
beam and ECH plasmas. The global confinement in the beam heated plasmas 
was studied at the magnetic field strengths B = 0.62 T and 1.9 T under the 



760 OBIKI et al. 

0 
0 1 2 3 4 

NBI Power (MW) 
FIG. 2. Confinement time as a function of neutral beam power. 

boronization conditions. Figure 1 shows the plasma stored energy as a function 
of the neutral beam power for the various magnetic-axis locations from R = 216 
cm (Av = - 4 cm) to 220 cm (A^ = 0 cm: standard configuration in Heliotron 
E). Higher plasma energy was obtained with the magnetic axis shifted inward 
by 3 or 4 cm. At B = 1.9 T, the central electron and ion temperatures were 
0.5 ~ 1 keV. At 3 MW injection the plasma energy varied from 10 kj to 27 kJ 
depending on the electron density. The average electron density increased from 
1 X 1013 cm - 3 to 10 X 1013 cm - 3 by gas puffing and pellet injection. The plasma 
energy of 27 kJ corresponds to an average beta value of 0.6% at B = 1.9 T. 
At B = 0.62 T the maximum plasma energy was 5 kJ and the corresponding 
average beta value was 1%. Figure 2 shows the global confinement time as a 
function of the neutral beam power at B = 1.9 T and 0.62 T. In the high power 
region the global confinement time ranged from 2 ms at B = 0.62 T to 5 ~ 15 
ms at B = 1.9 T. 
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3. LOCAL TRANSPORT ANALYSIS 
From the viewpoint of ion heating efficiency [6], Fig.3 shows the central 

ion temperature as a function of Pabs/ñe with and without pellet-assisted den
sity profile control under various magnetic-axis shift configurations after the 
boronization. The enhancement of the efficiency with pellet injection and in
ward magnetic-axis shift (Av = - 2 to - 4 cm) was apparent, and an ion tem
perature of 1 keV was reached in the density range of 1.5 — 2.5 X 1013cm -3 for 
the H° —» D+ injection scheme. The CXRS diagnostic revealed detailed ion 
temperature profiles so that the experimental thermal diffusivity, xT%'•> c o u ld 
be compared with neoclassical predictions including the Er effects. Figure 4-
(a) shows an example of Te (Thomson scattering) and Ti (CXRS) profiles for 
the low-density NBI plasma (ñe = 2.3 x 1013cm~3) with the 3 MW injection 
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FIG. 3. Ion heating efficiency as a function of Pabs /rig with and without pellet-assisted density control 
under various magnetic configurations. 
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in the Av = —4 cm configuration. The experimental Er structure in this dis
charge showed the "electron root" at the edge region as shown in Fig.4-(b), 
and the radial structure of Er was confirmed to be within the expectation from 
the calculated ambipolar constraint that the nonaxisymmetric neoclassical ion 
and electron particle fluxes be equal, T™ = T™. In this type of operation, the 
electron-ion energy exchange is so small that the input beam power in electron 
and ion channels is lost through the same channel through the dominant conduc
tion process. For such a low-density, high-power NBI operation, measurements 
of the collisionality dependence of xTP n a v e been made by reducing the ambi
guity due to the difference between the ion and electron temperatures, as shown 
in Fig.5 which illustrates the ratio xTP lxT° ^ a function of */,-**. It should be 
noticed that the experimental evaluation of xTP m s u c n a r a r e collisional regime 
was for the first time achieved in the heliotron/torsatron configuration. These 
measurements showed that the peripheral xTV t e n ds to deviate more from the 
neoclassical prediction as compared with that of the central xTP •> which could 
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be also confirmed from the radial variation of xTV in the single-shot based pro
file analysis. The experimental dependence of xTP o n pi** m a r a r e collisional 
regime was found to be different from the 1/v dependence, which reflects the 
finding that the change of xTP with z/¿** is not marked. 

This observation provided a motivation for comparison of experimental re
sults with the theoretical prediction based on the electrostatic drift wave tur
bulence model which consists of circulating electron modes, toroidally or he
lically trapped electron modes, ion-temperature-gradient (r¡i) modes, resistive 
interchange (resistive-g) modes, etc. It is intended to establish whether one 
combination of these theory-based transport models can be selected to reason
ably interpret a wide variety of Heliotron-E ion and electron transport conditions 
even when extended toward the medium and high density regime. As for the ion 
transport in the low-density regime, the experimental xTV m the central region 
(r < a/3) can be comparable to the neoclassical value in the plateau regime, 
while the xTV m the outer region deviates from that, exhibiting an anomaly 
of the level comparable to that expected from circulating electron modes or 
trapped (toroidally and helically) electron modes. The contribution from the rji 
mode can not be excluded in the high T¿-gradient region in several cases and 
this might explain the observable deviation from the neoclassical value in this 
region. The xTV exceeds by an order of magnitude the theoretical prediction of 
the resistive-g turbulence in the whole plasma region. In contrast, the electron 
heat transport showed an anomaly of the order of 30 over the whole plasma 
radius compared to the neoclassical prediction. The circulating electron modes 
and trapped electron modes become the potential candidates for explaining the 
electron heat transport consistently with the anomalous ion heat transport. The 
electron heat transport due to the resistive-g mode may be important in the half-
radius region and in some cases in the edge region. In order to elucidate the 
applicability condition of the turbulent transport models, and to explore plasma 
parameter ranges for which each turbulent transport model becomes dominant, 
Xi and Xe models were compared with Heliotron-E results as follows: 

-1/ • — A/ n e o J_ C i/*?» _L H TE ICE . ^ g-mode / 1 \ 
Xj - Xj + ^ViXj + ^TE/CE Xj + ^gXj (1) 

where j = electron or ion, xle° ls ^n e neoclassical value [7], xT 1S the thermal 

diffusivity by the toroidal t)i mode [8], Xj 1S the thermal diffusivity by 

the trapped electron mode (TE) and the circulating electron mode (CE) [9], 

and X9j~m° e is the thermal diffusivity by the resistive-g mode [10]. With the 

fixed coefficients of CVi = 0.5, CTE/CE = 0-2, and Cg — 1, it was found that 

for the present low-density, high-power NBI plasmas, the experimental xTP 
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and xtxp m ^n e outer plasma region (r/a — 0.5 ~ 0.8) were relatively well 
reproduced by this proposed multi-mode model diffusivity. Figures 6-(a) and 
(b) show the experimentally determined ion and electron thermal diffusivities, 
X¡xp and xTVi ^ a function of radius for the plasma of Fig.4 together with 
the theory-based TE/CE modes, toroidal 77¿-modes, resistive-g modes as well 
as the model diffusivities. Thus, the multi-mode model duffusivity analysis was 
found to be usable for transport studies, but more systematic data analysis 
will be needed to support such a transport mechanism from the viewpoint of 
parameter dependencies as well as configuration schemes, including the analysis 
from the fluctuation measurements now under way. 

As for the external edge Er control, the 2nd high-power ECH (53 GHz, 500 
kW) pulse was injected during the low-density NBI phase as shown in Fig.7. The 
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increments in the central ion temperature and electron temperature were both 
about 200 eV. The fast reciprocating Langmuir probe measurement revealed the 
edge Er build-up in the more positive direction during this ECH overlapping 
phase and the slow increase in soft-X ray intensity suggested the decrease of 
impurity confinement time. The Er change was also observed to enhance the 
charge-exchange neutral outflux originating from the parallel-injection beam 
ions. A possible interpretation is the reduction of loss-cone space through the 
Er change in the more positive direction, which is theoretically expected [11]. 
Modification of the Er profile by pellet injection is also discussed in another 
paper [12]. The improvement of ion heating efficiency through the scheme of 
high-power 53 GHz ECH overlapping still stays in a rather moderate level in the 
low-density regime, but the usage of higher-power 106 GHz ECH is now being 
prepared for the higher-density NBI target plasmas. 

4. EDGE PLASMA BEHAVIOR 
The plasma flow is one of the important parameters for the edge plasma 

physics and the improvement of the plasma confinement. Previously the asym
metric flows of impurities in the separatrix region [13], and up-down asymme
try of the divertor heat load and particle fluxes have been observed [14]. A 
multi-faced Langmuir probe consists of a circular array of 12 collecting probe 
tips mounted on the circumference of the cylindrical probe-head. The probe 
scans the radial direction on the equatorial plane. Inside the last closed flux 
surface(LCFS), the components of the plasma flow are estimated based on 
MacLatchy's method [15] from the azimuthal distribution of the ion satura
tion currents. The perpendicular flow is always directed to the ion diamagnetic 
direction. The magnitude of the flow velocity is of the same order as those of 
the E x B drift and V P drift which are estimated from the radial profiles of 
space potential and electron pressure. The direction of the phase velocity of the 
potential fluctuation for ECH plasma is consistent with the perpendicular flow. 
As for the parallel flow, the dependence of the flow direction on the toroidal 
magnetic field orientation is not simple. An explanation is that the parallel flow 
consists of two different flows. One is an almost constant flow independent of 
the field direction and the other is anti-parallel flow which increases its speed 
with the radial position. For neutral beam heated plasmas, asymmetric pro
files of the ion saturation currents are also observed. The flows show stronger 
radial dependence than flows in ECH plasmas. The perpendicular plasma flow 
reversed from the ion diamagnetic drift direction to the electron diamagnetic 
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direction for r < 27 cm. These edge plasma flow studies are expected to become 
a key factor in the formulation of improved edge confinement in relation to Er 

modification. 

5. FLUCTUATION MEASUREMENTS 
In order to understand the fluctuation-induced transport, the properties of 

density and potential fluctuations have been measured using a wide beam laser 
phase contrast method and a multi-faced Langmuir probe method. The laser 
phase contrast method revealed the considerable reduction of the central-chord 
electron density fluctuations, especially in the frequency range of 80 to 150 kHz, 
with the shift of power spectrum S(k,f) toward the electron diamagnetic direc
tion during the 2nd ECH overlapping phase. The Langmuir probe measurement 
showed that the electrostatic turbulence just inside the LCFS is governed by a 
certain coherent structure while that outside the LCFS showed the incoherent 
structure, thus suggesting a correlation with the magnetic field line configura
tion in relation to the connection length. The 2nd ECH overlapping can modify 
the turbulence nature through the loss of energetic electrons produced by the 
applied ECH and/or the resultant Er, thus leading to a change of fluctuation-
induced transport especially in terms of particle transport. The comparison 
with the theory-based transport models mentioned above will be beneficial to 
the present topic. 

6. CONCLUSION 
In Heliotron E, after the boronization, confinement studies for low-ion-

collisionality NBI plasmas were carried out under the reduced light impurities 
conditions. The ion collisionality ranged from the plateau to the helical ripple 
regime at the half radius. The local ion heat transport analysis has been made 
using the space-resolved CXRS. The experimental xTV w a s observed to deviate 
from the neoclassical value in the outer region in the low-density NBI operation. 
The electron thermal diffusivity xTv n a s a i a r g e anomaly of the order of more 
than 10 over the whole plasma radius. Theoretically-derived turbulence mod
els were investigated as a possible cause for these ion and electron anomalies. 
The overlapping of high power ECH on neutral beam heated plasma has been 
examined from the viewpoint of enhanced ion heating through Er modification. 
Edge plasma properties and fluctuation behavior have also been discussed in 
connection with this process. 
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DISCUSSION 

R. KOCH: I understand that you were able to make longer pulses after boroni-
zation. What was limiting the pulse length before boronization and what limits it after 
boronization? 

T. OBIKI: The limitation of the pulse length is due to radiation collapse. 
V. DHYANI: You mentioned the change in the radial electric field going from 

the core towards the edge. Do you see the formation of a shear layer? 
T. OBIKI: Velocity shear exists but its magnitude seems not to be large enough 

to affect confinement. 
V. ERCKMANN: Do you observe a degradation of the particle confinement 

with combined ECRH and NBI as compared with pure NBI heating, as is observed, 
for example, in W7-AS? 

T. OBIKI: We have not observed any degradation of the particle confinement. 
R.J. GOLDSTON: On average, what is the ratio of the experimentally mea

sured core Xi to the neoclassical value? 
T. OBIKI: For r/a = 0.2, the ratio is 1-10. 
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Abstract 

PERTURBATIVE AND STATIONARY ECRH AND ECCD EXPERIMENTS WITH 70 AND 
140 GHz AT THE W7-AS STELLARATOR. 

An overview on physics studies with Electron Cyclotron Resonance Heating (ECRH) and Current 
Drive (ECCD) in the extended parameter range accessible with a new 140 GHz system at W7-AS is 
presented. The measured parameter dependence of ECCD on the density, temperature and launch angle 
is discussed in the light of linear theory. A perturbative ECCD method was applied to discriminate 
between the bootstrap and the EC driven currents, and the results are compared to theoretical modelling. 
ECRH power deposition was determined by fast modulation of the input power for different deposition 
profiles. At lower modulation frequencies stimulated heat wave propagation was investigated. The heat 
diffusivities derived from perturbative methods and steady state power balance analysis are compared. 

771 
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1. INTRODUCTION 

Steady state and perturbative methods are complementary tools for plasma 
physics investigations. Significant progress has been made in the understanding 
of e.g. the complex physics of heat and particle transport by the comparison of 
the results from both methods. ECRH is a powerful tool supporting both 
methods, because steady state discharges are easily maintained in long pulse 
operation and perturbative experiments can be conducted in a very flexible and 
controlled way by an amplitude modulation of the launched ECRH power. The 
narrow and well localized power deposition profile guarantees a localized 
perturbation at an arbitrary location within the plasma, which is well separated 
from the propagation region of the stimulated perturbation. Experiments are 
reported, which make extensive use of both methods to investigate ECCD, 
ECRH power deposition and the heat transport in W7-AS. 

Net current free plasma start up and heating is provided by ECRH at 70 
and/or 140 GHz with a resonant magnetic induction of 1.25 T (70 GHz, 2nd 
harmonic X-mode, "X2") or 2.5 T (70 GHz, 1st harmonic O-mode, "01", 
and/or 140 GHz, 2nd harmonic X-mode, "X2"), respectively. Plasma operation 
is possible up to the cut-off densities for the different heating scenarios, i.e. 
ne cri t = 0.3 x 1020 m-3 (1.25 T, X2), ne,Crit = 0.6 x 1020 m-3 (2.5 T, Ol) and 
ne!crit = 1-2 x 1020 m-3 (2.5 T, X2). Both the 70 (0.4 MW, 3 s) and 140 GHz 
beams (0.5 MW, 1.1 s or 0.9 MW, 0.4 s) are launched from the low field side 
in the equatorial plane by a flexible mirror system for on/off axis heating and 
current drive. Power modulation is possible with frequencies up to 10 kHz at 
arbitrary amplitude for perturbative studies. The 140 GHz system is presently 
being upgraded for 2 MW, 3 s operation. 

2. ELECTRON CYCLOTRON CURRENT DRIVE 

The experiments were performed at BQ = 2.5 T and an edge rotational 
transform i(a) = 0.34 in an optimum confinement regime. The plasma net 
current was feedback controlled (L = 0 ± 200 A) by compensating both the 
pressure driven bootstrap current and the EC driven current component with an 
inductively driven current. The required loop voltage is plotted in Fig. 1 as a 
function of the launch angle of a narrow 0.4 MW, 140 GHz microwave beam in 
the X2-mode. Two cases with low (neo = 1.5 x 1019 nr3, Teo = 2.5 keV) and 
high plasma density (neo = 7 x 1019 m-3, Teo = 0.9 keV) are shown. The loop 
voltage at perpendicular launch (0°, no ECCD) is required to compensate the 
bootstrap current alone. Positive (negative) launch angles correspond to co 
(counter) -current drive with respect to the bootstrap current direction. The 
bootstrap current Iboot (DKES code) and the inductively driven current Ijn£i was 
calculated for each shot (neoclassical conductivity) based on the measured 
profiles of temperature and density. The 'missing current' AI=Iboot-Iind_Ip is 
attributed to the EC-driven current and plotted in Fig.2 as a function of the 
launch angle. The comparison with an independent theoretical ECCD modelling 
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FIG. 3. Sketch showing the principle of the perturbation experiment for modulation of the bootstrap 
current at constant EC driven current (left) and vice versa (right). 

based on linear theory [1] is shown for both cases. The EC- driven current is 
calculated within the 'adjoint approach' [2] taking into account the measured 
profiles of ne and Te and trapped particle effects in the 3D geometry of the 
stellarator. The absolute values of the driven current as well as the 
characteristics of the launch angle dependence are well described. In particular 
the density and temperature dependence of the EC driven current is clearly seen. 

A comparison with previous ECCD experiments with 01-mode launch at 
almost identical discharge conditions [3] shows the characteristic differences 
predicted by linear theory for 01 - and X2-ECCD. 

The three internal current contributions do, of course, not cancel locally. 
Whereas the bootstrap current flows off-axis in the pressure gradient region, 
both the EC and the inductively driven current components are centred around 
the plasma axis but have strongly different profile widths. The application of a 
coherent perturbation method where either the EC-driven or the bootstrap 
current component is modulated allows to discriminate experimentally between 
the two current components while measuring the time response of the loop 
voltage in inductively compensated discharges. Two ECRH beams with equal 
ECRH power were obliquely launched in opposite toroidal directions and were 
square wave modulated either in phase or out of phase as sketched in Fig. 3. 
For in phase modulation the EC driven current always cancels and only the 
bootstrap current is modulated, whereas for out of phase modulation the EC 
driven current is modulated and the bootstrap current remains constant. As seen 
from Fig. 4 the loop voltage response to the bootstrap current modulation is 
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FIG. 4. Top: Time response of the loop voltage to a square wave modulation (10 Hz, 25%) of the driv
ing ECCD power for anti-phase (hatched) and in-phase modulation (dotted). Several cycles are aver
aged and only one cycle is displayed. Bottom: Perturbed EC driven current versus perturbed ECCD 
power for constant heating power and antiphase modulation of simultaneously co- and counter-current 
driving ECRH beams. 
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prompt and strong indicating a small diffusion time due to the edge localization 
of the bootstrap current. The loop voltage response for the ECCD modulation is 
delayed with respect to the driving power modulation and shows a strong 
diffusive damping indicating a current flowing in the plasma central region. 

The time dependent solution of the voltage diffusion equation for both 
current components is in excellent agreement with the measurements, if the 
calculated radial current density distributions for ECCD (from ray tracing) and 
the bootstrap current (from DKES code) are assumed [4]. From a slightly 
different type of modulation experiment without inductive current compensation 
(Uloop = 0) a linear relationship between the perturbed EC driven current and 
the driving perturbed power was measured as predicted by linear theory and is 
shown also in Fig. 4. 

3. POWER DEPOSITION PROFILES AND HEAT TRANSPORT 

The ECRH power deposition profile is determined by a coherent power 
modulation technique, where the perturbed electron temperature is measured by 
space and time resolved ECE-diagnostic. The modulation frequency was 
scanned from 100 Hz to 10 kHz for different launching scenarios in long pulse 
operation and analysed by Fourier methods [5]. ECRH power deposition 
profiles were measured for two cases, where a wide (defocused) and narrow 
(focused) microwave beam was launched, respectively. As seen from Fig. 5, 
where the measured profiles are plotted together with an extrapolation towards 
infinite modulation frequency, the diffusive broadening can be neglected at 
modulation frequencies of a few kHz. The difference in the deposition profile 
width due to the different widths of the launched beams is well resolved. A 
comparison with ray tracing simulation is also shown in Fig. 5 for off-axis 
launch and shows a somewhat reduced power density close to the cold plasma 
resonance but again the deposition profile width is well reproduced. 

The comparison of the electron heat diffusivity from stimulated heat wave 
propagation with the one from a steady state power balance analysis may allow 
to discriminate between different transport models. In contrast to tokamaks, 
where in general the perturbative % is significantly larger than the power balance 
% [6], both values agree well in W7-AS [7]. This result indicates that there is no 
significant dependence of % on V T, which is a basic ingredient of e.g. critical 
gradient or nonlinear transport models [e.g. 8]. The absence of a profile 
resilience in W7-AS supports this conclusion [9]. The perturbative % shows a 
clear dependence on the leading parameters governing the heat transport in W7-
AS such as density and heating power. An example is given in Fig. 6, where 
the perturbative % is plotted versus the density and power. The functional 
dependence from a global confinement regression analysis («= ne-0-5-0.7) is well 
reproduced and is shown for comparison. Attempts have been made to correlate 
the heat diffusivity from local power balance analysis with the local electron 
temperature by a regression analysis, but no sufficient significance could be 
found. Again this result is supported by perturbative experiments. A 
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dependence of % on Te would necessarily lead to a dependence of % on the 
modulation frequency, which could not be confirmed experimentally within the 
investigated range of frequencies [10]. So there is no evidence for a temperature 
dependence of %. The puzzle remains that both the perturbative and power 
balance % clearly show the degradation with power (<*= P0.5) as seen from 
Fig. 6. There is some experimental evidence from switching experiments that 
the heat transport may occur on a much faster time scale than expected from a 
diffusive process, which may explain the empirical results [11] but does not 
provide a satisfying physical picture at present. 

4. CONCLUSIONS 

ECCD experiments at W7-AS with both, perturbative and stationary 
methods are well described by linear theoretical modelling with respect to both 
the absolute values and the dependence of the driven currents on power, density 
and temperature. Perturbation experiments allowed to discriminate between the 
bootstrap- and the EC-driven current. Power deposition profiles were measured 
with high frequency power modulation techniques and are in good agreement 
with ray tracing calculations. The comparison of perturbative and stationary 
electron heat diffusion analysis gives no indication for a T or VT dependence of 
the heat diffusivity in contrast to many tokamaks. 
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DISCUSSION 

T.N. TODD: I understand that, when analysing your current drive experiments, 
you accounted for (i) bootstrap effects, (ii) neoclassical inductive current drive, and 
(iii) ECCD. What role is played in your experiments by the additional conductivity 
created by the ECRH which makes the inductively driven current significantly larger 
in some cases? 

V. ERCKMANN: The inductive current is calculated by assuming a 
Maxwellian distribution function. One might expect that the underestimation of the 
inductive current (introduced by the electron cyclotron (EC) deteriorated distribution 
function) would become of increasing importance with decreasing density. Such a 
tendency is observed in our results, where theory and experiment agree almost 
perfectly for the high density case and show some systematic deviation at low density. 

S. OKAMURA: I believe that the main objective of electron cyclotron current 
drive (ECCD) at Wendelstein 7-AS is to control the rotational transform profile 
against bootstrap current. Do you have experimental results yet on the achievement 
of better confinement with ECCD current control instead of inductive current 
control? 

V. ERCKMANN: We have performed experiments with major magnetic 
resonances located inside the plasma volume and accordingly deteriorated confine
ment. With proper positioning of the EC driven current (i.e. introducing shear near 
the magnetic island), we were able to reduce the confinement deterioration strongly 
and to operate close to the confinement conditions obtained with major resonances 
excluded from the plasma volume. 

L.M. KOVRIZHNYKH: You showed that ray tracing calculations yield excel
lent agreement with measurements, but G. Kiihner (paper A1-8) stated that the 
experimental profile is broader than the calculated one. Please comment on this. 

V. ERCKMANN: The results I have shown relate to power deposition profiles 
obtained directly from high frequency modulation techniques. The radial integration 
of these profiles gives, typically, 70 ± 20% of the calculated deposited power. The 
experimental accuracy of this modulation technique does not allow some fraction of 
the power which may have a broader deposition to be detected. Please note that the 
graph in G. Kiihner's paper is plotted on a logarithmic scale. 
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Abstract 

ICRF HEATING IN CHS. 
ICRF heating experiments with five poloidal half-turn antennas have been carried out in the Com

pact Helical System (CHS) device. These antennas, designed for the inward shifted magnetic configura
tion (Raj. = 92.1 cm), were installed in the high field side of the helical field. A high power RF pulse 
was applied to a deuterium plasma with hydrogen minority initiated by ECH or NBI. The plasma perfor
mance was mainly affected by the oxygen radiation, which was reduced to one third by boronization. 
The plasma stored energy reached 2.2 kJ with 590 kW of RF power from five antennas and was sus
tained to the end of the RF pulse (60 ms). A two component ion energy spectrum was observed by a 
neutral particle analyser. The combined heating with NBI was also successful and achieved an increase 
in the stored energy of 0.8 kJ with 450 kW of RF power from five antennas. 

1. INTRODUCTION 

ICRF heating is a powerful and convenient method to heat plasmas not only for 
tokamaks but also for currentless systems such as stellarators, heliotrons and torsa-
trons [1-4]. ICRF can heat the ions and/or the electrons by changing the gas species 
(or minority ratio) and structures of the resonance layers. The operation regime of 
magnetic field strength for ICRF heating is wider than that for ECH, because it is 
easy to change the operating frequency continuously and widely. A combination of 
NBI and ICRF heating is also attractive from the point of view of the ion heating in 
the high density regime. However, ICRF heating in helical systems has not yet suc
ceeded in sustaining a heated plasma by high power ICRF alone. 

Recently, five half-turn antennas for fast wave excitation were installed in the 
Compact Helical System (CHS) device, and ICRF heating experiments have been 
carried out to investigate the availability of ICRF heating in a low aspect ratio helical 
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system. Boronization for vacuum chamber wall conditioning was carried out fre
quently. The global energy confinement time of the ICRF heated plasma was com
pared with that of the NBI heated plasma and with that estimated by LHD scaling. 
This paper demonstrates the availability of ICRF heating in a low aspect ratio helical 
system. 

2. EXPERIMENTAL SETUP 

CHS is a low aspect ratio helical device with two continuous helical windings 
(I = 2) and eight field periods (m = 8) [5]. The major and minor radii are 1 m and 
0.2 m. The rotational transform is 0.3 at the centre and 1.0 at the periphery. The 
maximum magnetic field strength is 2.0 T. The available RF transmitters are 
20-45 MHz/1.2 MW x 2 and 20-45 MHz/1.0 MW X 1. 

Five half-turn antennas were designed for ICRF heating in CHS. Each antenna 
has a single layer Faraday shield (FS) and side guard limiters made of stainless steel. 
Each element of the FS was arranged along the magnetic field line on the last 
closed magnetic surface. They were designed to fit the inward shifted magnetic con
figuration (RaX = 92.1 cm) in vacuum and installed in the high field side (beneath 
the helical conductor) of the helical field. Four antennas (referred to as P port 
antennas), with 4 cm width and 40 cm length, were installed at the slant ports at 
every other helical period. The other antenna (referred to as the U port antenna), with 
16 cm width and 40 cm length, was installed at the vertically elongated position. The 
P port antennas are fed in pairs by separate coaxial feed lines and the U port antenna 
is fed by its own coaxial feed line. Three feed lines were connected to the separate 
transmitters. The frequency of the transmitters was 26 MHz. 

The working gas was pure deuterium or a mixed gas of hydrogen minority in 
deuterium with various mixture ratios. The magnetic field strength was adjusted to 
control the location of the resonance and cut-off layers. The ICRF power was applied 
to the afterglow of ECH (53.2 GHz/200 kW) or NBI (40 kV/1 MW and/or 
36 kV/0.8 MW) heated plasma. Boronization with decaborane (B10H14) was carried 
out to reduce the radiation loss. 

3. EXPERIMENTAL RESULTS 

Boronization has been carried out in CHS to reduce the radiation loss from 
impurities, especially from oxygen. Vaporized decaborane (B10H14) was injected 
into a helium glow discharge through four toroidally distributed valves. 

Before boronization, helium glow discharge cleaning and titanium gettering 
were performed for vacuum wall conditioning. When RF power of 200 kW was 
applied to the U port antenna, the plasma stored energy reached its peak value of 
0.6 kJ at a line averaged electron density of 2 x 1019 m"3 about 20 ms after the RF 
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was switched on. However, the stored energy began to decrease as the radiation loss 
increased. Various impurity lines (OV, Oi l , TiXII, etc.) were observed by VUV 
spectroscopy, and it was found that the plasma performance was mainly affected by 
the oxygen radiation. 

After boronization, the stored energy lasted to the end of the RF pulse. Figure 1 
shows the time evolution of the total RF power, line averaged electron density and 
plasma stored energy when power was applied simultaneously to the U port and P 
port antennas. The magnetic field strength was 1.7 T. The plasma stored energy 
reached 2.2 kJ with 590 kW of RF power and an averaged electron density of 
4.2 X 1019 m~3 40 ms after the RF was switched on. For this discharge the hydro
gen minority ratio H/(H + D) measured spectroscopically was about 30% in spite 
of the pure deuterium gas puffing. The particle recycling from the boronized wall was 
mainly hydrogen. The radial profiles of the electron temperature and density 
measured with Thomson scattering are shown in Fig. 2. The electron density profile 
is hollow and the temperature profile is peaked, with a central temperature of 
300 eV. 

ECH 

. / . il 

• 

ICRH 

gas puff 

1 , \ 

Sh0t# 40993 

-

150 
Time (ms) 

FIG. 1. Time evolution of plasma parameters. ICRH: ICRF heating pulse; ECH: ECH pulse for target 
plasma production; n~e: line averaged electron density; Wdia: plasma stored energy measured with the 
diamagnetic loop. 
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FIG. 2. Electron density and temperature profiles measured with Thomson scattering. 

The ion energy spectrum was measured with a fast neutral particle energy 
analyser (NPA) which cannot separate particle species. A two component energy 
spectrum was observed (Fig. 3) when the plasma stored energy was 0.4 kJ at an aver
aged electron density of 1 X 1019 m~3. The bulk and tail components were about 
360 eV and 1.4 keV. The ion temperature measured with the NPA was comparable 
to or a little lower than the electron temperature. 

A high ion temperature of 550 eV with 600 kW of RF power was observed with 
the NPA. The plasma stored energy was 2 kJ at an averaged electron density of 
2 x 1019 m~3 and the central electron temperature was 400 eV, so in this case the 
ion temperature was higher than the electron temperature. 

Figure 4 shows the dependences of the peak value of the stored energy on the 
magnetic field strength. The averaged electron density was kept almost constant, as 
shown in Fig. 4. The minority ratio in this experimental series was about 30%. The 
optimum magnetic field strength for the stored energy was 1.7 T. At this magnetic 
field strength, the two ion hybrid resonance layer is located near the magnetic axis. 
The dependence of the stored energy on the magnetic field strength was a little 
weaker than that before boronization. 

The combined heating experiment with ICRF and NBI was also carried out 
successfully. An increase in the stored energy of 0.8 kJ due to ICRF heating was 
observed when an RF power of 450 kW was applied to the NBI initiated plasma with 
3 kJ at an averaged electron density of 2.5 x 1019 m~3. 

A comparison of the global energy confinement time (TE) with the LHD scal
ing is shown in Fig. 5. Except for high T¡ discharges, rE for ICRF heated plasmas 
is 50-70% of that for NBI heated plasmas. For high T¡ plasmas, the confinement 
characteristic with ICRF is comparable to that of NBI heated plasmas and close to 
the LHD scaling. 
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FIG. 3. Energy spectrum of the ICRH plasma measured with the NPA. The plasma stored energy was 
0.4 kJ at an averaged electron density of 1 X 1019 m'B. 
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SUMMARY 

Boronization reduced the radiation loss from oxygen to one third. After boroni-
zation, the ICRF wave sustained the heated plasma during the ICRF pulse. A stored 
energy of 2.2 kJ with 590 kW of RF power was achieved by ICRF alone, which was 
roughly comparable to heating with NBI and ECH. The simultaneous heating of the 
ions and the electrons by ICRF was achieved in a low aspect ratio helical system. 
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Combination with NBI was also effective. The global energy confinement time of the 
high T¡ plasma is close to that estimated by LHD scaling. 

ACKNOWLEDGEMENT 

The authors would like to thank A. Iiyoshi for his continuous encouragement. 

REFERENCES 

[1] MUTOH, T., et al., Nucl. Fusion 24 (1984) 1003. 
[2] KWON, M., et al., Nucl. Fusion 32 (1992) 1225. 
[3] VOLKOV, E.D., et al., in Plasma Physics and Controlled Nuclear Fusion Research 1992 (Proc. 

14th Int. Conf. Würzburg, 1992), Vol. 2, IAEA, Vienna (1993) 679. 
[4] OKAMURA, S., et al., ibid., p. 507. 
[5] NISHIMURA, K., et al., Fusion Technol. 17 (1990) 86. 

DISCUSSION 

F. WAGNER: Your confinement times under boronized conditions fall syste
matically below the LHD scaling. On the other hand, it is CHS which defines the 
major radius scaling of LHD scaling, as the other devices (ATF, Heliqtron E, WhA, 
W7-AS) all have about the same major radius. Could it be that the newer CHS data 
indicate an R1 instead of an R075 dependence? 
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K. NISHIMURA: This confinement time is a rough estimation because esti
mation of the absorbed power is difficult. Pabs is affected by the density profile, 
injection angle, radiation loss power, etc., so we use the 'port-through' power for 
NBI and the incident power for ICRF. For this reason, TEHD is a slightly pessimistic 
estimation. We were not able to discuss this in detail. 

M. WAKATANI: Do you always observe a hollow density profile for ICRF 
heating? If so, does this mean that the particle confinement is degraded by the ICRF 
heating? 

K. NISHIMURA: We always observe a hollow density profile during ICRF 
heating. The hollowness is weaker than in the case of the ECH plasma and degra
dation of the particle confinement is also weaker. 
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Abstract 

PRESSURE AND ENERGETIC PARTICLE DESTABILIZED GLOBAL MHD 
MODES IN THE STELLARATOR W7-AS 

Two different kinds of coherent mode activity observed in W7-AS during 
neutral beam heating are discussed to elucidate the stability properties of low shear 
stellarators. In the presence of low order rational surfaces inside the plasma, resonant 
pressure driven modes of low frequency (<SkHz) appear frequently, predominantly 
at high p. These instabilities are discussed in terms of interchange modes (ideal and 
resistive) and resistive ballooning modes. If the low order rational surfaces are 
excluded from the plasma Global Alfvén Eigenmodes (GAE) are the most 
characteristic instabilities, which are destabilized by resonant fast ions. This has been 
investigated with an MHD code that takes the fast ion effects into account by a 
gyrofluid model. In the parameter regime presently accessible (((3) < 1.2%) the MHD 
fluctuations do not lead to a degradation of the plasma performance. In particular, the 
GAE modes are stabilized at higher pressures. 

1. INTRODUCTION 

The variation of J dl/B on the magnetic surfaces and hence lj}/j\) can 
be minimized by exploiting the 3-dimensional magnetic field structure of 
stellarators. The optimization has to be performed under the condition of 
maintaining an average magnetic well in the vacuum configuration to provide 
stability at low (3. This is required since the WENDELSTEIN stellarators 
maintain weak magnetic shear in order to avoid prominent low order 
resonances of the rotational transform [1]. Therefore, improved properties 
with respect to equilibrium and stability can be obtained simultaneously: the 
reduction of the parallel equilibrium current density results in a smaller 
Shafranov shift (along with a decreased influence of the plasma pressure on 
the iota profile) and improved magnetic well stabilization of resistive 
interchange modes at high (3 [2]. The reduction of the mean curvature also has 
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a beneficial effect on the ballooning stability [2,3] and on the stability with 
respect to kinetic modes, which are excited by the drift motion of energetic 
particles. 

The modular stellarator WENDELSTEIN 7-AS (R = 2m, a<0.18m, 
B<2.5T, 5 field periods) is only partially optimized. The reduction of the 
Shafranov shift by a factor of 2 compared with an equivalent classical 
stellarator has been verified experimentally [1]. The demonstration of 
improved stability is an important issue mainly for the future W7-X device, 
and is presently under investigation in W7-AS. So far average P-values 
exceeding 1% have been reached at 5 = 1.25 T with NBI powers of 
P -1.5 kW and with no evidence of a stability (3-limit. 

In the normal case of net current-free operation, the most prominent 
MHD fluctuations are low (m,n) global modes, driven by the plasma pressure 
in the upper |3 regime, and resonantly excited by energetic circulating particles 
from NBI in the lower |3 regime, respectively. 

2. PRESSURE DRIVEN MODES 

Coherent mode activity at low frequencies (<8kHz) is found at 
(P) > 0.5% [4] in the Mercier and ideal ballooning stable regions. The effect 
of the Shafranov shift is seen by a characteristic change of the X ray signal 
phases. The modes occur at low order resonant surfaces inside the plasma, but 
due to low shear their radial extent is large (fig. 1). An analyis of the global 

FIG. 1. Left: Low frequency pressure driven (m, n) = (5, 2) mode (resonant at i = 2/5). Right: NBI 
driven GAE modes with (m, n) = (3, 1) at i > 1/3. A radial node is found in the case of the 25 kHz 
mode as inferred from ECE and X ray data (mode structure from X ray simulations on top). The GAEs 
propagate opposite to pressure driven modes and disappear rapidly after NBI turnoff. 
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mode stability was performed for a few cases with the 3-D Finite-Element-
Fourier Code CAS3D [5], which utilizes the ideal MHD energy principle. In 
particular, the magnetic well depth was lowered from about 2% to 0.5% by a 
vertical field, but the mode behaviour did not change and the code still 
predicted stability. 

Since the high p regime in W7-AS corresponds to relatively low 
temperatures, resistive effects will lower the instability thresholds [2,3] and 
need to be taken into account. In particular, the resistive interchange criterion 
has been evaluated with the JMC-code [2,6] using W7-AS equilibria with 
varying magnetic well, average and local curvature. This has been investigated 
experimentally by changing the vertical field, the iota profile and the magnetic 
field ripple to some extent. Although no obvious change of the mode 
characteristics occurred in connection with the reduction of magnetic well 
stabilization in the outer plasma region (fig.2), the observed instability 
thresholds are in the range of the predictions. The resistive ballooning 
instability has a comparable threshold for instability [2], but also overstable 
modes at low P are predicted [3]. Initial investigations with the resistive 
ballooning code GARBO [7,3] (high n) show that the mode localization point 
can be shifted toroidally away from the location of maximum unfavourable 
curvature such that the effective length of unfavourable curvature along the 
field line is maximized. Experimentally only low mode numbers 
corresponding to the main resonance are found. 

3. GLOBAL ALFVÉN EIGENMODES (GAE) 

At lower (3 coherent GAE modes in the frequency range \5-A0kHz 
driven by the energetic beam ions have been identified [8]. The particle drive 
has been inferred from the fast decay after NBI switch off, which is in contrast 
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with pressure driven modes decaying on a confinement time scale (fig. 1). The 
modes are propagating in the direction of the fast particle ion diamagnetic 
drift as expected for Alfvén waves. The measured frequencies depend almost 
linearly on the Alfvén velocity as observed from a magnetic field scan. They 
agree with predicted GAE frequencies inside a gap just below the particular 
shear Alfvén continuum. In order to keep the gap open the resonant surface 
must not occur inside the plasma. Although the GAE mode is nonresonant, 
only those modes are observed which are almost aligned with the equilibrium 
field. Satellite lines are frequently observed in the frequency spectra that are 
due to modes, which have a radial node in their radial eigenfunction as 
inferred from ECE and Soft X ray measurements. 

The GAE instability has been investigated within a gyrofluid model for 
the energetic particles [9-11]. Linear and nonlinear calculations give good 
agreement with the experimental data on frequencies, mode numbers, 
thresholds and saturation levels [4] (example in fig. 3). The code has been 
extended for averaged 3-D eqilibria [12]. Also, motivated by the rather 
collisional conditions under which the GAE is observed, the theory has 
recently been extended to include collisional effects on the ion and electron 
Landau damping [13], as well as a generalized resistivity. The basic result is 
that finite ion and electron collisionalities tend to broaden and decrease the 
maxima in the ion/electron Landau damping rates. In the region of most 
relevance to GAE modes [i.e., œ / {^fl^v^ ej ~ 0.2 -1.0], the net effect is a 
lowering of electron damping rates and an increase of ion damping rates. 
However, for typical W7-AS parameters, there is not a strong lowering of 
previous growth rate results [8] unless the collisionality would be increased by 
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FIG. 3. Comparison of frequency spectra, amplitudes and mode structure from experiment (Mirnov 
data, X ray simulation, left) with non-linear gyrofluid calculations (right). 
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n= 1(11474) 
~n=2 (11474) 

n=l (17916) 
n=2 (17916) 

GAEs not observed 
-, ("high" P) 

42J 
0 0.2 0.4 0.6 0.8 

r/a if ° d 

Í7G. 4. Comparison of cases differing significantly in @ (left). The shear is increased with /3 (centre). 
In the high /3 case with almost the same fast ion fi, the code predicts stability (linear growth rates, right), 
in accordance with experiment. 

a factor of 2-3 over current estimates. The disappearance of the GAE at high (3 
can be explained by reduction of the drive (ftfat) in combination with 
increased electron Landau damping (/3e) together with increased shear and 
profile changes (fig. 4). The particle wave excitation is found to occur at 
particle velocities well below the Alfvén velocity because of the low GAE 
frequency, and because sideband excitation can occur , which requires 
relatively low particle velocities (since ty{m,n) « k^(m±l,n)). 

4. CONCLUSIONS 

Low-n, low frequency pressure driven MHD modes are observed if a 
main resonant surface with kn = 0 occurs in the pressure gradient region. The 
instabilitiy threshold is in the range predicted by the resistive interchange 
theory. So far no distinct correlations between the MHD activity and 
modifications of the equilibrium configuration have been found. In the 
accessible parameter range, no indication of a p-limit was found. 

GAE modes driven by fast ions from NBI are the dominant modes in the 
Shear Alfvén spectrum of low shear stellarators. They are weakly damped at 
low p, where the stabilizing effect of shear and Landau damping is lowest. 

No evidence for increased energy or particle losses caused by the GAE s 
or thermal pressure driven modes has been found so far. 
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DISCUSSION 

S.M. HAMBERGER: What was the observed experimental effect in pressure 
driven modes on applying a magnetic hill? 

A. WELLER: In the experiment so far we have only been able to realize mag
netic configurations which have a very small magnetic hill region at the periphery 
(outside the main pressure gradient). In this configuration, no significant change in 
the MHD behaviour was found. We will increase the toroidal ripple in the future to 
obtain configurations with a much more extended magnetic hill region. 

Ya.I. KOLESNICHENKO: Why do you think the resonance destabilization of 
global Alfvén eigenmode (GAE) modes is not possible? If this is so, which physical 
mechanism is responsible for the wave-particle interaction? 

A. WELLER: I meant that the (m, n) GAE is not located at t = n/m, i.e. the 
magnetic perturbation does not resonate with the magnetic field pitch. There is a 
resonance behaviour between the particles and the modes, i.e. Vbe^ « COGAE^»-
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Abstract 

VISCOSITY AND ION-NEUTRAL EFFECTS ON PLASMA ROTATION IN STELLARATORS. 
Measurements of the radial electric field, flow velocity and momentum decay times were made 

in the IMS stellarator as a function of neutral pressure, during biased electrode experiments, to deter
mine the relative importance of viscosity and ion-neutral collisions to momentum damping. The radial 
electric conductivity and plasma flows are dominated by collisions with neutrals in the interior of the 
'plasma and by viscosity at the edge in approximate agreement with a neoclassical model. The theory 
of L-H transition in tokamaks is extended to stellarators. In a stellarator geometry, the poloidal viscosity 
can have multiple local maxima at a poloidal Mach number Mp ~ |m — nq|/m, where m(n) is the 
poloidal (toroidal) mode number and q is the safety factor. If the neutral density is too high, the local 
maxima in the viscosity disappear and no L-H transition will occur. 
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1. INTRODUCTION 

The relative contribution of plasma viscosity and ion-neutral collisions 
to momentum damping in a tokamak or stellarator may be an important 
factor in determining the radial electric conductivity and plasma flows, 
especially near the plasma edge in large devices where the neutral density is 
non-negligible. In the Interchangeable Module Stellarator (IMS), the 
molecular hydrogen profile is roughly uniform for low-density (0.5-2.0 x 
1011 cm-3), weakly-ionized ECH discharges. The mean free path for 
molecular hydrogen is approximately 2 m, much greater than the plasma 
minor radius (â « 4.5 cm). On the other hand, the magnetic field ripple, 
and hence the plasma viscosity, increase strongly with minor radius. In the 
Pfirsch-Schliiter collisionality regime the viscosity is inversely proportional 
to the ion collision frequency, which includes collisions with neutrals if the 
neutral density is sufficiently large. In contrast, the damping due to ion-
neutral collisions alone is proportional to the ion-neutral collision 
frequency. The relative importance of viscosity and ion-neutral collisions to 
momentum damping is studied in IMS by varying the neutral pressure and 
measuring the resulting change in the radial electric conductivity, flow 
velocity and ion flow damping time at two radial locations in the plasma 
where the viscosity differs appreciably. 

The relative damping due to viscosity and collisions with neutrals may 
also be an important factor in achieving an L-H transition. A mechanism 
that can explain the L-H transition in tokamaks is based on the bifurcation 
of the radial electric field Er through the existence of a local maximum in 
the plasma viscosity and the subsequent suppression of the turbulence 
fluctuations due to the shear of the E x B flow (1-3] . Plasma viscosity has 
a local maximum located at a critical poloidal E x B Mach number Mp = 
(VEB/vtBp) of the order of unity, as shown in CCT (4) and TEXTOR [5] 
and can also be inferred from the JFT-2M (6) and DIII-D [7] data. Here, 
VE is the poloidal E x B drift speed, vt is the ion thermal speed, and Bp is 
the poloidal magnetic field strength. The theory of L-H transitions in 
tokamaks is extended to stellarators by considering both the toroidal and 
helical components to the magnetic field spectrum. Also, the effect of 
charge-exchange momentum loss on the transition is discussed. 

In this paper, ion-neutral collisions and plasma viscosity are 
considered at two regimes of the plasma flow velocity. In Sec. 2 the 
viscosity is linearly dependent on the flow velocity at small rotation speeds. 
In Sec. 3, where L-H transitions are considered, the viscosity is nonlinear 
at large flow speeds. 

2. RADIAL ELECTRIC FIELD AND ION FLOWS IN IMS 

From Ref. [8] , the steady-state solutions to the continuity and 
momentum balance equations yield an expression for the radial conductivity 
in the form <J-W> = a r (E-W-l /eNVp-W] where ar is the plasma 
radial conductivity given by 
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c2MN l+2q2 „ „ 
°r = ( /V e +UC + \J i n) ^7" [ ( U e P + " in ) (Uç+Uin ) " 

2q 
(^C P - ( l + 2q 2 )U i n ) (Ue + / e 0 2v i n ) ] (1) 

where V is the volume enclosed in the flux surface, M is the ion mass, N is 
the plasma density, e 0 = r/R is the inverse aspect ratio, I = 1/q is the 
rotational transform and \)m = N0<av> i n is the momentum loss rate due to 
collisions with neutrals where N0 is the neutral density and <Ov>in is the 
reaction coefficient. To obtain the above expression, a large-aspect-ratio 
tokamak approximation has been used for the Hamada basis vectors [ 9 ] . 
With the magnetic field expressed in the form B = B o [ l+E m n e m n cos(m0-
n£ ) ] , where 0 and Ç are the Hamada poloidal and toroidal angles, then v>0

p 

= u 0 a P / [ ( l + 2 q 2 ) e 0 2 ] , v cP = v 0 a c / ( ( l + 2 q 2 ) e 0 2 ] , v e = v0(aP /q+a c) , and 
Vç = v0(0(c/q+aT). The a 's are given in the Pfirsch-Schlüter regime by a P = 
l /2Emm2e¿n , aT = l / 2 I n n 2 e 2 n and a c = - l / 2 I m n m n e ¿ n and \)0 is a 
frequency defined by V0 = 2.048v t

2/[(v i i+v i n)R2] where vt is the ion 
thermal velocity, Y^ is the ion-ion collision frequency and R is the major 
radius. In the plateau regime, all the above equations hold with the 
substitution e ¿ n •+ e¿ n / | n -mj í | and \J0=/Trvt/R. 

In the limit of vanishing viscosity, Eq. (1) yields 

c2MNV i n(l+2q2) 
^r = B ^ (2) 

which is in agreement with an earlier result by Yoshikawa [ 10] . For an 
axisymmetric tokamak with neutrals, the radial conductivity in the plateau 
regime is given by 

C2MNv i n( l+2q2) 2 ( l + 2 q 2 ) + V i n 

2q +^in 

The combination of viscosity and neutrals in a tokamak can increase the 
radial conductivity over the Yoshikawa expression by factors on the order 
of 2-5. 

A biased electrode is used to induce a radial electric field and plasma 
flow on different magnetic surfaces in IMS. The potential in the plasma is 
measured both with an emissive probe and an array of floating probes. 
From the bias current, the magnetic surface area and the radial electric 
field, the radial electric conductivity is calculated and compared to Eq. (1) 
as a function of neutral pressure. Figure 1 shows a comparison of the 
theory and experiment for two radial locations, R = 41.0 cm and 42.0 cm. 



800 TALMÁDGE et al. 

- 4 

C3 -, 
& 3 

c 
o 
o , 

0.0 

' I I I I I I I I I I I I I I I — I I I I 

NEUTRALS+VISCOSITY 

T i i i •—r—>-

NEUTRALS 

R=41.0 = 
I ll l I I t I I I I I I i i i i ¡ i I l t 1 i * * i * ' * I I I I ¡ I I 

NEUTRALS+VISCOSITY 

NEUTRALS 
R = 4 2 . O ; 

0 100 200 300 
Neutral pressure (jitorr) 

400 

FIG. 1. Radial electric conductivity versus neutral pressure interior to the plasma at R = 41.0 cm (top) 
and near the plasma edge at R = 42.0 cm (bottom). Theoretical calculations that include both viscosity 
and collisions with neutrals, Eq. (1), and damping only due to neutrals, Eq. (3), are also shown. 
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The magnetic axis is located at R = 38.1 cm and the separatrix is at R = 
42.5 cm. The experimental data has been normalized to the theory in the 
figure. When the electrode is interior to the plasma, the conductivity 
increases with the neutral pressure in approximately the manner predicted 
by the Yoshikawa expression of Eq. (2). Closer to the plasma edge where 
the viscosity is larger, the conductivity is roughly independent of the 
neutral density. 

The plasma flow U is related to the radial current I by 

le Vç+Vin v e +e 0
2v i n /q 

where A is the magnetic surface area. In the limit of vanishing viscosity, the 
flow is given by 

IBr 
u = AcNMvin(l+2q^) (6 " 2qcos9 <D) (5) 
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FIG. 2. Magnitude of normalized flow velocity, UN/I, versus neutral pressure at R = 40.9 cm and 
R = 41.5 cm. The solid and dashed curves are the theoretical calculations based on Eq. (4). 
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FIG. 3. Ion flow decay rate versus neutral pressure at R = 41.5 cm. The solid lines are the calculated 
minimum and maximum decay rates on the flux surface from Eq. (6). 

The ion flow in IMS was measured with a Mach probe biased into ion 
saturation. The relationship between the ratio of the upstream to 
downstream current and the Mach speed can depend on whether the probe 
behaves in a magnetized or unmagnetized fashion [11]. The degree of 
magnetization of the IMS Mach probe, where the ion Larmor radius is on 
the order of the probe dimensions, was determined experimentally. The ion 
saturation signals to the upstream and downstream faces of the probe were 
averaged together and found to be approximately independent of the angle 
of the probe with respect to the magnetic field direction. Based on this 
observation, the theory by Hudis and Lidsky [12] for a Mach probe in an 
unmagnetized plasma was used to determine the plasma flow velocity. 
Comparison of the poloidal flow calculated using this model to the value 
obtained from the momentum balance equation based on measurements of 
the electric field and pressure gradient showed agreement to within 15%. 

The total experimental flow velocity, normalized to the electrode 
current and plasma density, is shown in Fig. 2 versus neutral pressure for 
two radial locations of the biased electrode. When the Mach probe and the 
electrode are at the inner surface where the viscosity is small, then the flow 
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decreases monotonically with pressure as expected from Eq. (5). With the 
probe and the electrode at the outer surface, the normalized flow reaches a 
maximum at a neutral pressure of 1 x 10-4 Torr and then decreases as the 
neutral density is increased. This agrees qualitatively with the theoretical 
model. Small errors in the location of the probe can account for the 
discrepancy because of the strong variation of the viscosity as a function of 
radius. From Eq. (5) it can be seen that the ratio of the toroidal to 
poloidal flow should be approximately 2q, because of the Pfirsch-Schlüter 
component to the flow. Instead the experimental data from the Mach probe 
indicates that the flow is mostly in the poloidal direction. The reason for 
this discrepancy is unknown at present; however a comparison of the Mach 
probe data on either side of the magnetic axis indicates that the toroidal 
flow does indeed reverse sign across the magnetic axis. 

The time-dependent solution to the continuity and momentum balance 
equations yield two characteristic damping rates on a flux surface given in 
Ref. [8] by 

W+ = Uin + U+
Visc 

ÜT = Uin + U"visc (6) 

U±visc^i/2±[(^i/2)2+(Vc
pVe-Ve

pVc)]i/2 and \;1=UeP+2qUe/(l+2q2)+uc. In 
the limiting case that viscosity is negligible with respect to collisions with 
neutrals, the two damping times are the same and equal to Vin. By 
disconnecting the bias on the electrode midway through the discharge, the 
decay in the plasma rotation could be observed with the Mach probe. The 
ion flow decay rate is shown in Fig. 3 as the neutral pressure is varied at a 
radial location where viscosity is non-negligible. Also shown are the 
minimum and maximum decay rates on the flux surface as predicted by the 
model. The data indicates that the decay rate at low pressure decreases with 
the neutral density, reaches a minimum and then increases again as the 
neutral density is further increased. 

3. H-MODE THEORY IN STELLARATORS 

To determine whether the radial electric field in a stellarator will 
undergo a bifurcation, the poloidal and toroidal flows as well as the 
pressure gradient need to be calculated. Because the toroidal flow (and thus 
the parallel flow Ui i) is damped by the toroidal viscosity in stellarators, we 
assume U j ¡ « 0 and only consider the poloidal component of the momentum 
equation in Hamada coordinates; 

a 
NM-cTf<Bp-U> = - <Bp-V-ir> - UinNM<Bp-U> - 0J)'X7c)<J-W> (7) 

where the brackets denote the flux surface average, B = -X'VV x VÇ, \JT = 
B-VÇ, X' = B-Ve, and the radial current density, <J-W> = (1/47T) 
6<E-W>/6t is given by Ampere's law. For a large-aspect-ratio stellarator 
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with a magnetic field spectrum, B = B0[l+Emnemncos(m8-nÇ)), the 
poloidal viscosity is given by 

<Bp-V-TT> = - ^ N M v ^ X [ I^e^mimU.Ve - nU-VÇ) 
mn 

+ Lmne|nm(2/5p)(m^V6 - nç-VÇ)) (8) 

Here p is the plasma pressure and q is the heat flow. The energy integrals 
oo 5 1 

Imn and Lmn are defined as Omn,Lmn} = (1/7T) J dx x 2 e" x {l ,x-y} \ dy 
o -i 

(l-3y2)2(vx7B)Rmn,where Rmn=Vk/((mü)e-nü)c)
2+Vk2], ÜJ6= (v, ,+Uj |)X'/B 

+ VE-V6, IA)Ç = (v| |+U| |)\p*/B + VE-VÇ, VE is the E x B velocity, v is the 
particle speed, Uk = 3uD+UE, UD and UE are defined in Ref. (13). 

To express Eqs. (7)-(8) in terms of the cylindrical coordinates 
(r,6,<|>), we adopt the formula derived in Ref. (9] for tokamaks and note 
that our results are approximately valid. With the assumption that q\\ ~ 0, 
we obtain: 

<Bp-V-Tr>orbit y f „ , U | | m 
- NMVx' = ~T~L^Lm(m-nq)\lmn[-i^- + -¡¡¡=^ (Mp-VPfP)] 

mn 
m -i . vin / u | | l+2q2 v 

" Lmn Tn̂ Hq V p j | + 6? (vt/Rq) (v^7" +~q2~(Mp-VP,p)) (9) 

where V p p = -c(dp/dr)/(NevtBp) and Vp T = -c(dT/dr)/(evtBp). In Eq. (9) we 
have separated the hot particle contributions to <Bp«V«7T> as an orbit loss 
term. The poloidal Mach number is defined as Mp = -cEr/(Bpvt). For Er < 
0, Mp is positive. 

TABLE I. MODEL MAGNETIC FIELD SPECTRUM 

CHS(N=8) 

H-E(N=19) 

LHD(N=10) 

W7-AS(N=5) 

HSX(N=4) 

^10 

0.136 

0.10 

0.14 

0.053 

0.0 

Ell 

0.0 

0.0 

0.0 

0.0 

0.14 

e-ii 

0.0 

0.0 

0.0 

0.036 

0.0 

£21 

0.21 

0.25 

0.24 

0.025 

0.0 

e12 «ledge 

0.0 1.25 

0.0 0.5 

0.0 1.0 

0.024 1.92 

0.0 0.89 
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FIG. 4. Normalized plasma viscosity THpn versus polcidal Much number Mp for Heliotron-E, LHD, 
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With the assumption that Un « 0, the right side of Eq. (9) becomes 
an equation for Er for a given set of values of V p p and VpT. In Fig. 4 we 
show the normalized poloidal viscosity ïïp n, which is the right side of Eq. 

(9) divided by /Tf/4, for CHS, Heliotron-E, LHD, W7-AS and HSX with 
Vp p = 0.2 and Vp T = 0.1. The values of 6mn and q for these devices are 
shown in Table I. The toroidal mode number, n, listed in the table is for 
one field period for each experiment. In Fig. 4a, the effect of charge-
exchange momentum loss is neglected and u.j = VkRq/(vtet

3/2) = 1. We see 
that 7Tp n has two local maxima for CHS, Heliotron-E and LHD. The first 
maximum is the toroidal maximum, located at Mp ~ 1.7, and the second is 
the helical maximum, located at Mp ~ 6.5, which is about a factor of |m-
nq|/m higher than the first. 

The physical origin of the two local maxima can be understood from 
the resonant term Rmn and particularly the resonant denominator m(jú6-nü)c. 
In a simplified form, mü)e-nü)c = (vX'/B)(m-nq){(vi I/V)+(UI i/v)+ 
Mp[m/(m-nq)] (vt/v)}. If Ui i/vt « 0, for each (m,n) mode, mü)e-nU)c a O 
when (v| |/v) ~ Mp(m/(m-nq)) (vt/v). For the (1,0) mode, resonance occurs 
at Mp ~ 1. For the (m,n) mode, this happens at Mp ~ |m-nq|/m for Er < 
0. The existence of multiple resonances for a stellarator was also observed 
numerically by Maassberg using the DKES code [14]. A stellarator usually 
has at least two Fourier harmonics in the magnetic field spectrum. Thus 
<Bp-V-7T> can have two local maxima. The helical maximum can disappear 
as in the W7-AS case due to a larger toroidal curvature component. Thus 
W7-AS is very similar to a tokamak. Because the toroidal maximum in W7-
AS is smaller than that in other stellarators, it is easier for the radial 
electric field in W7-AS to bifurcate. HSX has only one maximum at Mp ~ 
4.3 due to the helical component of the spectrum. This device is a quasi-
helical toroidal stellarator with negligible toroidal curvature. It is thus 
different from other stellarators and tokamaks in that bifurcation should 
only occur at a relatively high poloidal Mach number. 

To observe the local maximum of the poloidal viscosity, the charge-
exchange momentum loss must be reduced by controlling the neutral 
density. As we increase Vin/(vt/Rq) from 0 to 0.2, the toroidal local 
maximum almost disappears as shown in Fig. 4b. If we further increase the 
neutral density, not only the toroidal local maximum but also the helical 
local maximum can be made to disappear, as shown in Fig. 4c. 
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DISCUSSION 

K. IDA: Why does the viscosity increase when the neutral pressure decreases? 
J.N. TALMADGE: Damping due to parallel viscosity is caused by the ripple 

in the magnetic field on the flux surface. As the collisionality decreases, the drag on 
the fluid due to this bumpiness increases in the Pfirsch-Schlüter regime. 

K. IDA: Since damping due to collisions between neutrals and ions is 
homogeneous, one can expect the poloidal and toroidal flows to tend towards the 
same magnitude as the neutral pressure is increased. Did you observe this 
phenomenon? 

J.N. TALMADGE: Even as the damping due to neutrals increases, the toroidal 
and poloidal flows are not the same. This is because of the incompressibility of the 
fluid. As the fluid is forced to flow in the poloidal direction, a Pfirsch-Schlüter 
component to the toroidal flow also exists. The ratio of the toroidal to poloidal flow 
velocity goes like 2qcos 0. We have observed that the toroidal flow reverses sign on 
either side of the magnetic axis, confirming the existence of the Pfirsch-Schlüter 
flow. 
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