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FOREWORD 

The International Atomic Energy Agency Conferences on Plasma Physics and 
Controlled Nuclear Fusion Research are the largest and most significant conferences 
in the field. The 1992 conference in Wurzburg was the 14th in a series of meetings 
which began in 1961 and which, since 1974, have been held on a biennial basis. The 
conference was highlighted by reports of recent results from all of the major fusion 
facilities around the world, including the milestone experiment at JET in which 
tritium was introduced for the first time into a tokamak fuel mixture. 

The conference was organized in co-operation with the Max-Planck-Institut fur 
Plasmaphysik, Garching, to which the IAEA wishes to express its appreciation and 
deep gratitude. The conference was attended by around five hundred participants 
representing some thirty countries and two international organizations. 

The opening session of the conference was highlighted by a round table discus
sion on ITER and its Relationships to Ongoing Fusion Programmes and by the tradi
tional Artsimovich Memorial Lecture, which was given by Professor P.K. Kaw. 
During the technical sessions, over two hundred papers were presented. Contribu
tions were made on tokamak experiments, inertial confinement, non-tokamak con
finement systems, magnetic confinement theory and modelling, plasma heating and 
current drive, ITER, and technology and reactor concepts. 

These proceedings include all the technical papers and five conference 
summaries. For the first time, the summary talks 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 not only by 
organizing these biennial conferences but in a number of other ways as well. The 
International Fusion Research Council is sponsored by the IAEA and provides advice 
to the Agency on all matters related to fusion. The Nuclear Fusion journal has been 
published continuously by the IAEA for over 32 years. The IAEA organizes and 
maintains databases of nuclear, atomic, molecular and plasma-material interaction 
data for applications in fusion research and engineering. It also regularly organizes 
co-ordinated research projects, technical committee meetings, workshops, consul
tants meetings and advisory group meetings on relevant topics. Through all these 
activities, the IAEA hopes to contribute towards achievement of the long range goal 
of controlled fusion as a future energy resource. 
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IAEA-CN-56/A-0 

ARTSIMOVICH MEMORIAL LECTURE 

FUSION POWER: WHO NEEDS IT? 

P.K. Kaw 

Institute for Plasma Research, 
Bhat, Gandhinagar, India 

Mr. Chairman, distinguished guests, ladies and gentlemen: 

It is a great honour and a privilege to deliver the Artsimovich Memorial Lecture 
this year. As you are all aware, these lectures not only honour the memory of Acade
mician Lev Andreevich Artsimovich, a giant among fusion scientists, but also give 
one an opportunity of sharing one's perspectives and concerns about fusion research 
activity as a whole. To the extent that they provoke discussion and debate, these lec
tures serve a very useful purpose. 

Ladies and gentlemen, the title of my talk is Fusion Power: Who Needs It? 
My chief concern in this talk is that we in the fusion community have come to accept 
a pace of fusion funding which could be better described by the title Fusion 
Power? But Who Needs It Right Away? At a time when our technical accomplish
ments worldwide are excellent and our experiments are producing beautiful results, 
we are less than ambitious in our request for funding. When we should be running, 
we are barely crawling! Thus there have been no new tokamaks constructed or under 
construction for so many years now, in spite of several excellent proposals. 
Our next generation experiments (INTOR, NET, SSTR, ITER) continue to be caught 
up in the loop of design and redesign and so on. We have no major fusion technology 
facilities. We glibly talk of 50 year time-scales for commercial systems and so on. 
I believe that the reason for this state of affairs is that we, as a community, have for
mulated a set of questionable premises (never explicitly stated but more or less tacitly 
accepted by everybody). These are: 

(1) The energy situation in the world is comfortable and there is no urgency to 
develop fusion technology. 

(2) Even if fusion technology is developed faster, nobody will buy it, because it will 
be too expensive. 

(3) We can develop and perfect the technology over the next 50 years or more and 
then it may be put to commercial use. 

I believe that each one of these premises is faulty, and I would like to share my 
thoughts on them with you. 
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4 KAW 

1. ARE WE REALLY COMFORTABLE ON THE ENERGY FRONT? 

I present you the perspective that I know best, namely that of developing nations 
like India and China (similar trends are visible in other parts of Asia, Latin America 
and Africa). Table I presents data on per capita consumption of electricity in several 
countries. It may be noted that whereas the average consumption in most of the devel
oped world is more than 6000 units/year, the figure for India is a meagre 
250 units/year, i.e. 4% of the average in the developed world. Many will argue that 
the actual consumption in the developed world today is too high and is likely to come 
down because of efforts in energy conservation and improved efficiency of energy 
systems. Even if the numbers come down, it is instructive to note that India today 
is at one sixth of the world average (1500 units/year). 

When the energy planners in India and China think of the immediate future (up 
to 2020), they think of at least coming up to the world average. What will be the 
energy requirements then? Table II summarizes the data. It may be noted that even 
at this modest requirement, India and China will need about 1 TW of power by 2020. 

TABLE I. PER CAPITA CONSUMPTION OF 
ELECTRICITY IN DIFFERENT COUNTRIES (1990) [1] 
(1 unit = 1 kW-h) 

May decrease because 
of energy conservation 
and improved efficiency 
drives 

India 250 (1/6 world average) 

TABLE II. POWER STATUS AND PROJECTIONS (GW) FOR INDIA [2] AND 
CHINA [3] 

1950 1990 2000 2020 

India 1.5 65 100 450 

China ? 120 250 500 

Canada 

USA 

Japan 

UK 

Brazil 

China 

19 000 

12 000 

7 000 

6000 

1 850 

500 
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TABLE HI. DISTRIBUTION OF POWER GENERATION METHODS IN INDIA 
[2] AND CHINA [3] 
(power in gigawatts) 

India China 

1990 2020 1990 2020 

Thermal (coal, oil and gas) 44.5 220 

Nuclear 1.5 30 

Hydro 19 180 

Non-conventional sources — 20 

Total 65 450 

Let us next ask how this electrical energy is likely to be generated. In the 
absence of any new technologies, our planners base the projections on the existing 
methods of energy generation. Table III illustrates the distribution of power genera
tion methods in India and China for the year 1990 and projections for 2020. It will 
be noted that about 0.5 TW of additional power production will be by burning fossil 
fuels. 

What conclusions can we draw from these tables? It is clear that in the next 
20-25 years a massive increase in the use of fossil fuels for power generation is going 
to take place in the developing world (typically by a factor of about 5). This will seri
ously degrade the local environment in these countries. We already see warning signs 
in China, which has to use a lot of coal for power generation. It has been noted that 
China already has the highest atmospheric sulphur dioxide concentration in a city 
anywhere in the world; acid rain has been observed in Chongqing, Nanchang, 
Changsha, etc. [3]. 

Let us assume that the developing world can live with a somewhat degraded 
environment. However, what is likely to happen after the year 2020 is really frighten
ing. As described above, at 1500 units/year per capita consumption (which is only 
one fourth of the average in the developed world), India and China alone will be 
generating about 1 TW of electricity, half of it from fossil fuels. This is 10% of the 
total world production today. Beyond 2020, if they bring their consumption up to that 
of the developed world and if we add the requirements for the rest of the countries 
in the developing world, the impact on the global environment is simply staggering. 
This means that if we continue to rely on fossil fuels for our energy needs, we on 
this planet will literally choke. Very severe comparable warnings have come from 
scientists who have examined the impact of continued use of fossil fuels on accumula
tion of C02 in the atmosphere and the associated greenhouse effect. 

115 400 

0.5 45 

55 

120.5 500 



6 KAW 

There are other points of concern also for the developing world. Their massive 
dependence on fossil fuels makes them vulnerable to oil price shocks. This became 
very clear during the 1970s when the oil crisis took place. Oil prices have been and 
can be put at a level which is out of reach for developing countries. It is also 
important to note that one cannot assume major contributions to power production 
from fission power, as there are important questions related to safety, public accept
ability and international safeguards. 

So, where does this state of affairs lead? It seems that the world will have to 
make one of three choices: 

(a) Every nation whose per capita energy consumption is well above the world 
average must reduce its consumption significantly. 

(b) Per capita energy consumption in the developing world is allowed to stagnate. 
(c) We have an increasing impact from the employment of new technologies such 

as fusion and renewable energy sources. 

Choice (a) would be made in an ideal world. It is unrealistic to expect that it 
will be made in the real one! Choice (b) seems to be the most likely one. In fact it 
is interesting that energy planners in the developed world are already talking about 
such scenarios in their futuristic documents [4, 5]. What the developing world would 
really like is that choice (c) be available. 

My conclusion is that the energy scene in the developing world is far from com
fortable. The worst scenario is one where these countries are forbidden to burn coal 
because of environmental constraints, cannot buy oil and gas because they are too 
expensive and cannot use nuclear power because of safety issues and international 
safeguards. So, what do they do then? It is obvious that there is urgency to develop 
a new technology like fusion. 

2. WITH WHAT CERTAINTY CAN WE SAY THAT FUSION ENERGY 
WILL BE MORE EXPENSIVE THAN OTHER ENERGIES? 

Table IV [6] compares the projected costs of electrical power generation from 
thermal, fission and fusion power systems. It is to be noted that fusion power costs 
are only marginally higher than those of fission and thermal power. In fact if one 
makes aggressive assumptions in physics and technology (as in the ARIES-II design), 
fusion power costs are quite comparable to those of other systems. 

Importantly, Table IV also shows that in the thermal power costs a significant 
element is the cost associated with fuel. We must therefore ask, what determines the 
cost of fossil fuel? For example, it is clear that there is nothing like a 'real' cost of 
oil and that the cost is totally determined by the oil cartels and political conditions 
in the world. Figure 1 is an illustration of how the cost of oil has varied in the past 
20 years or so. One can see that in the late 1970s the cost of oil jumped almost by 
a factor of 3 within one year. This is because the oil cartels decided to increase the 
price of oil. 
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TABLE IV. COSTS3 OF ELECTRICAL POWER OPTIONS" 

Thermal 
(coal) 

Fission 

PWR-MEC PWR-BEd 

Magnetic fusion 

ARIES-I 
(tokamak) 

ARIES-H 
(tokamak) 

Net electrical power (MW(e)) 

Cost of electricity (mills/kW(e)-h) 
Capital 
Operation and maintenance 
Fuel and scheduled replacement items 
Decommissioning 
Total 

2 x 550 -1100 -1100 1000 1000 

22 
6 

22 
0.1 

50 

57 
13 
8 
0.6 

78 

30 
9 
7 
0.6 

46 

53 
7 
6 
0.5 

66 

35 
7 
6 
0.5 

48 

a 1988 US dollars, 76% plant availability regime, 6 year construction. 
b Adapted from Ref. [6], p. 1927. 
c Pressurized water reactor, median experience (today's fission). 
d Pressurized water reactor, better experience (today's fission, but with regulatory reform and 

improved construction practice). 
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FIG. 1. Wbrld price of oil, 1970-1987 (sources: US Department of Energy and American Petroleum 
Institute). 
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TABLE V. PRICES (US$/gal)a OF SOME PETROLEUM PRODUCTS [7] 

Gasoline Diesel Kerosine 

Italy 

Brazil 

Japan 

UK 

India 

USA 

Mexico 

a 1 gal = 3.785 L. 

3.71 

2.94 

2.89 

2.24 

2.17 

0.82 

0.71 

1.55 

1.92 

1.80 

1.77 

1.01 

0.87 

0.61 

1.56 

1.07 

1.08 

NA 

0.65 

0.83 

0.30 

Another important factor in the cost of fuel is the tax structure in each country. 
As an example, Table V shows the prices of some petroleum products in different 
countries in 1986. It may be noted that at the same given time, the prices of gasoline 
and kerosine varied by as much as a factor of 5 between Mexico and Italy. This again 
clearly shows that there is nothing like a real price for a given fuel. 

There are other important factors involved. At the present moment, a strong 
environmental lobby is asking the question, who should bear the cost of cleaning up 
the mess created by fossil fuels? There are serious suggestions of a carbon tax to 
be imposed on all fossil fuels, which could easily increase the electricity costs by 
10-20%. I understand from a colleague in Europe that in certain quarters a taxation 
level as high as 50% has been proposed. 

Other relevant questions which are being asked are, who should bear the cost 
of the security of oil rich regions, the cost of strategic petroleum reserves, etc.? 
Should all these costs continue to be met by general taxation of the public or should 
they be internalized in the cost of fossil fuels? 

We may conclude that it is by no means certain that the cost of energy from 
fossil fuels will stay at the level where it is today. It could significantly increase. 
Much will depend upon how long the various vested interests (oil lobbies, utilities, 
etc.) are able to protect themselves, through political connections. 

The fission power cost columns of Table IV illustrate another interesting point. 
There is a factor of 2 difference in the capital cost between the median experience 
and the better experience (in fact the capital costs of fission reactors have ranged over 
a factor of 5, from about US.$1300/kW(e) to over $6000/kW(e)) [8]. The basic rea
son for these substantial variations is that if effort is put into standardization of equip
ment, licensing reforms, improved project management, etc., the actual costs can be 
considerably reduced [8]. 
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Yet another aspect can play a role in reducing the cost of a new technology when 
it comes into the market and starts competing with the existing ones. This is illus
trated in Fig. 2, taken from the data for a renewable energy technology based on 
photovoltaic cells. It may be noted that in the early 1980s, as the number of world
wide photovoltaic shipments significantly increased, there was a steep decline in the 
average price per peak watt. 

So, what may one conclude from the above arguments? Given the substantial 
uncertainties described above, can one really say that fusion power is going to be 
definitely more expensive than thermal or fission power? The question that I would 
like to ask my fusion colleagues here is, if fossil energy prices go up by a significant 
factor in a few years, are we ready with an alternative technology? Can we take over 
what cannot be done by fossil fuels at that time? When the fusion community says 
that we will not develop fusion today but will do it slowly over a period of 50 years 
because the power it produces may be more expensive (on the basis of uncertain argu
ments of the type critically examined above), the lay public thinks, "Here is another 
swindle for fifty years!" I believe that the time has come for us actually to demon
strate to the taxpayers who support us, in as short a time as possible, that fusion can 
indeed produce electricity. Even if our power costs are higher than those of existing 
power systems, we would be far more credible as a group. To give this technology 
a chance, we must get it out into the market. Similar things have happened in renew
able energy source systems. Many of these technologies are costlier than present 
energy systems but they are out in the market and people can see that they really work 
and generate electricity. 

Shipments 

30 

25 

20 

-15; 

-10 

-5 

1975 1980 1985 1990 

FIG. 2. World photovoltaic shipments and average market prices, 1975-1986 (sources: Battelle Institute 
and Paul Maycock Strategies Unlimited). 
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3. CAN WE PERFECT THIS TECHNOLOGY SLOWLY OVER A PERIOD OF 
50 YEARS AND THEN PUT IT TO COMMERCIAL USE? 

I believe that the answer to this question is a definite no. In 1955, at the first 
Geneva Conference on Peaceful Uses of Atomic Energy, Homi Bhabha declared that 
fusion systems producing energy would be developed within two decades. When in 
the 1990s, after working on the problem for 35 years, the community goes around 
saying that we still need 50 years to exploit fusion as a commercial technology, it 
has two negative effects, (a) It gives a very poor impression about the actual accom
plishments of the programme. Nobody outside the community really gets to know 
what it is that has been achieved in the last 35 years. The fact that we are really 
manipulating large, reactor grade plasmas that have nearly reached breakeven condi
tions gets lost, (b) It leads to a rapid loss of our credibility. When we say that fusion 
systems still need 50 years for development, the lay public thinks that perhaps such 
systems will work in the twenty-second century. 

The planners do not take us seriously at all; they probably believe that these sys
tems will never work. In the past few weeks, I have been scanning the energy plan
ning documents of several developed and developing nations to see if fusion energy 
is included in any documents as a major source of energy production at any time in 
the twenty-first century. I did not find even a single mention anywhere. This shows 
the degree of credibility we carry in the minds of planners. We simply have not 
reached them or they do not believe us. 

Some of my colleagues will argue that we have to be cautious and that in the 
past we have suffered because we promised too much too quickly. But when caution 
begins to hurt programmes, it is time to question the basic premises. We are already 
on the back burner, and let me assure you that there is a very short distance between 
the back burner and the garbage can. If we keep talking of 50 year time-scales of 
development, it is not clear where we will end up. 

There are several other reasons why we should not talk of very long time-scales 
of development. The fusion programme has made very significant progress in the past 
decade. This has given our technical programmes considerable momentum which is 
likely to die if we talk of very long time-scales. Secondly, it is important to emphasize 
that the world has created a major human resource in the fusion scientists and 
engineers, some of whom we see here today. This is an asset which we should not 
squander away. There is every likelihood that this group will disband if we talk of 
very long time-scales. It is also certain that no fresh blood in the form of bright young 
people is going to enter a programme which is seen as very long term. If we ask a 
bright young person today whether he or she would like to join an effort which may 
lead to something useful fifty to a hundred years down the road, there is every likeli
hood that the person will shy away. 

Finally, we must realize that the perfection of a technology only occurs by com
petition in the market place. There is no way that fusion systems can be perfected 
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in the quiet of the laboratories. We thus need to build real life systems as soon as 
possible and then let them improve by competition. 

4. A NEW GOAL 

I hope that the above discussion has convinced you that we in the fusion commu
nity have made a set of faulty premises and allowed them to dominate our thinking 
on the pace of fusion funding and fusion research in the world. I think that it is time 
to reorient ourselves and define a new goal which I would like to put as follows: We 
must bring fusion systems to a level such that fusion power is considered as a credible 
energy alternative on the fastest technically realistic time-scale. We must demonstrate 
generation of fusion electricity as early as possible and show that it is environmentally 
better than the other competing energy sources. 

What are our major uncertainties in realizing this goal? The technological issues 
involved are well known to everyone here and we shall hear a lot more about them 
during the course of the conference. Briefly, we must demonstrate ignition without 
significant degradation of critical plasma parameters, impurity control, fuelling and 
ash removal, and long pulse or steady state operation. We must find acceptable new 
materials for plasma facing components and the first wall, develop hot blankets for 
breeding tritium, and demonstrate reliability, high duty cycle, safety and so on. Many 
experts believe that the above problems can be addressed and solved in two to four 
tokamak systems, built partly in parallel, over the coming 15 to 25 years. That is, 
in principle, we could have a demonstration power plant as early as the year 2015. 
We must make this a goal of the world fusion programme. 

Let us ask what this really requires. The most important thing is that we have 
to raise resources for such a programme. At a very rough estimate, this overall 
development should cost around $50 000 million in 20 years. This is by no means 
a large sum to develop a technology which will satisfy the energy hunger of this 
planet for all time to come and considerably improve the quality of life. Let us put 
this number in some perspective. We are nearly 5000 million people on this planet 
today. Thus we are asking for $10 per person in the next 20 years (50 cents a year!). 
Is this too much capital to invest for a future energy source? Let me give another per
spective. If one charges 1 cent per gallon 'fusion tax' on gasoline one can generate 
this much revenue in less than 5 years and the consumers won't even notice. Yet 
another perspective. This total cost of development is likely to be less than the cost 
of a space station, which is very much under consideration in several places. Another 
perspective can be given in the form of the cost of high tech defence systems such 
as the Strategic Defense Initiative, which may indeed be redundant in the present 
post-Cold-War era. The total cost of fusion development is likely to be less than the 
cost of a few such pieces of equipment. 

Thus the total cost of fusion development is not so large that the world cannot 
comfortably bear it. It is simply a question of convincing the right people. But if we 



12 KAW 

have to convince others, we must first convince ourselves and then speak with con
viction. We must spend some time in educating the general public about what fusion 
can do, what the stakes are if it is not developed early enough, what our actual accom
plishments in the last 30 to 35 years have been, and so on. We can learn from the 
example of the US National Aeronautics and Space Administration, which has done 
an excellent job of keeping the public informed through excellent educational 
material in the form of publications, films, advertisements, etc. We must also 
develop a strong lobby which will work for us with various governments and interna
tional bodies. We must establish linkages with other like-minded groups who are 
interested in improving the environment and the quality of life all over the world. 

5. CONCLUSIONS 

My conclusions are the following: 

(1) There is urgency to develop new technologies like fusion since otherwise the 
per capita energy production (and the quality of life) in the developing world 
is likely to stagnate in 20-25 years. 

(2) The fusion DEMO, generating electricity in an environmentally acceptable 
manner, should be built as rapidly as technically feasible, say by the year 2015. 
This calls for aggressive development of a number of parallel systems which 
solve the various problems of physics, technology, safety, environmental 
acceptability, etc. Some pruned version of ITER could be one of the required 
parallel systems needed for overall development. 

(3) To raise resources for an accelerated programme, we must expend effort on 
educating the general public, the energy planners, the environmental groups, 
the politicians, etc., about the merits of fusion and about how close we have 
come to the final goal. Resources should become available, because the devel
oping nations can be convinced that this is the surest means of ensuring a decent 
standard of living for their citizens and the developed nations can be convinced 
that there is a huge energy market out there which can be tapped and that they 
cannot continue to pollute the environment at the rate at which this is being done 
at the moment. 

A few words about international co-operation. This morning in the panel discus
sion you heard about developments in ITER and the international co-operation among 
the four major blocs. But this collaboration totally leaves out programmes in the rest 
of the world. I would like briefly to talk about them. Programmes in many countries, 
especially some of the developing ones, have now started to mature and must estab
lish linkages with each other and with mainstream activities like ITER. Considering 
the importance of fusion for developing nations, it should be possible to raise 
resources for a joint mature experiment which can then address an important set of 
questions for the mainstream fusion programme. This can also be treated as a form 
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of insurance so that if, at some time in the future, the developed nations feel that they 
would prefer to wait, the developing nations can take off on their own and solve their 
energy problems themselves. 

Finally, before I end my talk I cannot resist the temptation of quoting Academi
cian Artsimovich. In response to a query he is reported to have said,' 'The first fusion 
system will be built when there is a great need for it." I believe that if Lev 
Artsimovich were alive today, he would be a rather unhappy man. Not because we 
have not taken his technical work seriously. We have indeed adopted his baby and 
taken it to new and brilliant heights. He would be unhappy because we do not share 
his vision. He would see a world in which there is a great need for fusion, a world 
where there is the technical ability to develop it, but, he would ask, "Where is the 
will?" 
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Abstract 

RECENT JET RESULTS AND CONSEQUENCES FOR FUTURE DEVICES. 
JET experiments of significance to a Next Step tokamak are reported in the areas of plasma trans

port, steady-operation and the divertor and impurity control. Non-dimensional scaling experiments, 
varying only the normalised Larmor radius, favour long wavelength turbulence as the basis for trans
port, but uncertainties make it impossible to exclude short wavelength turbulence. On- and off-axis heat
ing experiments show that the plasma temperature responds to the heating profile and that this can be 
described by a local, diffusive transport model. Impurity transport experiments show anomalously poor 
particle confinement outside q = 1, depending, like anomalous heat transport, on input power and 
plasma density. Experiments with 16, rather than all 32, JET toroidal magnetic field coils show poorer 
plasma performance and increased fast particle losses. Regarding steady-state operation, bootstrap 
current fractions as high as 70% (in 1-1.5 MA discharges) and a boostrap current of 1 MA (in high 
performance, hot ion H-modes at 3 MA) have been obtained. These discharges also have high confine
ment. Current drive efficiencies with LHCD and ICRH have reached 0.45 x 1020 m~2 AW"1, 
comparable with the highest achieved elsewhere but at least a factor of three lower than required to 
sustain the full current in an ITER-type reactor. Reliable AC operation at 2 MA has also been demon
strated. Divertor studies stress the benefits of high edge density in a high-recycling divertor for energy 
exhaust, impurity control and helium pumping. Experiments with strong gas puffing show the formation 
of a highly radiating cold gas target in the divertor region and the virtual elimination of conducted power 
to the target plates. This is apparently easier to achieve with beryllium target plates. The benefits of 
optimising the ionisation distribution of recycled neutrals through geometry changes is demonstrated 
computationally. 

1 . INTRODUCTION 

The Joint European Torus, JET, is presently the most powerful tokamak 
experiment in the world and possesses many of the design features foreseen for 
ITER: high plasma currents of up to 7MA, elongated plasma cross-section and 
an X-point configuration. In addition, JET is equipped with high power heating 
systems (18MW of NBI, 22MW of ICRH) and current drive (LHCD, presently 
2.7MW; 8MW in 1993) and has the full capability for operating with tritium. 

1 See Appendix to this paper. 
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In 1991, JET achieved the best-ever fusion yield: a fusion triple product, 
nTx£ = 9 x 1020m-3 keVs, was obtained in a 3MA/2.8T hot-ion H-mode 
deuterium discharge with 14.9MW of NBI heating. This corresponds to an 
equivalent QDT = 1.14. These studies culminated in the Preliminary Tritium 
Experiment (PTE), with =11% tritium concentration in deuterium, which 
produced 1.7MW of fusion power and a total fusion energy release of 2MJ. 
These high performance X-point experiments with deuterium and tritium are 
discussed in a separate paper [1]. High performance limiter operation with 
plasma currents up to 7MA is also discussed elsewhere [2], 

This paper addresses physics advances, particularly in three areas which 
are of special importance for a Next Step tokamak such as ITER. Section 2 is 
devoted to plasma transport issues, reporting experiments on non-dimensional 
scaling, on- and off-axis heating, impurity transport and ripple in the toroidal 
magnetic field. Section 3 considers topics relevant to steady-state operation of a 
reactor, presenting experimental results on the bootstrap current, non-inductive 
current drive (LHCD, ICRF) and inductive alternating current operation. 
Section 4 discusses divertor physics and impurity control, including experi
mental studies of a strongly radiating divertor and two-dimensional com
putational studies of the effect of geometry on divertor performance. 

2. PLASMA TRANSPORT ISSUES 

Since the 1990 IAEA meeting, JET experiments on plasma transport have 
concentrated on a limited number of specific issues, three of which are 
considered in this paper. Non-dimensional scaling experiments [3,4] examine 
the dependence of energy confinement on the normalised Larmor radius, p*, 
which is the key physics parameter that distinguishes ITER plasmas from those 
in present generation tokamaks. Experiments which employ on- and off-axis 
additional heating [4,5,6] explore the response of the plasma temperature to the 
heating profile and test the local, diffusive nature of heat transport. Impurity 
transport experiments [7] examine the link between particle and energy 
transport, and help elucidate the underlying transport and allow more accurate 
predictions of the exhaust of both power and fusion burn products (helium 
"ash") in ITER. Finally, experiments using 16, instead of all 32 JET toroidal 
field coils [8], will help determine the acceptable level of toroidal field ripple 
and influence the choice of the number of toroidal field coils needed for ITER. 

2.1 Non-dimensional scaling experiments 
In non-dimensional scaling experiments on JET [3,4], DIII-D [9] and TFTR 
[10], the dependence of energy confinement on the normalised Larmor radius, 
p* is studied. Such experiments are important since extrapolations to ITER, 
under conditions in which only p* varies, differ by a factor of three in the value 
of nTtE predicted by different confinement scalings. 

The scale invariance approach to confinement of Kadomtsev [11] and 
Connor-Taylor [12] suggests that the local thermal diffusivity can be expressed 
in the dimensionally correct form: 

Xeff=XBohm F(p*,v*,p,£,K,q,...) (1) 
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where %Bohm = kT/eB and the dimensionless parameters of F represent the 
normalised Larmor radius, collisionality, plasma pressure, inverse aspect ratio, 
elongation, safety factor, etc. The dimensionless parameter, p* is the smallest, 
and since tokamak experiments have shown no abrupt change in the dependence 
of Xeff on p*, it is reasonable to expand Eq.(l) in the form: 

Xeff = (P*)a XBohm F (v*,p\e,K,q,....) 

where the exponent, a distinguishes long and short wavelength turbulence: 
a=0 corresponds to long wavelengths, A » p j (the so-called Bohm scaling) 
and a= l corresponds to short wavelengths, X~pj (the so-called gyroBohm 
scaling). It should be noted that free fitting global scaling laws suggest L-mode 
transport results from long wavelength turbulence, i.e. Bohm-like, and, on 
JET, this is corroborated by correlation reflectometry measurements of long 
wavelength density fluctuations [13,14]. 
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The experiments [3,4] determine the p* scaling by varying the plasma 
density and input power (3-14MW ICRH of on-axis heating at 27,41, 55MHz 
for BT=1.7 , 2.6, 3.4T) to obtain three approximately "dimensionally similar" 
pulses at 2, 3 and 4MA in which all dimensionless parameters except p* are 
held constant. In particular, the plasma shape and edge safety factor are held 
constant, p* varies by -1.5-1.7. The spatial profiles of the total conductive heat 
flux, Q, the temperature, T, density, n, and poloidal magnetic field, Bp are 
obtained from the TRANSP code and Q is compared with the Bohm and 
gyroBohm scalings by normalisation with respect to a model Qmodel given by: 

Qmodel °° n Xmodel TV a 
where: 

Xmodel« T / Bp (Bohm) 
and 

Xmodel ~ T3/2 / a <Bp)2 (gyroBohm) 

These comparisons are shown in Fig. 1 for the three currents; clearly the 
data is best grouped by the Bohm scaling. However, it is not possible to 
exclude a gyroBohm dependence since the experimental errors are large and 
some parameters, such as ratios of temperatures and temperature and density 
scale lengths, show some variation. 

2.2 On- and off-axis heating experiments 
The response of the plasma temperature to the heating profile is explored in 
experiments with on- and off-axis additional heating [4,5,6]. As seen in Fig. 2, 
the electron temperature profile evolves quite differently in the two cases, and 
does indeed depend on the heating profile. This difference is apparently not 
seen in similar experiments on other tokamaks [15,16]. 

On- and off-axis heating experiments also allow a test of the local, 
diffusive nature of heat transport, that is, a test of whether the total conductive 
heat flux, Q is of the form: 

Q = -n%eff(Te,VTe,q,Vq,...)VkT (2) 

Since the JET experiments with pellet injection followed by off-axis 
ICRH produce a heat sink on-axis, the total conductive heat flux is negative 
(inward) inside the resonance position and the applicability of Eq.(2) is tested 
for both Q and -nVkT positive (outward) and negative (inward). 

TRANSP has been used to establish a consistent set of data and allow Q 
to be plotted against -nVkTe at various flux surface radii. It should be noted that 
the data at small radius, inside the resonance region, passes linearly through the 
origin (Fig. 3). When the results from on-axis heating and mixed heating are 
included, a local heat diffusivity dependent on, at least VkTe, is required to 
describe the data. The local, diffusive nature of heat transport is further justified 
by simulations of the evolution of the Te profile for off-axis heating on JET 
(Fig. 4) using the critical electron temperature model [17]. Further support for 
such a local and diffusive transport model is provided by experiments in which 
the plasma current is ramped in the range 1.5 to 3MA to decorrelate it transiently 
from the current profile [18]. 
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FIG. 3. Total conductive heat flux Q versus —nVkTe for on-axis, off-axis and mixed heating 
discharges at normalised radius, x = 0.25. 

2.3 Impurity transport experiments 
The dependence of impurity transport on plasma current, magnetic field, plasma 
density, temperature and additional heating power has been studied in limiter, 
L-mode helium plasmas. Nickel trace impurities were injected by laser blow-off 
and the evolution of the soft X-ray emissivity, obtained with good spatial and 
temporal resolution using two soft X-ray cameras, has been modelled with an 
impurity particle flux of the form: 

rexpt= -DexptVn + Vexptn 

Dexpt and Vexpt are the experimentally determined particle diffusion 
coefficient and convective velocity. Experiments were performed with plasma 
currents of 2, 3,4 and 5MA (at a magnetic field of 3.2T) and magnetic fields of 
1.45, 2.55 and 3.2T (at a plasma current of 2MA). The plasma density was 
varied in the range of l-5xl019m~3 and the ICRF heating power was in the 
range 4-20MW. 
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FIG. 4. Evolution of electron temperature profile for off-axis heating, as used consistently in TRANSP 
(ECE normalised to LIDAR data), and comparison with transport simulations using the critical electron 
temperature gradient model [17]. 

The temporal evolution of the tomographically reconstructed X-ray 
emissivity profiles shows already very rapid impurity transport in the outer 
plasma region and a much slower transport nearer the centre, except following a 
sawtooth collapse when the transport is greatly enhanced (Fig. 5). This 
suggests, in accord with results obtained previously on JET [19], the existence 
of two distinct transport regions in the plasma, with a rather abrupt transition 
zone. In the present experiments [7], there is an outward displacement of the 
peaks of the emission when the plasma current is increased or the toroidal 
magnetic field is decreased, indicating that the central region of reduced 
transport becomes broader the flatter the q profile. 
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FIG. 5. Evolution of soft X-ray emissivity profile along a horizontal chord following nickel injection. 

Full impurity transport calculations that model this evolution show a 
central region characterised by a low particle diffusivity, close to neoclassical 
predictions and an outer region of anomalously high diffusivity, Dexpt and 
convection (Fig. 6). Density and power scan experiments show that the central 
chord X-ray signal decays faster with increasing additional heating power and 
decreasing plasma density. More specifically, the higher the total power per 
particle, the faster the decay. It is seen from Fig. 6 that Dexpt used to model 
these results increases strongly with Ptot/<ne>> suggesting that Dexpt is 
dependent on Te or VTe but not on ne or Vne. This dependency correlates well 
with the corresponding increase in effective heat diffusivity, %eff-

2.4 Toroidal field ripple experiments 
A controlled experiment has been undertaken on JET to compare plasma 
performance when JET was operated with 16 or 32 toroidal field coils [8] and 
to obtain data on stochastic diffusion losses in order to test theoretical 
predictions. In L-mode NBI heated discharges at 1.4T and 2.5MA, there is a 
30% reduction in the diamagnetic stored energy and complete loss of plasma 
rotation with 16 coils. H-mode discharges in an X-point configuration with 
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FIG. 6. Nickel diffusion coefficient as required in transport simulations for a range of conditions with 
varying power per particle, PKI/(ne}. 

1.4T and either 2MA or 2.5MA show that ELM-free H-modes could be 
obtained readily with 32 coils and an NBI power level of 1.5MW. With 16 
coils, the threshold appeared not to be significantly higher, but ELM-free H-
modes could not be obtained, even with a power of 10MW (Fig.7). A possible 
explanation is that the ripple transport with 16 coils prevents the development of 
high edge temperature gradients and thus the potential for achieving ELM-free 
H-modes is lost. The loss of high energy ions was explored in experiments 
with second harmonic heating of hydrogen minority ions. These ions are 
expected to be subject to stochastic diffusion losses and indeed the loss of 
energetic ions (also 140keV deuterium ions from NBI) is strongly increased. 
The experiments appear to validate the theory of stochastic diffusion losses 
applied to ITER [20] and will add confidence to the determination of the 
minimum number of toroidal field coils needed for ITER. 

3. STEADY-STATE OPERATION 

In the Next Step and a tokamak reactor, the plasma current will be 
predominantly a combination of the naturally occurring neoclassical bootstrap 
current and externally driven non-inductive currents. JET studies of the 
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FIG. 7. Comparison ofNBI heated H-mode discharges with 16 (solid traces) and 32 (dashed traces) 
toroidal field coils. Shown are NBI power, Da signals, volume-averaged density and diamagnetic 
stored energy. 

bootstrap current have emphasised the confinement and stability properties of 
bootstrap dominated plasmas [21,22,23]. The efficiency of non-inductive 
current drive with LHCD alone and in combination with ICRH has also been 
studied [24,25], in view of the high current drive efficiency needed for a 
steady-state reactor [26]. As an alternative to steady-state operation, pulsed 
operation (with pulses of 1 - 2 hours) using inductive current drive can be 
envisaged [26]. In this case the duty cycle and the use of the ohmic transformer 
can be optimized by adopting AC operation. Such a scenario has been 
demonstrated recently on JET [23,27]. 

3.1 Bootstrap current studies 
In all JET high performance NBI-heated hot ion H-mode discharges, a 
substantial fraction of the current arises from the neoclassical bootstrap effect. 
In several of the preparatory pulses used for the Preliminary Tritium 
Experiment, including the discharge with the highest equivalent QDT (Pulse No. 
26087 with QDT ~ 1-14 [1]), the bootstrap current was about IMA in a total 
current of 3MA and the loop voltage was negative throughout the high 
performance phase of the pulse [21]. 



IAEA-CN-56/A-1-1 25 

Pulse No: 25264 

Time (s) 

FIG. 8. Evolution of Da signal, thermal plasma energy, surface loop voltage and bootstrap current 
(from TRANSP simulations) in a 1 MA ICRF heated H-mode discharge. The surface loop voltage is 
compared to TRANSP simulations with and without bootstrap current. 

To increase the bootstrap current further it is necessary to operate at high 
poloidal Pp and hence low plasma current, as can be seen from the approximate 
expression for the neoclassical current density, j = -(e1/2/Bp)(dp/dr). A series of 
ICRH H-mode discharges were carried out with the current in the range 1 -
1.5MA and with high p p [22,23]. These experiments have no central fuelling 
(in contrast to the earlier experiments with NBI) and in this respect are more 
representative of a steady-state reactor scenario. In the ELM-free phase of these 
H-mode discharges, up to 70% of the current is bootstrap driven, a typical 
example being shown in Fig. 8. The bootstrap contribution is strongly peaked 
on the outside, but the total current remained centrally peaked. 

The energy confinement in these pulses, as in the NBI heated high per
formance pulses, was up to a factor two better than suggested by DIII-D/JET 
H-mode scaling [28] (Fig. 9). The causal link between improved confinement 
and a large bootstrap current remains unclear. 

The high confinement phase of the high pp pulses ends abruptly with an 
ELM (Fig. 8). The collapse is not triggered by any central MHD activity but it 
appears to be triggered by edge activity [29]. Indeed a stability analysis prior to 
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FIG. 9. Thermal energy confinement times, normalised to DIII-D/JET H-mode scaling for JET H-mode 
pulses with high bootstrap current. 

the ELM shows the edge pressure gradients are only marginally stable to high-n 
ballooning modes. These results show that in a reactor where the bootstrap 
current will be a substantial fraction of the total current it will be essential to 
tailor the density profile so that a stable current profile can be maintained. 

3.2 Non-inductive current drive experiments 
Current drive experiments aimed at full non-inductive sustainment of the current 
(zero loop voltage) have been carried out in JET using LH alone (maximum 
power 2.3 MW at Nj = 1.8 ± 0.2) and in combination with ICRH [24,25]. The 
addition of ICRH power was observed to produce a synergistic effect by 
accelerating electrons to energies several times the maximum energy 
corresponding to the Nj| spectrum of the LH waves (̂ -lOOkeV). 

A current drive efficiency is defined by y = ne R(Ip-lBS)/(PLH + PSYN) 
(xl020nr2 AAV) where PSYN is the part of the ICRH power (up to 20%) which 
is coupled by synergy to the fast electrons created by LHCD. In Fig. 10 the 
experimental values of y are plotted versus <Te>/(5+Zeff). The current drive 
efficiency is found to increase with <Te> and reaches a maximum of 0.45 x 
1020m-2AAV. 
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FIG. 10. Current drive efficiency in JET experiments with LHCD alone and in combination with ICRH. 

The physics of the synergy process is not yet clear and a direct 
extrapolation to the Next Step is therefore not possible. It is nevertheless 
instructive to compare the y values achieved so far with the current drive 
efficiency YCD required to sustain the full plasma current in a Next Step 
tokamak at ignition. Consider a simple model [24] in which a fraction of the 
fusion power (corresponding to recirculating about 20% of the generated 
electrical power) is used to power the current drive system, the fusion power is 
P-limited and the energy confinement follows a Goldston-type scaling law. This 
model indicates that the full current can be sustained in an ignited plasma with 
parameters similar to those considered for ITER (R=7.75m, R/a=2.8, b/a=1.6, 
BT=6T and n=1.2xl020m-3) with YcD=l-4xl020m-2A/W. The bootstrap current 
fraction is about 20%. This demonstrates that the best current drive efficiencies 
obtained in today's experiments are insufficient for steady-state operation of a 
reactor and that alternative schemes have to be considered [26]. 

3.3 AC tokamak operation 
An alternative to steady-state operation is semi-continuous operation (long 
pulses of 1-2 hours with short intervals in between) using inductive current 
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Pulse No: 24807 

FIG. 11. Parameters of a full cycle 2 MA AC discharge. Shown are plasma current, ICRH power, 
central density, electron temperature, effective ion charge and total radiated power. 

drive which offers a considerable advantage in power consumption. Long pulse 
inductive tokamak operation has been demonstrated on JET with: 

- forward current with reduced ohmic dissipation and extended current flat
top by additional heating (ICRH and LHCD) resulting in a one minute 
limiter discharge at a current of 2MA [23,26]; 

- alternating current (AC) at currents up to 2MA [23,27]. 
Figure 11 shows a typical full cycle 2MA limiter AC discharge. The 

detailed mechanisms for achieving such pulses are given in [27]. Figure 11 also 
shows the plasma purity and other discharge conditions for the typical AC 
cycle. The observations from this and similar discharges show that reliable AC 
operation has been demonstrated at currents up to 2MA. Breakdown was 
successful for short (50ms) and long (6s) dwell times; it was not hampered by 
gas release from the walls. Furthermore, both half cycles exhibit equivalent 
plasma parameters, in particular there was also no increase in impurity levels. 
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Pulse No: 26849 
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FIG. 12. Strongly radiating divertor discharge with 22 MW input power and only 0.5 MW conducted 
power onto Ike target plates. 

4. DIVERTOR PHYSICS 

A divertor is required to perform three primary functions: handle the power 
exhaust while keeping erosion of the target plates to a minimum; control the 
impurity level of the bulk plasma; and pump helium "ash". Divertor/scrape-off 
layer theory and modelling over the past decade [30] have shown clearly that the 
best approach is to operate with a dense, cold divertor plasma (high recycling), 
which implies the scrape-off layer density should be as high as possible within 
constraints set by main plasma requirements. In addition, there are four design 
choices available for optimising performance. These are choices of: divertor 
geometry; target plate material; seeding element for radiation enhancement; and 
electrical biasing. In the past year, JET has carried out preliminary experiments 
on a strongly radiating divertor [31], and begun a systematic computational 
optimisation of divertor geometries with respect to satisfying the three, 
sometimes conflicting, primary functions listed above [32]. 
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FIG. 13. Radiation characteristics for beryllium and carbon showing the first radiation peak occurring 
at a much lower temperature for beryllium than for carbon. 

4.1 Strongly radiating divertor experiments 
According to measurements of the temperature of the target tiles, conduction to 
the beryllium target plates in a single-null X-point divertor discharge was 
reduced by strong gas puffing to only about 5% of 22MW input power (Fig. 
12). Within experimental error, the rest of the power was lost by radiation and 
charge exchange, about half from the main plasma, and the balance from the 
divertor region. CCD camera measurements indicate that a stable MARFE-like 
radiating plasma was formed on both inner and outer target plates, reducing the 
power conducted to the targets dramatically. In these experiments, the ion VB 
drift was away from the divertor, which results in a more even distribution of 
power between inner and outer divertors [33]. The effective ionic charge, Zeff 
remained quite low, and nearly steady-state conditions were achieved. In initial 
experiments of this nature, the discharge remained in L-mode, presumably 
because of the cold, dense edge conditions. Subsequently, a feedback gas 
puffing system, controlled by the measured tile temperature, was introduced in 
order to be able to reduce the puffing rate without the risk of melting the targets 
[31]. In this way, it was possible to produce an H-mode discharge with a gas 
target divertor, although the H-mode was very ELMy and the energy confine-
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ment time was only about 1.4 times the Goldston L-mode value. Attempts at 
similar experiments on the carbon target plates were not successful. It is 
believed that this results from the radiation characteristics of beryllium, with a 
peak at a much lower temperature (1.5eV) than carbon (7eV) (Fig. 13). For 
equal scrape-off layer powers and impurity concentrations, this implies higher 
radiation from beryllium if the divertor plasma temperature clamps near the 
radiation peak. The study of strongly radiating divertors will form an important 
component of the pumped divertor programme in the New Phase of JET. 
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FIG. 15. SOL midplane separatrix impurity density for the three divertor geometries of Fig. 14, for 
two values of midplane density and PS0L = 20 MW. 

4.2 Effect of geometry on divertor performance 
A systematic study of the effects of geometry on divertor performance has 
begun. The EDGE2D code, which uses classical transport parallel to the 
magnetic field and anomalous perpendicular transport adjusted to match experi
mentally observed scrape-off layer decay lengths [34], has been modified to 
treat moderately inclined target plates [35]. Three geometries are considered 
(Fig. 14). The first has target plates orthogonal to the magnetic field 
("orthogonal" case) and is an approximation to the open divertor geometry 
actually used in JET in the 1991-92 campaign. The second uses vertical, 
"inward facing" target plates, and is similar to a configuration which can be 
generated in the JET pumped divertor as presently installed (Mark I). The third 
is a "moderate slot" configuration which could be introduced as Mark II. The 
orientation of the target plates, together with the proximity of the vessel wall, 
strongly affects the ionisation distribution of recycled neutrals and hence the 
distribution of plasma parameters in the divertor region. This in turn affects the 
impurity production and retention, the distribution of power to the plate, and the 
pumping performance [32]. 

Impurity control: The calculations show, as indicated above, that for 
a given power, Psoi = Pheat - dW/dt - Prad.bulk into the scrape-off layer, the 
midplane deuterium density, nb affects strongly the divertor temperature and 
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FIG. 16. Deposited power density across the target plate for the three divertor geometries of Fig. 14, 
for PSOL = 20 MWand nb = 4 x 10'9 m's. 

density, and hence the effectiveness of the divertor for impurity control. This is 
illustrated in Fig. 15, which shows the scrape-off layer impurity density, nZib 
versus nn for a fixed Psoi = 20MW. It is seen that decreasing nb from 4 to 2x 
1019 m"3 increases nZ)b by a factor of about five (slot geometry) to twenty 
(orthogonal and vertical plate geometries). At a fixed nb = 2xl0r9nr3, nZ(b is 
three times lower for the slot geometry than the other two, although in all tnree 
cases Zeff at the midplane in the scrape-off layer remains below 1.9, an 
acceptable figure. Returning to the point that a high value of nb is desirable for 
good divertor performance, it should be noted that in JET it has been very 
difficult to achieve such conditions in H-mode operation. Typically, in ELM-
free H-modes nb/ne ~ 0.15 ± 0.05 is found, a value much lower than that 
assumed, for example, in NET/ITER studies. Insufficient data exists to 
establish nb/Se for ELMy H-modes in JET. 

Target plate power distribution: The spatial profiles of temperature 
and density, and hence power distributions at the target plates are strongly 
affected by the ionisation distribution of recycled neutrals. Power deposition 
profiles at the outer target plates for the three geometries are shown in Fig. 16 
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for the case of Psoi = 20MW and % =2 x 1019nr3. With orthogonal plates the 
profile is strongly peaked, with a power decay length of about a cm. Such a 
peak power would require sweeping to prevent plate damage. The lowest 
average power was found with the vertical plate geometry, since the wetted area 
is largest. The lowest peak power of 10MW/m2 occurs with the slot geometry. 
Sweeping would probably not be necessary in this case. In addition, the 
radiated power is higher with the slot divertor, further distributing the heat load. 
The vertical plate has a lower peak-to-average ratio than the orthogonal plate, 
but a peak load intermediate between the orthogonal and slot cases. 

Pumping performance: This has been assessed using the EIRENE 
code with specified plasma parameters and a complete geometric model, 
including pumping ducts and a simulated cryopump. It is found that the vertical 
plate geometry would have a significantly higher pumping performance than the 
orthogonal plate geometry. This is indirectly confirmed by the EDGE2D 
calculations which find the highest neutral pressure in the private flux region for 
the vertical plate case. 

V. SUMMARY AND CONCLUSIONS 

This paper has considered three important areas relevant to the Next Step: 
plasma transport; steady-state operation; and the divertor and impurity control. 
It shows that JET, which is presently the most powerful tokamak, possessing 
many of the design features foreseen for ITER, is contributing significantly to 
the advancement of these physics issues. 

The key energy confinement parameter that changes between present 
tokamaks and ITER is the normalised Larmor radius, p*. Non-dimensional 
scaling experiments on JET, in which p* is varied while keeping other non-
dimensional parameters constant, favour long wavelength turbulence (that is, 
Bohm-like) as the basis for transport. However, uncertainties, particularly in 
some dimensionless scalelengths and temperature ratios, make it impossible to 
exclude short wavelength turbulence (gyroBohm-like). Other experiments with 
on- and off-axis heating show that the plasma temperature responds quite 
differently to different heating profiles. These experiments also show that a 
local, diffusive transport model with a heat diffusivity dependent on, at least 
VkTe, is sufficient to describe both the outward and inward heat fluxes that 
occur. Furthermore, the critical electron temperature gradient model simulates 
well the evolution of the temperature profile. Impurity transport experiments 
with nickel injection show a central region of good particle confinement 
(between sawteeth) and an outer region of anomalously poor particle 
confinement in which both the anomalous particle diffusivity and the anomalous 
heat diffusivity depend similarly on input power and plasma density. 
Experiments with a deliberately increased toroidal field ripple show reduced 
stored plasma energy, complete loss of plasma rotation and the potential to 
achieve an ELM-free H-mode and strongly increased fast particle losses. This 
last result is in qualitative agreement with the theory of stochastic diffusion, as 
applied to ITER, and should help determine the minimum number of toroidal 
field coils needed for ITER. Overall, these transport experiments show 
significant progress towards the formulation of a fully coherent transport model 
which is required for extrapolation to ITER. 
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The prospects for continuous or semi-continuous reactor operation have 
been examined by JET experiments with high bootstrap and non-inductive 
currents and with inductive alternating currents. Up to 70% of the current in a 
1-1.5MA discharge can be attributed to the bootstrap effect and a bootstrap 
current of IMA is achieved in high performance, hot ion H-modes at 3MA. 
These discharges also have confinement significantly better than the JET/DIII-D 
H-mode scaling. Current drive efficiencies with LHCD and ICRH on JET have 
reached 0.45xl020nr2AW_1, comparable with the highest achieved in other 
tokamaks, but still at least a factor of three lower than required to sustain the full 
current in an ITER-type reactor. Semi-continuous reactor operation with 
inductive current drive, possibly AC, is therefore the only solution for ITER 
and reliable AC operation at 2MA has been demonstrated on JET. 

Divertor studies stress the benefits of high edge density in a high-
recycling divertor for energy exhaust, impurity control and helium pumping. 
JET experiments with strong gas puffing show the formation of a strongly 
radiating cold gas target in the divertor region and the virtual elimination of 
conducted power to the target plates. This is apparently easier to achieve with 
beryllium target plates. However, it has not been possible to achieve high 
scrape-off layer densities in ELM-free H-mode JET discharges. Recycling can 
be optimized through geometry changes and these have been studied 
computationally. A "closed" divertor design (by mechanical structures or 
plasma plugging) offers potential for high divertor pressure, better power 
handling and reduced impurity production. ITER will probably operate with an 
ELMy H-mode and an advanced divertor, perhaps of the "slot" design. 

By virtue of its high performance capability, JET is well-placed to pursue 
these lines of research in its New Phase with both beryllium and carbon in a 
pumped divertor and to contribute significantly to the ITER EDA. 
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DISCUSSION 

R.J. GOLDSTON: It is discouraging to see that n,, was only 2 x 1019 m - 3 

when gas puffing caused the plasma to fall out of the H-mode. This is far below the 
Greenwald limit and the density we would like for ITER. Do you believe a slot diver-
tor will improve this situation? 

M. KEILHACKER: We are only at the beginning of our investigations on set
ting up conditions for a highly radiating 'cold gas target' divertor, and I am confident 
that we can obtain higher densities. 

R.J. GOLDSTON: In the off-axis heating experiment you find that xe 

depends strongly on VTe, as the proponents of 'profile consistency' would argue. 
In the simulations that almost match dTe0/dt in the data (but fall slightly short), how 
low is Xe i° the core and how does this compare with xe f° r on-axis heating? 

M. KEILHACKER: Regarding the ratio of x at the plasma centre with on-
and off-axis heating, the effective thermal diffusivity in the off-axis case is 
Xeff = (1/3) m2/s; with on-axis heating this value rises to 1 m2/s. 

C.W. BARNES: Does the Rebut-Lallia-Watkins simulation of the electron 
temperature match the observed electron temperature in your p* non-dimensional 
scaling experiment? 

M. KEILHACKER: The 2 and 4 MA cases have been simulated with the 
Rebut-Lallia-Watkins model. The expected systematic differences are seen between 
the simulated and the experimentally measured electron temperatures. The 2 MA 
(high p*) simulation is 13% lower, and the 4 MA (low p*) 17% higher, than the 
measured temperature. These differences are only marginally outside the measure
ment errors. A greater range of p* is required to substantiate further the conclusions 
on the nature of the turbulence responsible for the transport. 

S.I. ITOH: Concerning the partial current drive scenario for ITER, do you 
think that your scaling of current drive efficiency, based on data when the loop vol
tage was zero, can be used to predict long term performance? A further consideration 
is the particle recycling time-scale. 

M. KEILHACKER: I agree that the discharges had probably not yet reached 
steady state conditions with respect to particle recycling, but I would not expect this 
to have an effect on the observed scaling of current drive efficiency. 

R.H. COHEN: What assumption is made for the bootstrap fraction in your 
assertion that the current drive efficiency is one third that needed for ITER? If it is 
small, why? 

M. KEILHACKER: Our model predicts a bootstrap fraction of 20 % for ITER. 
This fraction increases with the aspect ratio and with the toroidal field (quadratically 
with the latter). 

R.H. COHEN: If it is easier to achieve gas target divertor conditions for 
beryllium, rather than carbon, plates and if the difference is due to the radiative 
properties, why not inject impurities? 
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M. KEILHACKER: The injection of impurities might be one way of achieving 
a strongly radiating divertor (cold gas target), but detailed studies are required to find 
the optimum impurity and to establish the right amount of impurities. 
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General Atomics, 
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Abstract 

R E C E N T D I I I - D R E S U L T S . 
Recent experimental results from the DII I -D tokamak point in directions 

t ha t could lead to a commercially attractive tokamak demonstration reactor 
concept, with enhanced confinement, stability, current drive, and divertor per
formance. These recent results include electric-field and plasma current profile 
control, noninductive current drive, and divertor power and particle control. 
Edge radial electric field shear suppresses edge turbulence and improves confine
ment in H-mode discharges. The electric field extends deeper into VH-mode 
plasmas and may explain the improved confinement. In VH-mode plasmas the 
fusion triple product has increased to n p ( 0 ) r E Tj(0) = 2 X 10 2 O m~ 3 s keV and 
the central electron temperature to 7 keV. Experiments with current profile 
control have shown improved confinement and stability, access to second stabil
ity, and the suppression of TAE modes. Low power fast wave current drive 
experiments at the 1 M W power level have driven currents at the 0.1 MA 
level. Divertor experiments indicate that the modeling codes overestimate peak 
divertor power fluxes. Wi th deuterium gas injection into the divertor, the peak 
divertor power flux has been reduced by a factor of 5. Edge localized modes 
(ELMs) are shown to purge helium from the core plasma to the divertor chamber 
where, in a reactor, the alpha ash could be pumped away. 

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

The DII I -D tokamak program is aimed at demonstrating and developing 
an understanding of tokamak concepts tha t lead to a commercially at tractive 
fusion demonstration plant. Research elements of this program include improved 
confinement, increased MHD stability, efficient noninductive current drive, and 
reduced divertor power flux. Our goal is to simultaneously demonstrate these 
features for pulse lengths exceeding 10 sec. 

Experiments have been carried out in the DII I -D tokamak (B = 2.1 T, 
R/a - 1.67/0.67 m, and b/a < 2.5) with up to 3 MA plasma current, 20 M W 
neutral beam power, and 1.7 M W each of E C R F and I C R F power. Central 

* Work sponsored by the US Department of Energy under contracts DE-AC03-89ER51114, 
W-7405-ENG-48, DE-AC05-84OR21400 and DE-FG03-89ER51121. 

1 See the Appendix. 
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electron and ion temperatures have reached 7 and 17keV respectively in sep
arate experiments. Results in the past year have included increasing plasma 
performance parameters as well as increasing physics understanding. 

2. H - M O D E AND V H - M O D E STUDIES 

Over the last few years, a basic paradigm has emerged which allows a 
semi-quantitative understanding of the transport improvement that occurs at 
the plasma edge at the L to H transition [1,2]. This model is based on turbulence 
suppression caused by sheared E X B flow in the plasma edge. DIII-D edge 
density fluctuations at the outside midplane decrease simultaneously (within 
0.1 msec) with the start of the particle transport improvement. The radial elec
tric field shear increases at the same time (within the 0.5 msec measurement 
precision). The radial correlation length of density fluctuations decreases when 
the plasma goes from L- to H-mode. This observation agrees with shear sta
bilization theory [1]. On a slower timescale the radial profiles of density and 
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Fig. 1. Radial profiles for V H - and H-mode discharges, (a) electron temperature, (b) ion 
temperature, (c) electron density, (d) radial electric field, and (e) single fluid thermal 
diffusivity. 
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Fig. 2. VH-mode with 0.4 sec energy confinement time sustained for 1 sec. The average 
neutral beam power is feedback controlled to sustain a 2 MJ plasma using a fast digital 
computer to pulse-width modulate the neutral beam power. 

temperature change appreciably. This indicates that the initial electric field 
change is not caused by the changes in the density and temperature radial pro
files. 

A regime of very high confinement (VH-mode) [3,4] has been produced in 
DIII-D following boronization.^This mode has energy confinement time up to 3.6 
times that of ITER-89P L-mode scaling and has doubled the best DIII-D triple 
product to n£>(0)rETi(0) = 2 x l 0 2 0 m _ 3 s keV. These VH-mode discharges 
have low collisionality, high toroidal and poloidal beta, high safety factor (qgs > 
4.0), high edge bootstrap current (30%), and high triangularity (0.8). 

Figure 1 shows radial profiles of electron temperature, ion temperature 
and electron density for H - and VH-mode phases of the same discharge. The 
temperature and density both increase in the VH-mode. The region of sharp 
radial electric field shear extends deeper into the plasma where the effective heat 
diffusivity is reduced. The VH-mode is limited by stability at the expected 
beta limit whereupon the discharge suddenly reverts to an ELMing H-mode. 
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Fig. 3. Energy confinement time, normalized to JET/DII I -D ELM-free H-mode scaling, 
increases as a function of triangularity of plasma shape cross section. 

VH-modes of one second duration have been sustained by feedback control of the 
average injected neutral beam power to limit the plasma pressure and keep the 
plasma below the MHD stability limit, see Fig. 2. A fast digital plasma control 
system was used to pulse width modulate the neutral beam power. In these 
VH-mode experiments, an energy confinement time of 0.4 sec was sustained 
which was 3.6 times ITER-89P L-mode scaling or 2 times JET/DIII-D H-mode 
scaling [5] (TE = 0.106 P£°Mt^M R1M). 

Studies of energy confinement have also been carried out as a function of 
the average triangularity, as shown in Fig. 3. Discharges with high triangularity 
are seen to have improved confinement. 

3. IMPROVED CONFINEMENT A N D STABILITY THROUGH 
CURRENT PROFILE CONTROL 

Several regimes of improved confinement and stability have been produced 
in DIII-D when the plasma current profile was dynamically varied from a stan-
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Fig. 4. Energy confinement time, normalized to J E T / D I I I - D H-mode scaling, increases 
with elongation and with peaking of the current profile as measured by the internal induc
tance ti. 

dard ohmic profile to one with more favorable confinement and stability proper
ties [6]. Peaked current profiles, with high internal inductance ti, are produced 
either by a rapid increase in elongation (/t) of the plasma poloidal cross sec
tion or by a rapid rampdown of the plasma current. In /t-ramp experiments 
at fixed plasma current, the plasma temperature and density both increase as 
ti increases. The stored energy and energy confinement time exceed those of 
an ohmic current profile for the same K. The confinement improvement, nor
malized to the DUI-D/JET scaling, is shown in Fig. 4 as a function of ti. 

Enhancement factors up to 1.8 times JET/DIII-D scaling or 3 times ITER-
89P (H = ~3) have been achieved by this technique. In Dili—D stability ex
periments, it has been found that beta also increases with ti [6]. Normalized 
toroidal beta, fin ~ /3/(I/aB), up to 6%-m-T/MA has been attained. Simulta
neously, products of/3j\rH ~ 15 have been reached in ELMing H-mode discharges 
(the ITER CDA product is / 3 J V H ~ 6 ) . These results indicate that one can re
duce the plasma current if one maintains high ti by peaking the current profile. 
With noninductive current drive one can maintain a high ti while increasing the 
poloidal field in the interior plasma region and increasing the magnetic shear in 
the outer plasma region. 
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Fig. 5. Radial profile of (a) plasma pressure and (b) safety factor q of a second stable core 
plasma. 

Current profile modification has enabled three different types of DIII-D 
discharges to enter the second stability operating regime. First, rapid elonga
tion of discharges with programming of high power neutral beams has resulted 
in central betas of 44%, with pressure gradients twice the calculated first stabil
ity limit [7]. These discharges, with 11% average beta, have a current profile with 
an inverted g-profile in the central region as shown in Fig. 5. Second, VH-mode 
edge pressure gradients exceed the first stability limit. The associated high 
edge bootstrap current (up to 30%) opens up access to second stability but 
makes VH-mode discharges vulnerable to kink modes that cause the discharge 
to revert to ELMing H-mode. Third, high e/3p discharges, produced with high 
power neutral beam current drive experiments with 50% bootstrap current, are 
entering the second stability regime over much of the plasma cross section. 

The ability to produce high power plasmas in DIII-D at low magnetic 
fields enables investigation of current profile control of toroidicity-induced Alfven 
eigenmodes (TAE modes) [8]. These modes are excited in DIII-D if the neutral 
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Fig. 6. Dependence of (a) the fast ion beta (/3f), (b) triton burnup fraction, and (c) TAE 
mode amplitude (Bg) as a function of neutral beam power. The measured values of fast 
ion beta and triton burnup are compared to predictions based on classical slowing down. 
In (d) the power spectrum is reduced and moves to higher mode number with peaking of 
the current profile. 

beam ion speed is comparable to or greater than the local Alfven speed. In 
neutral beam power scans, shown in Fig. 6, the TAE mode amplitude grows to 
large amplitude above 5 MW neutral beam power. The measured frequency, the 
threshold value of fast ion beta for destabilization, and the observed range of 
unstable mode numbers are consistent with TAE mode theoretical predictions. 
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The mode first appears when the fast ion be ta reaches ~ 1 % and rises rapidly 
to large amplitude. It expels ~ 5 0 % or more of the calculated fast ions when 
the beam power is doubled to damp the fast ion be ta at ~ 1 . Tritons produced 
by D-D fusion reactions are also expelled by the TAE modes, as indicated by the 
tr i ton burnup fraction. Preliminary encouraging experimental results suggest 
tha t the TAE modes can be suppressed through current profile control. Shown 
in Fig. 6(d) is the measured magnetic fluctuation spectrum with TAE modes. 
For current profiles with high shear (high £i) low mode numbers are stabilized, 
consistent with theory. 

Disruption studies have been expanded with diagnostic measurements dur
ing disruptions to include measurements of electron temperature and density 
profiles with multipulse Thomson scattering, plasma current decay rates, toroidal 
symmetry of poloidal disruption currents, and runaway electrons. These disrup
tion measurements form a database being used to benchmark modeling codes 
TSC, D M A , and EDDYC-2 with the ult imate objective of disruption control 
with high-speed digital plasma control. 

4 . F A S T W A V E E L E C T R O N H E A T I N G A N D C U R R E N T D R I V E 

Fast wave current drive (FWCD) has attractive theoretical features for 
central current drive. However, experimental verification has lagged because 
F W C D requires multiple phased antenna straps and sufficiently high electron 
temperature to couple the ICRF power to the plasma electrons. DIII -D is well-
suited to perform F W C D experiments since it is equipped with ECH power for 
electron heating. 

Experiments on the DIII -D tokamak have been performed to evaluate non-
inductive current drive with direct electron absorption of the fast Alfven wave in 
the ion cyclotron range of frequencies [9]. These experiments have employed a 
2 M W 60 MHz power source connected to a four-element toroidally-phased array 
of loop antennas located at the outside midplane of the D H I - D vacuum vessel. 
Efficient, direct electron heating was obtained with (0, n, 0,7r) antenna phasing; 
H-mode confinement was obtained with direct electron absorption of the fast 
wave as the sole source of auxiliary heating [10]. Compared to neutral beam ex
periments, the heating efficiency was similar while the fast wave H-mode power 
threshold was lower. The experiments indicate a threshold electron temperature 
of 1 keV, above which the fast wave heating is effective. 

Current drive experiments were performed with (0,ir/2,7r,37r/2) direc
tional antenna phasing at fast wave power levels up to 1.2 M W at a toroidal field 
of 1 T. We used 60 GHz ECH at the second harmonic for electron preheating to 
increase the single-pass absorption of the fast wave power. When the fast wave 
is launched in the direction of the inductively driven current (co-current drive), 
up to 40% of the 0.4 MA plasma current is sustained noninductively. Counter-
current drive strongly affects the sawtoothing behavior, and results in highly 
peaked electron temperature profiles (Te(0) ^ 6 keV) but much smaller driven 
currents. By comparing the observed loop voltage with tha t calculated using 
the measured profiles and neoclassical resistivity, the current drive efficiency has 
been determined as a function of the central electron temperature (Fig. 7). The 
driven current is in reasonable agreement with ray tracing code calculations, 
assuming multiple pass absorption of the power. Future experiments will be 
carried out with 6-8 M W of fast wave power for full noninductive current drive. 
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Fig. 7. Fast wave current drive efficiency (nIR/P) as a function of central electron 
temperature. Experimental data is compared with CURRAY code ray tracing (open sym
bols) and ITER FWCD scaling 0.04 T e (keV)/(Zeff + 2), for £ e f f = 4 (dashed line). 
The toroidal field is 1 T, the density is 1-2 X 1019 m - 3 , and the total plasma current is 
0.4 MA. 

5 . D I V E R T O R R E S E A R C H A N D P O W E R D I S P E R S A L 

Divertor power and particle control is the main problem for I T E R and 
also for advanced tokamak operation. DII I -D is attacking these issues of impor
tance for I T E R with an array of diagnostics, modeling and experiments in an 
advanced divertor configuration. The advanced divertor can now b e electrically 
biased and in 1993 it will be possible for it to be pumped. This capability will 
allow independent density control to aid transport and current drive research of 
advanced tokamak configurations. 

DTJI-D divertor studies [11] are characterizing and helping t o increase 
understanding of divertor properties and exploring ways t o reduce b o t h the 
incident peak power flux and the incident plasma temperature to ease future 
engineering cooling and erosion requirements. A series of experiments with 
fixed plasma shape and X-point location was carried out in ELMing H-mode 
plasmas. The peak divertor power flux was investigated as a function of plasma 
heating power and plasma current. The experimental results are shown in Fig. 8. 
The current scaling is stronger than conventional divertor models which predict 
power fluxes 2 to 4 times higher t han measured in DII I -D. This has led t o an 
effort to improve divertor modeling and divertor diagnostics in order t o be t te r 
describe DII I -D and thereby better extrapolate t o ITER. The high power flux 
inferred for high-power, high-current machines such as ITER has stimulated the 
divertor experiments described next. 
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Fig. 8. Experimental measurements of peak divertor power flux as a function of (a) neutral 
beam injection power and (b) plasma current. 

Deuterium gas injection into the divertor [12] has reduced the peak di
vertor power flux from 4 to 0.8 MW/m2. Figure 9 shows that the plasma 
confinement remains at H-mode level and that the power is dispersed by radi
ation from hydrogen and intrinsic impurities in the divertor region. The Z^ in 
the core remains below 1.5. The divertor electron temperature drops. Future 
radiative divertor experiments will capitalize on these encouraging results with 
finer control of the gas feed, baffling, and divertor-region pumping. 

Experiments with electrical bias of the toroidal divertor ring have demon
strated that E X B plasma pumping of the scrape-off layer can also be effective 
in particle control. Figure 10 shows that particle flow to the plenum chamber 
is increased with negative voltage and decreased with positive voltage. The 
plasma flow is consistent with a simple estimate of the pumping speed given by 
2irRV/B, where V is the ring voltage. 
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Fig. 9. Divertor performance as a function of time: (a) peak divertor power flux, 
(b) normalized energy confinement time, and (c) radiated power. Deuterium gas feed • 
begins at 2350 ms. A 100 ms argon puff begins at 2600 ms. 

6. H-MODE HELIUM TRANSPORT STUDIES 

Future long-pulse tokamaks, such as ITER, will require continuous helium 
removal to avoid hydrogen fuel dilution and poisoning of the D-T burn by ac
cumulated alpha particle ash. For this reason, helium transport studies [13] 
have been initiated in DIII-D with a 31 channel absolutely calibrated charge 
exchange recombination spectroscopy system. These studies have focused on 
ELMing H-mode plasmas using a short puff of helium gas. A helium density 
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Fig. 10. (a) Schematic diagram of the DIII-D advanced divertor configuration and (b) the 
pressure in the plenum chamber can be controlled by electrical bias to the divertor ring. 

radial profile is shown in Fig. 11. Helium does not accumulate, but rather has 
a radial profile similar t o the electron density. During ELMs, helium is purged 
from the outer regions and observed in the divertor region where it could b e 
pumped. These results confirm the ITER-CDA design assumption that ELMs 
will purge helium from H-mode discharges. Future DII I -D work with divertor 
pumping will extend these helium transport studies to other improved confine
ment regimes using helium neutral beam fueling. 

7. F U T U R E D I R E C T I O N S 

The promising paths uncovered by DIII-D in the past two years will be ex
tended in future research. These studies to increase understanding will require 
new current profile and divertor research capabilities, new diagnostics, and new 



IAEA-CN-56/A-1-2 53 

* 2 

~H+. 
2.94 s "before ELM" 

3.00 s "during ELM" 

0.0 0.2 0.4 0.6 
Normalized Radius 

0.8 1.0 

Fig. 11. Helium density radial profiles during H-mode plasma just before an ELM and 
during an ELM. 

theory and modeling capabilities. These tools will enable new experiments to 
test and sustain for longer pulse lengths the advanced tokamak configurations 
now produced by dynamic techniques in DIII-D. The needed upgrades include 
increasing the rf current profile control power (fast wave to 8 MW and ECH to 
10 MW) and modifying the divertor geometry to make it more suitable for a 
radiative divertor, which reduces the peak divertor power flux and the divertor 
electron temperature. 
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DISCUSSION 

J. JACQUINOT: I wonder how you reconcile the reported increase of the 
normalized confinement with ^ and the other observation of a slow increase in con
finement during the VH mode, which is associated with a decrease in J- due to the 
large bootstrap fraction. 

T.C. SIMONEN: The VH mode does not have low & despite the edge boot
strap current. The VH modes also have higher <$ than normal H modes. What we 
have discovered with DIII-D is that there are several ways of improving confinement 
with different physical mechanisms, such as current profile and radial electric field 
shear, playing a role. 

M.C. ZARNSTORFF: Why does the VH mode collapse back to an ELMing 
H mode after one second? 

T.C. SIMONEN: As the edge bootstrap increases, the MHD stability limit 
declines to a point where the VH mode reverts to an ELMing H mode. 

R.H. COHEN: You previously thought that there was no directionality to fast 
wave current drive. Has your understanding now changed? 

T.C. SIMONEN: Yes. There is no longer a puzzle here. Recent time dependent 
modelling using measured radial profiles indicates that forward current is driven only 
with forward antenna phasing and thus is consistent with observed MHD activity 
associated with forward and reverse antenna phasing. 

R.H. COHEN: You referred to the discrepancy between LEDGE calculations 
of power on the divertor plate and experimental results as indicating a need for better 
modelling. Since, in LEDGE, PdiVertor = Pin _ Pother loss and the best experimental 
guess of Pother l0SS is inserted here, doesn't the discrepancy indicate that not all the 
power can be accounted for experimentally? 

T.C. SIMONEN: I would say that typically we cannot account for 10-30% of 
the power. We are, as a consequence, increasing our diagnostic capability. 
Nevertheless, the modelling also requires improvement to make better allowance for 
such physical processes as impurity radiation and to include more realistic radial 
transport. 





IAEA-CN-56/A-I-3 

JT-60U HIGH POWER HEATING EXPERIMENTS 

JT-60 TEAM1 

(Presented by M. Shimada) 

Naka Fusion Research Establishment, 
Japan Atomic Energy Research Institute, 
Naka-machi, Naka-gun, Ibaraki-ken, 
Japan 

Abstract 

JT-60U HIGH POWER HEATING EXPERIMENTS. 
Heating experiments have been carried out in JT-60U with plasma currents of up to 4 MA, toroi

dal fields of up to 4.2 T and a neutral beam heating power of 30 MW. Carbon fibre composite divertor 
plates with good alignment and bevelled edges provide an excellent power handling capability; no 
carbon burst has been observed during 5 s heating pulses at ~20 MW. An H-mode was observed at 
the high toroidal field of 4.2 T. A confinement improvement factor of up to 1.6 over L-mode scaling 
has been obtained during the continuous ELMy phase at 4.2 T, for 2.7 MA and an injection power of 
25 MW. A confinement enhancement of 2.2 has been obtained transiently. At a plasma current of 
3.5 MA, a diamagnetic stored energy of 7.7 MJ and an energy confinement time of 0.36 s have been 
obtained. Discharges with high poloidal beta exhibit an enhancement in energy confinement of a factor 
of 3 relative to the L-mode and a high bootstrap current (58% of the plasma current). In this regime, 
high ion temperatures of 38 keV, electron temperatures of 12 keV, a maximum diamagnetic stored 
energy of 6.1 MJ and a neutron yield of 2.8 x 1016 s"' were obtained. Divertor measurement indi
cates that high q, high density operation is favourable to divertor heat handling; remote radiative cooling 
becomes significant, and the divertor heat load is less pronouncedly peaked in this operation mode. A 
quantitative analysis of divertor spectroscopy data indicates that the carbon production rate at the diver
tor plate is explained by deuterium, oxygen and carbon sputtering. The heat load profiles on the JT-60U 
first wall measured along poloidal and toroidal directions were in quantitative agreement with the ripple 
loss profile obtained by an orbit following Monte Carlo calculation. 

1. INTRODUCTION 

JT-60U started operation in March 1991 with upgraded capabilities to allow 
higher plasma current, deuterium operation and higher heating power [1,2]. Its 
cross-section is shown in Fig. 1. JT-60U is capable of producing single null divertor 
discharges with plasma currents of up to 6 MA and high power heating and current 
drive: an NB heating power of up to 40 MW, an LHCD power of up to 10 MW and 
an ICRH power of up to 5 MW. From the viewpoint of the divertor heat load, 

1 For the composition of the JT-60 Team see the Appendix to this paper. 

57 



58 JT-60 TEAM 
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FIG. 1. Cross-section ofJT-60U. 

40 MW of heating power in JT-60U corresponds to the alpha heating power in ITER-
CDA, making ITER relevant experiments feasible. Other features of JT-60U include 
a high aspect ratio (4.0), a high toroidal field (4.2 T) and divertor plates with good 
heat conductivity, good alignment and bevelled edges. Furthermore, JT-60U is the 
first large tokamak where the first wall is completely covered by graphite tiles. 
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The main objects of JT-60U experiments are: (1) confinement (including high 
energy particle confinement and rotation studies); (2) steady state studies (including 
impurity control and divertor studies, current drive and disruption control). Through 
the pursuit of these goals we aim at contributing to the ITER physics R&D [3] and 
providing the data that are essential to the conceptual development of fusion power 
reactors such as SSTR [4]. In particular, we intend to support steady state operation 
of ITER and DEMO such as SSTR by extensive divertor investigations and a current 
drive programme. The objective of this paper is to provide an overview of the investi
gations carried out on JT-60U. 

2. CONFINEMENT 

The object of confinement studies is to demonstrate reactor grade plasmas and 
to investigate the characteristics of these plasmas. A maximum input power 
of 26 MW and a maximum plasma current of 4 MA have been used. Enhanced 
confinement studies are carried out in two types of configuration: H-mode and 
high poloidal beta (Fig. 2). Both are single null divertor configurations with a null 

E16168 t = 9.05 s E16012 t= 4.62 s 

H-mode configuration high pp configuration 

FIG. 2. Two types of configuration: H-mode and high j3p configurations. The advantages of the 
H-mode configuration are a larger plasma volume (— 70 m3) and a smaller plasma-wall aperture. The 
high [ip configuration profits from central heating so as to create centrally peaked temperature/density 
profiles. 
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on the bottom. Both the toroidal field and the plasma current were clockwise. The 
ion grad B drift is directed towards the bottom. A large spacing on the outer side of 
the plasma is required to avoid ripple loss of fast ions. The maximum toroidal field 
ripple is less than 1% in these configurations. The H-mode configuration takes 
advantage of the larger volume (—70 m3) and the higher q for a given current. The 
high /3p configuration benefits from central heating, higher toroidal field (4.4 T) and 
low ripple loss. 

As future tokamaks are expected to operate at high magnetic fields (higher than 
5 T), demonstration of H-mode at high field and investigation of its characteristics 
are very important issues [5]. JT-60U exhibited an H-mode at 4.2 T, and den
sity/temperature profiles with steep edge gradients, which are peculiar to the 
H-mode, have been obtained. The time evolution of a 4.2 T H-mode discharge is 
shown in Fig. 3. In this discharge, the stored energy measured with a diamagnetic 
loop and the neutron emission reached 7 MJ and 2 X 1016/s, respectively. Many of 
the 4.2 T discharges with low target density exhibit no clear LH transition up to just 

7.0 7.5 8.0 8.5 
Time (s) 

FIG. 3. Time evolution of 4.2 T H-mode discharge. The plasma current is 2.7 MA. Shown are the neu
tral beam power, P„b; the total radiation power, P^; the radiation power in the main plasma, 
Pnj (main); the line average electron density (r/a = 0.3); the divertor Ha emission; the plasma stored 
energy measured with a diamagnetic loop; the neutron yield; and the central ion temperature, TrfO). 
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FIG. 4. Ion and electron temperatures as Junctions of the normalized radius for a high fSp discharge, 
showing a central ion temperature of 38 keV. 

before the ELMs start, when stored energy, neutron emission and density stop 
increasing. However, during the ELMy phase, stored energy, neutron emission and 
ion temperature maintain high values, which is very important in accomplishing a 
steady state H-mode. In this shot, the confinement improvement was up to 1.6 in the 
quasi steady state with ELM and up to 1.8 just before ELM onset. A confinement 
enhancement of 2.2 has been obtained transiently at 4.2 T. 

An investigation of the high poloidal beta regime is important for the conceptual 
development of steady state reactors such as SSTR. In high poloidal beta discharges 
of JT-60U, high ion temperatures of 38 keV (Fig. 4), electron temperatures of 
12 keV and energy confinement of 3.0 times the ITER L-mode scaling have been 
demonstrated [6]. Suppression of kink ballooning mode is essential in preventing 
poloidal beta collapses. The current drive in the central region is the most plausible 
method of achieving this goal. 

Figure 5 summarizes the power dependence of the diamagnetic stored energy 
for high |8P discharges (Ip = 1-2 MA), H-mode discharges with Ip = 3.5 MA, and 
L-mode discharges with Ip = 1, 2 and 4 MA. For heating power higher than 
16 MW, the diamagnetic stored energy of the H-mode discharges shows significant 
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0 5 10 15 20 25 30 

Pabs - dW/dt (MW) 

F/G. 5. Stored energy measured with diamagnetic loop versus net heating power. Closed symbols indi
cate the L-mode baseline, open squares denote high pp discharges, and open circles denote the 
H-mode. H-mode data show significant enhancement at powers higher than 16 MW, reaching 7.7 MJ. 

enhancement over the L-mode values, reaching 7.7 MJ. The energy confinement 
time is 0.36 s. Figure 6 shows fusion triple products ni(0)Ti(0)TEia versus TS(0). In 
high j3p discharges, the peaked profiles of both density and ion temperature yield a 
fusion triple product of 4.4 X 1020 keV-s-m"3, reaching the levels of the other 
large tokamaks, JET and TFTR. The discharge parameters of high performance shots 
are listed in Table I. A highest neutron yield of 2.8 X 1016/s and a QDT value of 
0.25 have been achieved. 

H-mode studies revealed the importance of three key issues: particle recycling 
control, MHD control and ripple loss suppression. A wall temperature reduction 
from 300°C to 70°C, helium glow discharge, helium Taylor discharge cleaning and 
boronization reduced the particle recycling, which resulted in an improved quality of 
the H-mode. 

To reduce particle recycling and impurities, a boronization system using 
decaborane has been installed. Decaborane is not explosive and less toxic than 
diborane, which is commonly used for in situ boronization in tokamaks. Decaborane 
is solid at room temperature and can evaporate at modest temperatures (the vapour 
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FIG. 6. Fusion triple product nJO) Tt(0) T*" versus Tj(0). The maximum fusion product was 
4.4 x 1020 m~ -s-keV, and the maximum ion temperature was 38 keV. Both values were obtained in 
the high $p regime. 
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TABLE I. DISCHARGE PARAMETERS OF HIGH PERFORMANCE SHOTS 

Mode 

Shot 

B,(T) 

Ip (MA) 

9eff 

n e(10 , 9nT3) 

Pabs (MW) 

P„=, (MW) 

P,ad (MW) 

W (MJ) 

rE (s) 

„ / ITER-89 

Ti(0) (keV) 

Te(0) (keV) 

Sn (10'6/s) 

n ^ T ^ 
(1020 keV-s-nT3) 

QDT 

H 

16168 

4.2 

3.5 

3.3 

3.3 

24 

21 

7 

7.7 

0.36 

1.43 

20 

5.5 

1.9 

2.2 

0.15 

H 

16128 

4.2 

3.0 

3.8 

3.0 

23 

15 

9 

6.9 

0.45 

1.78 

22 

7.2 

2.0 

2.2 

0.16 

H-/3P 

16023 

4.4 

1.66 

6.3 

3.4 

23 

20 

8 

5.7 

0.28 

2.17 

35 

12 

2.8 

4.4 

0.25 

H-/3P 

16045 

4.4 

1.85 

5.4 

2.2 

19 

13 

5 

4.9 

0.40 

2.38 

38 

8.8 

1.8 

3.0 

0.10 

pressure at 110°C is 3900 Pa.). Use of decaborane therefore provides a safe and sim
ple method of in situ boronization [7]. We injected decaborane vapour from a port 
into a helium glow discharge, where decaborane was dissociated, then boron was 
ionized and a boron film was deposited on the first wall. Two sessions of boronization 
have been performed, so far. 10 g and 15 g of decaborane were processed in the first 
and in the second session, respectively. By boronization, the particle recycling flux 
was dramatically reduced. Figure 7 shows the total particle flux measured by a Da 

array. As Da emission is reduced by wall conditioning, the H factor defined by 
TE/TETER~8'P increased (Fig. 8). Boronization and subsequent wall conditioning fur
ther reduced the D„ emission, and the H factor was further improved. Although the 
oxygen level was reduced by a factor of 2-4 by boronization in the Ohmic heating 
phase, only little effect was observed on the impurity levels (oxygen and carbon) dur
ing NB heating. The boron concentration was about 0.5%. This observation on impu
rities suggests that toroidal uniform boronization with a thicker film is required. 
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FIG. 7. Total recycling particle flux measured by a Da array. 

The effects of the current profile on MHD behaviour and; energy confinement 
were investigated systematically in a low beta regime [8]. At given q, <* values exist 
over a certain range; the discharges become unstable at its low and high ends. 
Schemes for avoiding locked modes and disruptions were checked experimentally 
[9]. Below certain values of 4 the sawteeth disappear. Figure 9 describes operation 
regimes in 4-qeff space. To take advantage of the hot ion effects which preclude 
strong sawteeth, we have to operate in the no-sawtooth regime. The confinement 
characteristics have been systematically related to effects of 4, sawteeth and ELMs. 
At low q, L-mode discharges show lower confinement characteristics than is 
predicted by ITER-89 scaling; this can be described by an H-factor that is propor
tional to Jf-8 times a factor determined by the sawtooth frequency. The dependence 
of H-mode confinement on the ELM frequency was also investigated. To improve 
confinement further, an ELM control method has to be established. We assume that 
impurity reduction by more extensive boronization will decrease the ELM activity, 
especially if ELMs are triggered by a resistive ballooning mode. The ELMs start at 
a relatively low density, which increases with Ip (Fig. 10) and ^ [8]. 
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Ripple loss is a very important issue in optimizing the performance of JT-60U 
plasmas and in the investigation of reactor grade plasmas. Owing to its proximity to 
the toroidal field coils, the toroidal field ripple near the outer edge of the vacuum ves
sel reaches ~ 3 % (Fig. 11). The heat load profiles were measured along the poloidal 
and toroidal directions on the JT-60U first wall [10]. The profiles were compared 
with an orbit following Monte Carlo calculation of the fast ion loss. Fast ion loss con
sists of ripple trapping loss and banana drift loss. These profiles were in quantitative 
agreement with the orbit following Monte Carlo calculation (Fig. 12). 

The toroidal rotation was measured during near perpendicular and tangential 
NB injection [11]. With near perpendicular NB injection, the toroidal rotation at the 
plasma edge is counter to the plasma current (Fig. 13), irrespective of the direction 
of the beam. This counter-rotation can be explained qualitatively by the radial electric 
field induced by fast ion ripple loss, for the following reasons: first, the counter-
rotation disappears in a configuration with a large spacing on the outboard, reducing 
ripple loss. Second, this edge counter-rotation disappears when only tangential beams 
are injected. Third, this edge counter rotation increases with increasing qeff. Ripple 
loss increases with rising qeff [10]. Fourth, the flatness of the rotation speed profile 
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FIG. 12. Distribution of heat load by ripple loss on the outer bottom first wall. The measured profile 
is compared with a profile calculated by an orbit following Monte Carlo (OFMC) code. 
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FIG. 14. Diamagnetic stored energy as a function of net heating power. Predicted values of stored 

energy by Goldston and ITER-89P scaling laws are also shown. 

suggests the presence of a momentum source at the edge. The modulation of near per
pendicular beams showed that rotation amplitude increases from r/a = 1.0 to 0.8, 
again suggesting the presence of a momentum source in this region. Rotation during 
LHCD is always in the same direction as the plasma current and increases with the 
calculated fast electron population. 

The dependence of the confinement characteristics on the aspect ratio is an 
important issue in optimizing the design of fusion devices. JT-60U can provide data 
on confinement at high aspect ratios (~4.0). The L-mode confinement study has 
been carried out with Ip = 2 MA, B, = 4.3 T, K = 1.6-1.7, ap = 0.77 and 
Rp = 3.1 m (A = 4.0). The energy confinement time derived from diamagnetic 
loop measurements is very close to the Goldston scaling and is 20-30% higher than 
is predicted by the ITER-89 power law (Fig. 14) [5]. 
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3. STEADY STATE STUDIES 

3.1. Divertor and impurity control 

Divertor and impurity control constitutes a key element in accomplishing steady 
state operation in ITER and DEMO. We focus on two elements in divertor and impu
rity control. One is a scaling study of the divertor heat peaking parameter. The other 
is the impurity generation mechanism. These two issues and the impurity transport 
in the scrape-off layer and in the divertor give rise to serious uncertainties in predict
ing divertor performance in the next step devices. Accurate predictions of boundary 
plasmas require the development of an edge plasma database, in JT-60U, the divertor 
heat flux was analysed to establish a scaling law on the heat flux peaking factor Y 
defined as 7 = 2irRf qmax/pHEAT> which is the reciprocal of the scrape-off-layer 
thickness [12]. Here, R is the major radius, and/qmax is the maximum heat flux den
sity at the midplane, which is estimated from divertor heat flux measurements, con
sidering a magnetic flux expansion / . PHEAT is the total heat flux of the outer 

0 5 10 15 20 

PHEAT [kW]049 ne[x 1019 t r r3 ] -0 4 5 q;,?67 

FIG. 15. Heat flux peaking factor Y defined as Y = 2irRfqmax/PHEAT, which is the reciprocal of the 
scrape-off-layer thickness, as a Junction of the experimentally derived scaling law of Y: PHEAT "'* 
X -^c-°'ls±0-22 q£ff7±a!S. This scaling law suggests that high density and high q operation alleviate that 
heat removal problem. 
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divertor channel. The experimentally derived scaling law for Y is 
pO.49+0.18 iT-0.45±0.22 -0 .67±0. !S 

suggesting that high density and high q operation alleviate the heat removal problem 
(Fig. 15). This scaling law also suggests that the peak heat load for a steady state and 
long pulse operation mode is lower than was calculated by ITER modelling studies. 
Moreover, Fig. 15 also indicates that the increase of the peaking factor from L- to 
H-mode can be more than compensated for by broadening due to ELM activities. 

Divertor plates with good heat conductivity, good alignment and bevelled edges 
provide an excellent power handling capability; no carbon burst has been observed 
during ~5 s heating pulses at ~20 MW [13] (Fig. 16). The total injected beam 
power amounts to 87 MJ. 

0 J ' I • i i i I i I 1 1 I 1 I I I I i i • ' I i ' t i I ' L 

8 9 10 11 12 13 
Time (s) 

FIG. 16. High power, long pulse discharge with heating power of ~20 MW, lasting ~5 s (total input 
energy of87MJ). Shown are neutral beam power, total radiation power, line average electron density 
and CVI line intensity. No carbon burst has been observed. 
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Well aligned divertor tiles and extensive divertor diagnostics enabled an investi
gation of the carbon impurity generation mechanism [13]. A quantitative analysis of 
the divertor spectroscopy data suggests that the carbon production rate at the divertor 
plate can be explained by deuterium, oxygen and carbon sputtering (Fig. 17). In high 
density discharges, the lower incident ion energy reduced the carbon impurity gener
ation at the divertor plates. The carbon influx to the main plasma was further reduced 
by higher shielding efficiency in the divertor and scrape-off layer plasmas. Remote 
radiative cooling, or divertor radiation, is the most promising method of reducing the 
heat removal problem. The remote radiative cooling power increased with increasing 
rie qeff (Fig. 18). All these results suggest that high density, high qeff operation of a 
fusion reactor reduces divertor heat load, divertor plate erosion and impurity concen
tration. This dependence on qeff may signify an effect of the connection length. 
If this is the case, a long divertor can emulate the benefit of the high q effect. 

3.2. Current drive 

The JT-60U experimental programme on non-inductive current drive empha
sizes the importance of the bootstrap current which is useful in increasing the Q 
values of fusion reactors and LHCD. In JT-60U discharges with high poloidal beta, 
the bootstrap current amounted to 58% of the total plasma current of 1.36 MA [6]. 
However, steady state has not been achieved, because of slow current penetration. 
Lower hybrid waves drove the total plasma current of 2.0 MA, and the dependence 
of current drive efficiency on the wave spectrum launched was well described by the 
theory [14]. The beam probe method was used to validate a linear dispersion relation. 
The accessibility conditions for the LH wave were confirmed by hard X ray and edge 
probe measurements. Furthermore, the power directly lost via high energy electrons 
was shown to scale as the slowing down time. Extrapolation to ITER conditions sug
gests that direct loss power will be negligible. 

4. CONCLUSIONS AND FUTURE PLANS 

In improved confinement regimes, reactor grade temperatures have been dem
onstrated: ion temperatures of 38 keV and electron temperatures of 12 keV. Further 
improvement will require impurity and ELM control. Systematic analyses of MHD 
and current profile effects on confinement indicate the importance of current profile 
control for improving the plasma performance. The heat load on the JT-60U outer 
bottom first wall is identified as ripple trapping loss, proving the accuracy of the 
ripple trapping model. Investigation of the banana drift loss will further elucidate the 
loss mechanism of fast ions by field ripple. 

Divertor measurement indicates that high q, high density operation is favoura
ble for divertor heat handling. The feasibility of emulating the high q effect by form
ing a long divertor should be checked experimentally. The carbon production has 
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been experimentally identified as ion and impurity sputtering, enabling prediction of 
carbon production with good accuracy. Studies of impurity transport in the divertor 
and in the scrape-off layer will improve the prediction of impurity behaviour. 

In the LHCD area, the experimental validation of the linear dispersion relation 
and the accessibility conditions for the LH wave has improved the reliability of the 
LHCD efficiency prediction. Furthermore, implication derived from experiments 
shows that direct loss power via high energy electrons will be negligible in ITER. 

The experiments to be carried out in 1993 aim at improved confinement modes 
such as the H-mode and the high beta poloidal enhanced confinement mode to achieve 
high triple products. The key factors of improvement are more extensive boroniza-
tion and higher heating power (40 MW). During the vacuum vent period in Novem
ber and December 1992, two rows of divertor tiles will be replaced by boron coated 
graphite tiles. Moreover, we carry out more extensive in situ boronization by increas
ing the amount of decaborane used and by increasing the number of decaborane injec
tion ports to deposit a more uniform film. Installation of an additional LH launcher 
during this vent will improve the performance of LHCD. Emphasis is also placed on 
divertor studies during high plasma current (up to 6 MA) and high power heating (up 
to 40 MW) as well as LHCD, helium transport/exhaust experiments and energetic 
particle transport studies. 

In experiments in 1994 and later on, negative ion beam injection is expected to 
improve the confinement and to stabilize MHD modes by driving the current in the 
central region. In addition, the behaviour of alpha particles will be investigated by 
generating alphas in d-3He reactions (deuterium is injected by beams). A conceptual 
design study of JT-60 Super Upgrade with a plasma current of 10 MA is being car
ried out [15]. Research will be focused on high power and steady state operation 
utilizing negative ion beams to support the steady state operation of ITER and 
DEMO. 
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DISCUSSION 

R.J. HAWRYLUK: Is the enhanced confinement before the occurrence of 
ELMs in the given H-mode discharge due to the H-mode status or is it due to hot 
ion/supershot effects? On TFTR, we have reported supershot discharges which 
underwent a transition into an ELMy H-mode. 

M. SHIMADA: Discharges with lower Bt and those with higher target den
sity show clear D„ drops. At 4.2 T, a plot of stored energy against net heating 
power shows a step-like increase of stored energy at P « 16 MW. This threshold 
power decreases when Bt is reduced, showing characteristics of H-mode confine
ment which cannot easily be explained by hot ion effects alone. 

F. WAGNER: Your traces with ELMy H-modes and with typical confinement 
enhancement factors fH are obtained with a configuration moved to the inner wall to 
reduce the ripple effect. I would speculate that the ripple prevented large fH values 
in JT-60 even after full deuterium operation. In order to obtain large fH values, 
ELMs have to be suppressed by moving the plasma to the outer wall. In JT-60, 
however, this location suffers from the larger ripple and therefore does not provide 
good H-modes with large fH values. Do you agree? 

M. SHIMADA: We have obtained an H-factor of 2.2 at B, = 4.2 T with a 
small toroidal field ripple (< 1 %). If ELM suppression by moving die plasma to the 
outer wall is due to suppression of particle and impurity backflow, more extensive 
boronization should have a favourable effect. We will test this next year. 
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Abstract 

RECENT RESULTS OF THE TORE SUPRA TOKAMAK. 

An important goal of the TORE SUPRA programme is long pulse operation and associated 

physics issues. Discharges up to 67s at a current of IMA and a central density of 3.5 

10l9m-3 have been achieved using lower hybrid current drive at a level of 2.5 MW during 

62s with the plasma leaning on the inner wall. Another scenario of plasma-wall interaction 

which allows active particle control is in progress based on the use of pump limiters. These 

components have been tested with power fluxes up to 10 MW m"2 and a single limiter 

allowed pumping of 5% of the recycled flux. In parallel, the ergodic divertor behaviour has 

been extensively studied in ohmic conditions and has shown interesting potentialities for 

particle control, impurity screening and disruption avoidance. Plasma heating and 

confinement have also been investigated using lower hybrid and ion cyclotron waves. A series 

of experiments shows that current profile control (with LHCD in this case) leads to 

improvement of the energy confinement 

1. INTRODUCTION 

TORE SUPRA is a large superconducting tokamak (major radius 

2.35m, minor radius < 0.80m, toroidal field on axis up to 4.2T, plasma 

current up to 2MA). One of the main aims of the experimental programme is to 

investigate long pulse operation features, namely: 

- techniques for control of stationary plasmas which have to be mastered for 

future devices, 

1 See appendix. 
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- plasma properties evolving on long time scales, i.e., associated with current 

profile or plasma-wall interaction. 

A considerable amount of experimental time has been dedicated to the 

operation of the systems aimed at controlling heat, particle and impurity flows 

and generating the current in quasi-stationary plasmas and also to the 

understanding of the associated physics. Selected solutions for TORE SUPRA 

are: 

• Boundary control: Typical configurations use either the inner wall, a set of 

modular pump limiters, or an ergodic divertor [1]. 

• Current drive: The available magnetic flux and the average electron 

temperature even with additional heating are too low to get plasmas lasting 

significantly more than 15 seconds without generating non-inductive current 

Lower hybrid waves (6MW) have been chosen to extend me pulse length. 

• Quasi-continuous additional heating has been installed, which should allow 

high power operation: ICRH (4MW in the plasma in 1992 [2], 12MW 

expected in 1993) and neutral beam injection (1.7 MW in the plasma in 1992, 

10MW eventually). 

Recent progress in these fields has resulted in the achievement of 1 

minute flat top discharges. During these experimental campaigns, new results 

have been found in the fields of energy confinement, monster sawteeth and 

disruption avoidance. 

2. RF CURRENT DRIVE AND HEATING 

2.1 Current drive efficiency and prospects for long pulse 
operation 

On TORE SUPRA, provided the current is non-inductively driven, the 

poloidal field system allows long pulse operation limited by overheating (200s 

at 2 MA, 300s at 1.5MA, 1000s at IMA ) or by drifts of integrators of the 

magnetic pick-up coils (< 600s to keep an accuracy of 10-3). A lower hybrid 

generator (6MW at 3.7 GHz in the plasma) is used for current generation [3]. 
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Fig. I. Expected plateau duration in TORE SUPRA as a function of the lower hybrid wave 

power for various currents at an average density of 2xl0^m"3. The lower hybrid wave is 

assumed to be launched during the current plateau with a current drive efficiency in 

accordance with actual experiments. The residual ohmic loop voltage has been computed 

assuming that Te and Zeff keep their ohmic level. Some shots are plotted on the same 

diagramme (circle: 1.7 MA, triangle: 1.3MA, crosses: IMA). The dashed curves represent the 

launched energy. 

Depending on the density, two regimes are found: 

- At low average density (<ne> < 2 1019 nr 3 ) there is a strong peaking of the 

electron temperature profile and the central value Teo reaches 10 keV with 

Teo/<Te> = 5. The plasma inductance and the safety factor on axis both 

increase while sawteeth are stabilized. 

- At larger densities the plasma is heated while Te(r) keeps a constant shape 

and the internal inductance slightly decreases. Fast electrons are observed even 

when the density is increased up to <ne> = 7.5 1019 nr 3 when the accessible 

part of the plasma (considering the launched N// spectrum) decreases. These 



82 EQUIPE TORE SUPRA 

results are discussed in [4]. A current drive efficiency n RI/P of 1.4 - 1.6 10' 
19 Anv2/W at zero loop voltage is reached. Fig.l shows the expected plateau 

duration as a function of the LH power deduced from actual experiments. In 

the best shot, shown in Fig.l and Fig. 2 (flat top 60s), 2.5 MW of lower 

hybrid were used to drive 80% of the current of a IMA, <ne>= 1«8 10 l 9 m3 

discharge. An equivalent inductive flux of 41 Wb was saved with 150 MJ of 

launched waves. 

2.2 Ion cyclotron heating 

One antenna with a novel design (tilted, B4C coated screens) routinely 

allowed coupling of 3.6MW (i.e. 14 MW/m2) for 4s. During long pulse 

experiments 2MW was coupled for 27s. The impurity release was acceptable, 

Zeff reaching a stationary value below 2, the radiated fraction being of order 

30% (10% heavy impurities, 20% carbon) for coupled powers up to 4MW. 

The best heating performances were obtained by launching 3.5 MW of ICH in 

a plasma with <ne> = 3.8 1019nr3 (Fig.3). Monster sawteeth lasting up to 

0.45s were observed, during which Teo (Ti0) reached 5 keV (3 keV). Joint 

ICH-LHCD experiments have shown that LHCD (2.5 MW) can double 

sawtooth duration [2]. 

2.3 Energy confinement with additional heating 

In LHCD dominated discharges, the standard scaling for the 

confinement time is observed: XE« IpP" . The confinement is the same for 

plasmas with helium or hydrogen isotopes with nH/nH+nD varying between 

less than 0.1 and 0.7. An additional dependence with the square root of 

density is found as in ASDEX [5]. Consequently the best fits are obtained 

with Rebut - Lallia - Watkins (RLW) or to a lesser extent Lackner - Gottardi 

which contain density dependences [6-7]. No significant difference has been 

observed in the confinement of discharges with zero loop voltage. This seems 

to exclude instabilities driven by the loop voltage as candidates to explain 

anomalous transport. In discharges with auxiliary heating, the density 

fluctuation level n/n for wave numbers of 600 n r 1 and 1200 n r 1 is 

uncorrelated with confinement in contrast to observations on TFR [8]. 
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Fig. 2. Evolution of the main parameters of shot 9016: 

1) Plasma current Ip (MA), loop voltage Vs (V), internal inductance l j . 

2) LH power P L H ( M W ) , global reflection coefficient R(%). 

3) Flux consumption $(Wb). The dashed line represents an ohmic shot for comparison. 

4) Effective charge number Zeff, radiated power Prad(MW). 

5) Carbon VI line intensity B(a.u.), vertical position Z (mm). 

6) Central electron and ion temperature Teo, Tio (KeV). 

7) Central density neo (1019m-3), time integrated gas puff rate T (Pa.m3). 

8) Energy confinement time XE, stored energy W (MJ). 

Note that the increase Prad after 40s is due to a damaged piece releasing copper in the 

plasma. The decrease of Wdia is due to a decrease of the confinement time due to a <ng> 

decrease (RLW scaling). 
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(b) Time evolution of current Ip (MA), internal inductance li, LHCD power, and safety factor 

on axis q(0). Solid line: shot with LH power (9044); dashed line: ohmic shot (9037). 
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Fig. 5. Electron temperature (keV), ion temperature (keV) and density (10^m"3) profiles 

at t=12s and associated heat conductivities in nfig-1. The data are shown for shot 9044 , 

with 2.7 MW LH power, (plain line) and the ohmic shot 9037 (dashed line). For shot 9044 a 

gaussian power input has been assumed with a half width at p=0.4 

In TFTR, DIII-D and JET, recent experiments using current ramps 
have shown that TE increases with li (see for example [9]). A similar trend has 
been found on TORE SUPRA. This scaling has been extended to stationary 
current profiles by using LHCD at low density to modify the steady state 
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current profile (see Fig. 4a). The increase of li and q(0) when LHCD is 
applied to a low density shot suggests that the current profile tends to have a 
more rectangular shape [2]. An internal inductance of 1.7 resulted in a 
confinement 1.4 times better than the RLW scaling during 10s (see Fig. 4b). 
No sign of impurity accumulation or modification of the global particle 
confinement has been seen. Although one half of the energy is stored within 
the magnetic surface p/a <0.3, it seems that the global confinement 
improvement is not only due to the stabilization of sawteeth since other low 
density shots without sawteeth follow the RLW scaling. A transport analysis 
using the code LOCO (described in [10]) indicates that in the central region %e 
retains its ohmic level (Fig.5). The power transferred to ions stays the same 
for both the ohmic and LH shots and the ion heat diffusivity seems to be 
slightly larger in the latter. Note that in all TORE SUPRA discharges (even 
ohmic shots) %i is always much larger (>10 times) than the neoclassical value 
as already observed in JET [11], 

3. CONTROL OF THE PLASMA BOUNDARY 

In 1000 MW tokamak reactor studies, power fluxes at the plasma 
surface are of the order of 0.4 MW/m2, which after channelling onto divertor 
plates reach 15 MW/m2. For an ash concentration of 10%, pumping of about 
ten times the helium birth rate i.e. 4 1021 particles/second is needed. The 
requirements in TORE SUPRA are similar. The power flux at the edge ranges 
between 0.07 MW/m2 (with 5 MW of LHCD power) and 0.2 MW/m2 (the 
installed additional heating will be 1SMW in the plasma in 1993). Peak heat 
loads on limiter heads are in the range lOMW/m2. An adequate density control 
in long pulses requires the pumping of 10% of the recycled flux. This 
corresponds to the exhaust of about 1021 particles/second. 

3.1 Heat exhaust 

Almost all the components inside the vacuum vessel (limiters, walls, 
antennas..) are cooled by pressurized water at 30 bars (max 40 bars) allowing 
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routine operation at a wall temperature of 210°C. The water flow of 350 
tons/hour corresponds to a power exhaust capability of 25MW for a 
temperature increase of 60°C. The mass of water (14 tons) can store 3.4 GJ 
i.e. the energy released by the plasma in 2 mn at full power. The heat is 
exchanged with the atmosphere between shots at a rate of 4 MW. Emphasis has 
been put on development of two types of plasma facing components foreseen 
for continuous operation: 

- The inner wall is made of 12 m2 of 1cm thick graphite tiles. The thermal 
time constants are in the range 10-20s. This technology theoretically allows 
extraction of at most lMW/m2 when the heat flux is uniformly spread. A 
careful realignment of the wall was performed in 1991 (deviation <lmm). This 
lead to well equilibrated heat loads between toroidal sectors. The procedure did 
not eliminate the appearance of hot spots on badly brazed tiles. These hot spots 
often cause the destruction of tiles or the projection of small carbon pieces into 
the plasma, hampering operation at high power. The inner wall was 
nevertheless chosen for the first long pulses. The heat was spread by a slow 
vertical motion of the plasma (« 0.05 Hz). Quasi-continuous (« lmn) heat 
exhaust has been possible at conducted power levels of about 2MW (i.e. an 
average of 0.2 MW/m2) while Zeff kept a constant value (Fig.2). In this shot 
more than 100 MJ was absorbed by the wall while another 50 MJ was radiated 
and exhausted by other components. An improved version of this first wall is 
being prepared (improved brazing technique, use of CFC), which should 
allow larger power fluxes. 

- A set of 6 modular pump limiters (0.16m2 each) is located at the bottom of 
the machine. The thickness of the graphite tiles is 2.5 mm and they can sustain 
average (peak) power fluxes of 3.5MW/m2 (10MW/m2). One of them has been 
successfully tested at these nominal parameters in stationary conditions for 8s. 
Discharges of IMA x 40s have been made with the plasma resting on five 
limiters. About 80 MJ has been launched into such a plasma (PLII = 2 
MWx35s, PQ= 0.3 MW) of which 60% was exhausted by the limiters while 
the bolometer signal remained stationary. Exceeding the nominal power rating 
caused the appearance of overheated areas (>1800°C) originating generally 
from the sudden expansion of hot spots due to defects on the graphite tiles. 
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This can be explained assuming that the heat flux is larger on high 

temperature zones (up to 20MW/m2 are required to fit the data) [12]. At the 

location of these hot areas, an intense emission from carbon lines is observed 

while the deuterium emission disappears. This phenomenon causes no 

disturbance to the bulk plasma (sometimes a weak carbon pollution), however 

it damages the limiter surface in an irreversible way. 

The heat deposition profiles have been deduced from thermographic 

images of plasma facing components. The decay length Xq of the heat flux 

scales as f ' varying between 1cm and 2.4 cm. Its value is consistent with a 

standard SOL model where the transverse diffusion is proportional to the 

Bohm coefficient. 

3.2 Particle exhaust and fuelling 

In present experiments, particle exhaust has relied primarily on inner 

wall pumping. Its capacity at saturation is estimated to be of the order of 4 1022 

particles to be compared with the typical plasma content of 8 lO2^. It can be 

regenerated by helium glow discharges or partially between shots (20% of the 

adsorbed particles are pumped between shots with a carbonized wall, 80% 

with a boronized wall) [13]. This indicates the importance of the wall in particle 

balances for discharges lasting up to a few hundreds of seconds. An example is 

shown in Fig. 2 : during the whole discharge the density is maintained by 

continuous gas puffing (3.6 1020 particles/s) i.e. the wall pumps up to 2.5 

1022 particles. 

On TORE SUPRA, particle exhaust and density control for very long 

shots rely on the use of pump limiters, the six located at the bottom of the 

vessel plus one outboard in the equatorial plane. The latter has been equipped 

with a set of diagnostics in order to assess the particle collection and exhaust 

efficiency in different plasma conditions. Efficient operation with the outboard 

limiter used alone has been obtained by increasing <ne> up to 5 1019 m-3. The 

signature was an effect on the total particle content of the plasma and an 

increase of the ion flux in the throat and pressure in the plenum. In the best 

case, one can estimate that about 2.5 1020 particles/s, i.e. 5% of the recycled 
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flux, are pumped with only one limiter [14]. It has been shown also that it was 

useful to reduce the plasma minor radius to decouple the magnetic surfaces 

crossing the limiter throat from the inner wall. 

Routine pellet injection is foreseen for future long pulse operation to 

minimize the particle recirculation at the plasma edge. Experiments with a 

multiple pellet injector (V=660 m/s, N= a few 1020 atoms, frequency 4Hz) 

have been made to sustain LHCD plasmas [15]. More than 40 pellets have 

been injected in a 20s xl.3 MA discharge driven by 4 MW of LHCD 

(interrupted 20% of the time to allow pellet penetration). The mean density was 

maintained at a level of 3.5 1019nr3 for 10s. A fast pellet injector (v=2400 m/s, 

N=1021atoms) has been used to explore penetration physics at the higher 

velocities. The standard features of such experiments have been observed 

(peaked density profiles, improved ohmic confinement, appearance of a snake 

on the q=l surface). 

4. ERGODIC DIVERTOR 

Next step devices will require cold and dense edge plasmas which 

retain impurities. An original solution is being investigated based on an 

ergodic divertor consisting of six octopolar coils (Jcoil <45 kA) and target 

plates located inside the vacuum vessel [1,16]. They create an ergodic zone 

around the surface q=3 with a radial extension of about 0.15m which is 

characterized by the Kolmogorov length LK (=JtqR) and the field line diffusion 

coefficient DQ (« 4 10-4 m for IcoU = 45kA). In this zone, combined effects of 

stochasticity and parallel transport cause the appearance of large local gradients 

so that perpendicular diffusion also plays a role [17]. By comparison with 

existing anomalous transport features it is expected that the divertor increases 

drastically heat transport and doubles particle transport 

In fact, the field lines emerging from the 30 target plates located 

between the conductors keep the memory of their direct connexion along a 

length Lk («20m) i.e. in an outer zone of radial width of the order of VDoLk « 

0.05m. This zone has some similarities with the X point divertor [18]: 
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- Some short flux tubes are connected to two divertor plates and look 
like private zones. 
- Other flux tubes connect the ergodic zone. They carry a parallel plasma 
flow to the divertor plate as in a divertor S.O.L. 

A signature of this rearrangement at the edge is a broadening of heat flux on 
plasma facing components in the SOL ("Xq" has an effective value of about 
8cm) and poloidal inhomogeneities of the power deposition due to the existence 
of short length tubes. The various lengths of the flux tubes result in the 
formation of structures in the plasma which can be visualized with CCD 
cameras or Langmuir probes. An additional property revealed by numerical 
simulations is that this magnetic configuration is not affected by error fields. 
Up to now the ergodic divertor has been studied mainly in ohmic plasmas. 
Three effects have been observed: 
Screening effect: A screening effect has been observed for most species 
including deuterium (but not for He and Ne). Experiments show that key 
factors are wall properties for the considered species and the opacity of the 
magnetic configuration for incoming neutrals [19]. 

- Ergodic divertor operation also results in bulk plasma purification due to a 
screening of incoming impurities (as evidenced with nitrogen or argon 
injection) and to the decrease of the edge temperature (i.e. physical sputtering). 
The screening effect can be qualitatively understood: Impurities are ionized in 
the outer zone while hydrogen penetrates more deeply (0.10m) in the ergodic 
zone. It is thus expected that the recycling flux causes a natural deuterium 
outflux parallel to the field line outflux which washes out the impurities. 
- A strong screening effect has also been recorded for deuterium: Typically the 
fuelling efficiency goes below 1%. The mechanism previously invoked for 
impurities is not applicable to deuterium. This suggests that an additional 
screening effect takes place in the ergodic layer. Deuterium screening is 
accompanied by the modification of wall pumping when the divertor is turned 
on, which can lead to the reduction of density by a factor of two. It is 
nevertheless possible to increase the plasma density up to <ne> = 3.8 1019irr3 

provided the divertor is turned on at the beginning of the discharge, and large 
amounts of gas are injected (» 2 1020 particles/s). 
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Stabilization of radiative layers: The ergodic divertor made it possible to 
control radiative shells occurring close to the critical density. Depending on the 
wall cleanliness, the involved impurities are carbon, oxygen or chlorine. A 
stable shell is obtained during seconds which radiates most of the input power 
[20]. Radiative shells have also been obtained by nitrogen injection. A 
significant part of the power is radiated in the outer zone, i.e. close to the 
divertor plates, an observation which supports the idea of impurity retention in 
the outer zone by the hydrogen outflow. This scheme is attractive since there is 
a small conducted power at the edge, however reliable continuous operation 
requires a feedback stabilization of radiation at the edge: 

- If too many impurities are injected the cooling of the edge destroys the 
screening effect and causes the appearance of Marfes on the high field side or 
thermal instabilities which propagate beyond the ergodic zone. 
- If the plasma is not dense enough or if it is too pure, the ergodic divertor 
induces an expansion of the plasma at a velocity of about 50 cm/s and a 
reattachment 
Stabilization of MHD activity: It has been observed that the ergodic divertor 
induces an edge current perturbation which has a stabilizing effect on the 
m=2,n=l tearing mode. This unexpected effect was used to develop an 
emergency system to prevent disruptions and also stabilize MHD activity 
during the current rise phase [21]. 

5. CONCLUSION 

Significant progress towards long pulse operation has been made: 
1) It has been possible to replace up to 41 webers using non inductive current 

drive, i.e., almost three times the available transformer flux. The performance 
of the present system is such that 6MW operation would allow zero volt 
operation for Ip <ne> up to 3.5 1025 A- nr3, 

2) Advanced pump limiters able to withstand peak fluxes of 10 MW/m2 have 
been tested and the inner wall has exhausted continuously 0.2MW/m2. No 
carbon bloom hampered plasma operation, although localized overheating 
(>1800°Q of plasma facing components was observed. Operation at high 
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power is restricted by damage to the carbon surface. For these two 
components, new versions are being prepared to improve their reliability. 
3) The possibility of an efficient control of the particle content has been 

demonstrated based on the use of pellet injection and modular pump limiters. 
This requires operation at high density to take advantage of the non-linear 
dependence on density of pressure in the plenum. 

4) An ICRH antenna has been tested which has demonstrated long pulse 
capability while maintaining the plasma Zeff stable at an acceptable value. Up 
to 4MW have been launched into the plasma and 12 MW are foreseen for 1993. 

A one minute discharge resting on the inner wall and sustained by 
2.5MW of LHCD has been achieved. The next milestone will be the 
simultaneous control of heat and particles in a stationary plasma using modular 
pump limiters and pellet injection. Experimental results suggest that seven 
limiters could handle about 5MW of conducted power and control more than 
5% of the recycled flux. 

Experiments show that the ergodic divertor could be a powerful tool to 
control edge parameters. The main results are: The achievement of a cold edge 
layer, an effective particle screening for both D and the main impurity species, 
stabilization of the (2,1) mode and achievement of a controlled radiative layer 
without plasma contamination. Furthermore, particle and heat depositions are 
more robust to modifications of the plasma-wall interaction. This opens the 
possibility to test a fully integrated scenario for plasma-wall interaction with 
significant auxiliary heating power. 

Partial current profile tailoring using LHCD allowed a stationary state 
with improved confinement to be reached (40% improvement during a 10s 
stationary state). This should increase the interest in current drive techniques 
for larger machines as a tool to enhance confinement. Promising results have 
also been obtained in die field of monster sawteeth driven by ICRH: current 
drive at modest LH power made it possible to double their length. A complete 
stabilization at larger power is not excluded. 



94 EQUIPE TORE SUPRA 

Acknowledgements 

This work has been done in collaboration with the US-DOE. The 
horizontal pump limiter was built by Sandia National Laboratories and 
equipped with diagnostics by Oak Ridge National Laboratory. The centrifuge 
pellet injector and one ICRH antenna have been supplied by Oak Ridge 
National Laboratory. The fast pellet injector has been supplied by the Service 
des Basses Temperatures (CE Grenoble). 

REFERENCES 

[I] A. Grosman et al., Journal of Nuclear Materials, 162-164 (1989), 162 
[2] D. Moreau, B.Saoutic et al., paper E-2-1-1, this conference 
[3] D. Moreau and the TORE SUPRA Team. Phys. Fluids B, 4 (1992) 2165 
[4] J.P. Bizarro and D. Moreau , " On ray stochasticity during lower hybrid 
current drive in tokamaks". Report EUR-CEA-FC-1467 (1992). Submitted for 
publication in Phys. Fluids B. 
[5] R.Bartiromo ," Transport properties of current driven plasmas". 
Europhysics Topical Conference on RF heating and current drive of fusion 
devices. Brussels, July 1992 
[6] KXackner and N.O. Gottardi, Nuclear Fusion, Vol 30, N°4 (1990), 767 
[7] P. Rebut, L. Lallia, P. Watkins, Plasma Physics and Controlled Nuclear 
Fusion (Proc. U^int. conf.Nice), Vol II, IAEA Vienna (1989) 191 
[8] TFR Group and A. True, Plasma Physics and Controlled Fusion, vol 26, 
N°9 (1984),1045 
[9] J.R. Ferron, L.L. Lao, T.S. Taylor, Joint ICPP-W* EPS Conference on 
Controlled Fusion and Plasma Physics. Innsbruck, Proceedings, VOL1,55 
[10] G.R. Harris, H. Capes, X. Garbet, " Effect of ergodic divertor on 
electron thermal confinement" Report EUR-CEA-FC 1452 (1992). Accepted 
for publication in Nuc. Fus. 
[II] A.Taroni et al. Plasma Physics and Controlled Nuclear Fusion (Proc. 
13*int. conf. Washington), Vol I, IAEA Vienna (1991), 93 



IAEA-CN-56/A-1-4 95 

[12] D.Guilhem et al., " Actively cooled pump limiter and power scrape-off 

length measurement in TORE SUPRA" , Proceedings of the 10th International 

Conference on Plasma Surface Interaction in Controlled Fusion Devices, 

Monterey (1992). 

[13] C. Grisolia et al.," Plasma wall balance in TORE SUPRA", Proceedings 

of the 10th Int Conference on Plasma Surface Interaction in Controlled Fusion 

Devices, Monterey (1992). 

[14] M. Chatelier et al, paper A-6-1, this conference 

[15] A. Geraud, Joint ICPP-^* EPS Conference on Controlled Fusion and 

Plasma Physics Innsbruck, Proceedings Vol I, 159 

[16] A. Grosman et al.," Transport in the plasma edge. Specific connexion to 

the wall in the TORE SUPRA ergodic divertor experiment", Proceedings of 

the 10th International Conference on Plasma Surface Interaction in Controlled 

Fusion Devices. Monterey (1992). 

[17] A.Samain et al. "Particle flux across a stochastic magnetic layer". Report 

EUR-CEA-FC 1455 (1992). Submitted for publication in Phys. Fluids B. 

[18] F.Nguyen et al., Joint ICPP-^* EPS Conference on Controlled Fusion 

and Plasma Physics Innsbruck, Proceedings Vol U, 851 

[19] P.Monier-Garbet et al. , paper A-5-4, this conference 

[20] L.Poutchy, J.C. Vallet, Joint I C P P - ^ E P S Conference on Controlled 

Fusion and Plasma Physics Innbruck, Proceedings Vol II, 847 

[21] D. Edery et al., paper A-4-5, this conference 



96 EQUIPE TORE SUPRA 

APPENDIX 

EQUIPE TORE SUPRA 

G. Agarici, J.P. Allibert, J.M. Ane, S. Balme, B. Bareyt, V. Basiuk, P. Bayetti, 

B. Beaumont, R. Becherer, A. Becoulet, M.S. Benkadda"), G. Berger-By, D. Bessette, 

P. Bibet, J.P. Bizarro, G. Bon-Mardion, P. Bonnel, J.M. Bottereau, F. Bottiglioni, 

R. Brugnetti, R. Budnyb), Y. Buravand, H. Capes, JJ. Capitain, J. Carrasco, P. Chappuis, 

D. Chatain, E. Chatelier, M. Chatelier, X. P. Chen, D. Ciazynski, F. Clairet, J J. Cordier, 

J.P. Coulon, B. Couturier, J.P. Crenn, C. Deck, P. Decool, B. De Gentile, H. Demarthe, 

J.C. de Haas, C. De Michelis, P. Deschamps, P. Devynck, L. Doceul, M. Dougnac, 

H.W. Drawin, M. Druettac), M. Dubois, J.L. Duchateau, T. Dudok de Wit, L. Dupas, 

D. Edery, D. Elbeze, T. Evansd), J.L. Farjon, I. Fidone, M. Fois, C.A. Foster6), 

M. Fumelli, B. Gagey, L. Garampon, X. Garbet, E. Gauthier, A. Geraud, F. GervaisO, p. 

Ghendrih, C. Gil, G. Giruzzi, M. Goniche, R. Gravier, B. Gravil, M. Gr6goire, 

D. Gr6sillonf), C. Grisolia, A. Grosman, D. Guilhem, B. Guillerminet, R. Guirlet, 

G. Hastee), P. Hennequin 0, F. Hennion, P. Hertout, W.R. Hess, M. Hesse, G.T. Hoang, 

J. Hogane), T. Hutter, J. Idmtal, C. Jacquot, B. Jager, F. Jequier, E. Joffirin, J. Johner, 

J.Y. Joumeaux, P. Joyer, C. Klepper6), K. Kupfer, H. Kuus, D. Lafon, J. Lasalle, 

L. Laurent, C. Laviron, G. LeclertS), P. Lecoustey, C. Leloup, P. Libeyre, 

M. Lipa.S. Lippmannd), X. Litaudon, W. D. Liu, T. Loarer, P. Lotte, R. Mc Grathn), 

P. Magaud, R. Magne, G. Martin, A. Martinez, E.K. Maschke, R. Masset, M. Mattioli, 

G. Mayaux, P. Mioduszewski e) , J. Misguich, P. Monier-Garbet, D. Moreau, J.P. Morera, 

B. Moulin, D. Moulin, M. Moustier, R. Nakach, F. Nguyen, P. Ouvrier-Buffet, 

L. Owene), M. Pain, J. Pamela, F. Parlange, G. Pastor, R. Patris, M. Paume, J. Payan, 

A.L. Pecquet, B. Pegourie, Y. Peysson, D. Piat, J.M. Picchiottino, P. Platz, C. Portafaix, 

L. Poutchy, M. Prou, A. Quemeneur*), J.M. Rax, G. Rey, P. Riband, B. Rothan, 

J.P. Roubin, P. Roussel, S.K. Sana, F. Samaille, A. Samain, B. Saoutic, J. Schlosser, 

A. Seigneur, J.L. Segui, F. Smits, K. Soler, J. Tachon, M. Talvard, J.M. Theis, 

C.E. Thomase), G. Tonon, A. Torossian, A. True*), B. Turck, T. Uckane), J.C. Vallet, 

J. Valter, D. van Houtte, D. Vezard, H. Viallet, J. Watkinsh>, J. Weisse, M. Zabiego, 

X.L. Zou. 

a) Equipe Turbulence Plasma (U.R.A. 773), IMT Marseille France. 

b) PPPL Princeton University, New Jersey,USA. 

c) Laboratoire de traitement du signal et ^instrumentation (U.A. CNRS 842), St Etienne, 

France. 



IAEA-CN-56/A-1-4 97 

d) General Atomics, San Diego, California, USA. 

e) Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA. 

0 PMI (UJ?.R. CNRS 287), Ecole Polytechnique, Palaiseau, France. 

g) L.P.M.I. (UJR.A. CNRS 835), University de Nancy I. Vandoeuvre les Nancy, France. 

h) Sandia National Laboratories, Albuquerque, New Mexico, USA. 

DISCUSSION 

J. JACQUINOT: You stated that hot spots attract more power. Can you 
comment on the conditions under which this phenomenon appears, in particular the 
power density, tile temperature and so on? 

L. LAURENT: Hot spots occur over a wide range of incident powers. When 
their temperature reaches 1400 K they expand. A possible explanation for this is the 
onset of radiation enhanced sublimation which releases carbon, a fraction of which 
is accelerated back to the limiter by the sheath, causing a further temperature 
increase. 

R.J. HAWRYLUK: In Fig. 4(a) does T£~L take into account shear dependence 
variation or is it a global analysis T£~L? 

L. LAURENT: T|~L is obtained using the offset linear electron energy content 
given by Rebut et al. [7] and the experimental ion energy content. This is a global 
analysis which does not take into account the details of the current profile. 

R.J. GOLDSTON: Do your UFOs show any effect of gravity? I am interested, 
of course, in part because of the question of single null versus double null divertors. 

L. LAURENT: In CCD cameras, UFOs appear as bright spots which may cross 
the plasma in any direction. The trajectories may be curved, suggesting that they may 
be charged (LHCD allows high floating potential). They eventually fall to the bottom 
of the vessel, sometimes causing disturbance to diagnostics located there. 
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EXPERIMENTS USING DEUTERIUM-TRITIUM 
PLASMAS IN THE JET TOKAMAK 

JET TEAM1 

(Presented by A. Gibson) 

JET Joint Undertaking, 
Abingdon, Oxfordshire, 
United Kingdom 

Abstract 

EXPERIMENTS USING DEUTERIUM-TRITIUM PLASMAS IN THE JET TOKAMAK. 
In November 1991 the first experiments were carried out in the JET Tokamak, using a 

deuterium-tritium mixture in a high performance, magnetically confined fusion plasma. The experi
ments led to the production of 1.7 MW of fusion power with a total fusion energy release of 2 MJ. The 
tritium exhibited the same diffusion behaviour as deuterium, and good fuel mixing was obtained by using 
tritium neutral beam injection. Measures used for handling and recovering the tritium were successful. 

1 . INTRODUCTION 

The plasma performance parameters of the JET device have been progressively 
improved during a nine year experimental programme. By 1991 the triple 
product of central ion density, central ion temperature and energy replacement 
time ni(0)Ti(0)TE had reached 9 x 1020 n r 3 keVs. The ratio of fusion power 
generated to power input (Pfuse/Pin)m deuterium plasmas had reached 3 x 10-3, 
with approximately equal contributions from thermal and beam-plasma 
processes. The ratio of fusion power release to be expected from a plasma with 
equal concentrations of deuterium and tritium and from a deuterium plasma, in 
JET conditions is typically about 200. Such a plasma in JET would thus have 
Pfuse/Pin ~0-6. 

2. OBJECTIVES 

This good plasma performance meant that useful experiments could be 
envisaged using deuterium-tritium plasmas. Furthermore, provision had been 
made for such experiments in the initial design of JET and the necessary 
technical requirements could be met. Consequently an experiment was 
undertaken with the following objectives: (a) to produce in excess of one 
megawatt of fusion power in a controlled way; (b) to validate transport codes 
and provide a basis for accurately predicting the performance of deuterium-
tritium plasmas from measurements made on deuterium plasmas; (c) to 

1 See Appendix to IAEA-CN-56/A-1-1, this volume. 
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determine the retention of tritium in the torus walls and the neutral beam 
injection system and to establish the effectiveness of various discharge cleaning 
techniques for tritium removal; (d) to demonstrate the technology related to 
tritium usage; (e) to establish safe procedures for handling tritium in compliance 
with the regulatory requirements. 

3. TRITIUM INTRODUCTION 

The tritium was introduced into these discharges by using two neutral injection 
sources to inject tritium at 78 kV acceleration (~24A) while the remaining 
fourteen sources fuelled and heated the plasma with deuterium at 135 kV 
(-126A) and 75 kV (-38A). This is the first time that high power beams of 
tritium (0.75 MW from each of two injectors) have been formed and used to 
fuel a plasma. The successful operation of these beams marks an important 
technical advance in the field. The use of the beams resulted in a mean ratio of 
tritium to tritium plus deuterium of about 11 % in the plasma. 

Further details of the experiment can be found in references [1] and [2]. 

10 11 12 13 14 15 
Time (s) 

Fig.l. Time development of the central electron and ion temperatures, volume-averaged 
electron density, line-averaged Ztg, plasma diamagnetic energy Daemission, total neutron 
rate, and the neutral beam and radiated powers for Pulse No. 26148. After 13.3 s the Z,ff 

measurement is affected by black body radiation emanating from the dump plates. 
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4. EXPERIMENTAL RESULTS 

The main results from the experiment are described in [1], as are the restrictions 
on tritium usage and torus activation which together limited the experiment to 
two high performance pulses with 11% tritium content. Figs. 1 and 2 show 
the important features of one of these two similar pulses. The D-T neutron rate 
reaches 6 x 1017 s"1 about 1.3 s after the high power heating beams are 
switched on, the total yield is 7.2 x 1017 neutrons. This corresponds to 
1.7 MW of fusion power generation with 2 MJ of fusion energy released. 

These two tritium pulses formed part of a series of similar pulses, some in 
pure deuterium and some with much weaker (~0.1%) tritium mixtures, which 
were used both as setting-up experiments and for diffusion measurements. 

5. IMPURITY INFLUX 

It is clear from Fig. 1 that the period of high neutron emission is terminated 
some 1.3 s after the high power beams are switched on, when a strong impurity 
influx occurs. 

Pulse No. 26148 

re 
DC 
c o 

Simulated 

Beam-thermal 

Measured 

Thermal-
thermal 

' / A x-
/ / Beam- \ 

>-yLj£^ beam V — Ĥ 
12 _ , . 13 

Time (s) 14 

FigZ. Measured total 14MeV neutron rate (Si diode detector) for Pulse No. 26148. Also 
shown are the results of simulations from the TRANSP code showing good agreement and the 

inferred breakdown into thermal and beam processes. 
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This behaviour is typical of hot ion mode discharges of the type used for 
the tritium experiment. The behaviour does not appear to be related to the 
presence or absence of tritium in the discharge and is essentially the same for 
the pure deuterium discharges in the series as it is for those with tritium 
injection. The behaviour also has many similarities with the 'carbon bloom' 
behaviour [3] seen in many JET discharges with high power heating. 

As discussed in [1] the behaviour shows considerable variation. A pre
requisite for the impurity influx appears to be that some 8 MJ or more of energy 
should have been conducted to the X-point dump plate. In some discharges the 
event occurs without an obvious trigger and is delayed to later times when a 
larger amount of energy has reached the dump plate. Such discharges have time 
to reach higher parameters (e.g. plasma energy). In other discharges, including 
the two tritium discharges, a large sawtooth collapse or a large edge localised 
instability (ELM), or both, precipitate an earlier impurity influx before the 
plasma energy has reached such a high value. 

Examination of a number of these pulses [4] shows that for the first 1 to 
1.5 s of high power heating, a very good confinement regime develops with 
T'E(thenrial) > Is; about twice the value corresponding to the JET/DIII-D 
H-mode scaling [5*] or three times the Goldston L-mode scaling value [6]. This 
phase comes to an end with an approximate doubling of the ion thermal 
conductivity over the whole cross section [4]. This is associated with : 
(a) a roll over of the neutron yield due to a decrease of the central ion 

temperature; 
(b) an increased heat flux (typically 20 MW) to the already hot X-point dump 

plate; 
(c) a strong influx of impurities leading to a further decrease in neutron yield. 

The cause and sequence of these events is still not clear. There are 
indications that the confinement degradation occurs first giving an increased 
heat flux which provokes the impurity influx, but it is also possible that some 
change in edge condition causes an increase in impurity influx which indirectly 
causes the confinement degradation. It is evident that a high heat flux to the hot 
dump plate eventually provokes an impurity influx, which causes the neutron 
rate to fall by a factor of 2 to 3. However, in some cases, a collapse of the 
central ion temperature associated with a strong sawtooth, occurs almost 
simultaneously (within 100 fis) with a large edge disturbance or giant ELM. 
This behaviour suggests that the plasma is near to a stability limit, possibly 
associated with high edge gradients or with local p limit violation. Growing 
MHD activity (n=l and n=3) is observed during the high performance phase of 
these pulses but is not obviously related to the performance degradation. 

6. ALPHA-PARTICLE POPULATION 

Fig. 2 shows that the TRANSP code [7] can give a good simulation [1] of the 
actual discharge. The code can then be used to infer the characteristics of the 
oc-particle population. Results are given in [1]. It is shown that the power 
transferred from the a-particle population to the plasma components is relatively 
small compared to the transfer from beam particles. In the centre the a-particles 
contribute less than 17% of the power to the electrons and less than 0.6% of 
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thatto the ions, overall the figures are 14% and 0.6%. Furthermore, the value 
of p„ is only about 2 x 10"4 while the central P«(0) is only 2 x 10"3. 
Accordingly we do not expect to see direct effects of the oc-particle population 
on the plasma properties and indeed none are observed. 

7. ION-CYCLOTRON RADIATION 

Ion cyclotron emission (ICE) was observed from these plasmas and was a 
direct result of the presence of oc-particles in the plasma [8]. 

Comparison of the intensity of emission at a particular frequency between 
deuterium plasmas and plasmas with tritium admixtures having the same 
injected beam power, showed the ICE power increasing by a factor ~26 while 
the neutron emission increased by a factor 20. Moreover, the ICE was almost 
proportional to the neutron intensity over six orders of magnitude for a variety 
of deuterium and deuterium-tritium plasmas. This indicates that the ICE is 
being generated by the fusion products in each case. 

The frequency spectrum of the emission for both D and D-T plasmas 
was in the form of narrow lines at harmonics of the deuteron and a-particle 
gyro-frequencies corresponding to a localised region (AR~20 cms) near the 
outside plasma edge (R~4 m). At higher harmonics (>7) the lines merged to a 
continuum. The total peak power radiated as ICE in the D-T discharges was 
~3 W or about 10"5 of the 340 kW of peak power carried by the a-particles. 

It is shown in [8] that the likely origin of the ICE radiation lies in the 
strongly anisotropic velocity distribution of a-particles which exists at large 
major radius because of the form of the a-particle orbits. For centrally born 
particles, only orbits with high energy and a large ratio of perpendicular to 
parallel velocity can reach this radius. This model explains the behaviour of the 
ICE during the terminal fall in neutron rate. Here, in Pulse No:26148 as shown 
in Fig. 1, a series of large ELMs (apparent on the D a and PRAD signals) occurs 
and at each large ELM the ICE falls to a low level and then recovers over a 
period of ~60ms, the recovery is associated with the growth in n=l, m=4 and 5 
MHD activity at 4.5 kHz. In [8], this is explained as the large ELMs expelling 
the a-particles from the outer region. The anisotropic region of velocity space 
is then repopulated by a-particles from the central region of the discharge, 
generating the ion cyclotron emission. On a longer time scale, the ICE dies 
away as the neutron rate decays. Soft X-ray data shows that the large ELM 
disturbances do in fact penetrate about 10 to 30 cms in from the plasma edge 
into the region of the ion cyclotron emission. 

The ion cyclotron emission is thus seen to be directly associated with the 
presence of a-particles in the plasma and offers the prospect of a valuable 
a-particle diagnostic. A number of problems however remain to be solved, 
including the precise nature of the emission mechanism and its unfolding to 
reveal the properties of the particles generating the emission. 

8. RELATIVE DIFFUSION OF DEUTERIUM AND TRITIUM 

The beam energies for this series of experiments was chosen to give good 
central fuelling and heating by the deuterium beams and good penetration by the 
tritium beams. Indeed for the particular densities and density profiles of the 
discharges in this series the deposition profiles of deuterium and tritium, as 
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calculated by the PENCIL code [9], were very similar. The higher energy 
deuterium beams deposited particles on both sides of the plasma axis, while die 
tritium beam mainly deposited particles on the outboard side. 

The consequence of this similar deposition is that, with continuous 
injection, both for the main tritium experiment and for the set-up experiments 
(where the gas feed to the 'tritium injectors' was 1% tritium in deuterium), the 
TRANSP code simulations give equally good fits to the observed neutron yield 
for widely differing assumptions about the relative diffusion of deuterium and 
tritium. Accordingly, experiments were carried out using the 1% T2 in D2 feed 
to one 'tritium injector', where the injector was operated for a 1 s pulse. The 
decay of the 14 MeV neutron signal was observed with space resolved detectors 
over a 0.6 s period when the discharge was sawtooth free. Details will be 
foundin[10]and[ll]. 

The observed profile of 14 MeV neutron emission is shown in Fig. 3, for 
such a discharge. 13 kW of tritium was injected from 12.5 s to 13.5 s while the 
total injected power was kept constant at about 8 MW, this led to central ratios 
of tritium to deuterium density of about 3 x 10"4. The ion and electron 
temperatures were ~7 keV and the average electron density was "3x10^ m"3. It 
will be seen that the 14 MeV emission decays on a time scale of l-2s, the 
profile shape being constant until flattened by the sawtooth event at 14.1s. 

Fig.3. Neutron emission profile during Pulse No: 26114 with 1% tritium fed to one injector. 
The tritium injector is switched off at t = 13.5 s. 
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The decay and the profile of the 14 MeV neutron emission have been 
compared with TRANSP code predictions where a model for the relative 
diffusion of tritium and deuterium was imposed but the actual transport fluxes 
were evaluated by TRANSP from the experimental parameters in the usual way. 
The TRANSP calculation shows that while the 2.4 MeV neutron emission is 
insensitive to the relative diffusion model, the behaviour of 14 MeV emission 
does exhibit a sensitivity. Thus, all models give similar profiles for the 
deuterium density profile but the tritium profile during the decay shows strong 
differences which result in different predicted space and time profiles of the 14 
MeV emission. 

An example is shown in Fig. 4 where the experimentally observed time 
variation is contrasted with TRANSP calculations for D T / D Q = 1 , 2 and 0.5. 
The results clearly indicate that the deuterium and tritium have similar transport 
properties, a similar comparison of spacial profiles leads to the same result. 
The indicated value for the diffusion coefficients is similar to that observed in 
other discharges, i.e. about 0.3 m2 s"1 in the centre rising to 2 m2 s_1 near the 
edge, with an accuracy of about a factor 2. 

12 13 14 15 16 
Time(s) 

Fig.4. Measured neutron time profiles for Pulse No:26114 compared with TRANSP 
simulations with various assumed ratios DjIDry of tritium and deuterium diffusion 

coefficients. 
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9. TRITIUM RETENTION 

During and after the experiments with tritium, careful measurements were made 
of the tritium recovery from torus and neutral beam lines [12]. Various regimes 
of discharge cleaning were evaluated for their ability to remove tritium [13], 
Finally, samples of the torus wall were recovered and have been analysed to 
give a separate estimate of the residual tritium in the torus together with a depth 
profile for various components. 

The total amount of tritium fed to the injectors in this series of 
experiments was 1003 (± 70) Ci (37 TBq), of this 54 (± 6) Ci was injected into 
the torus and the neutral beam duct. Measurements during the various recovery 
processes showed a total recovery of 1090 (± 100) Ci from the torus and the 
neutral injection box. During the discharge cleaning operations the recovery fell 
from an initial ICi/pulse to O.lCi/pulse in 25 pulses and to 0.003 Ci/pulse over 
a period of 20 days (~250 pulses). The best estimate of the tritium remaining in 
the torus and duct from these measurements is in the range 0 to 15 Ci with the 
possibility that much of any residue is implanted in the copper duct scrapers. 
Within the measurement accuracy of 100 Ci all the tritium introduced into the 
beam box has been recovered. When the box was finally raised to room 
temperature and exposed to warm humid air some 6 Ci of tritium was released 
and after 20 days exposure to air the release was less than 0.06 Ci/day. This 
suggests that no more than a few Ci can be left in the box. 

Measurements have now been made on a number of tiles removed from 
various locations on the torus walls [14]. Tritium content was measured by 
outgassing, combustion and solution. Simple depth profiling has been carried 
out and more detailed measurements will follow. The results show that the 
tritium is rather uniformly distributed around the torus except for the beam 
shine-through area where the levels are higher. The total estimated residual 
inventory from these measurements is about 2 Ci of which 0.03 Ci is in the 
beam shine-through area. Most measurements so far have been made on carbon 
wall and X-point dump plate tiles where the average tritium content is generally 
in the range 0.07 to 0.2 u\Ci g"1 with about 6 p.Ci g"1 in the shine-through 
region. A few measurements have been made on beryllium tiles and these show 
similar tritium content. Depth profiling for carbon tiles shows that 98% of the 
inventory is in the first 4 mm of tile thickness (and probably in a much thinner 
layer) with the remaining 2% relatively uniformly distributed through the 
~20 mm tile thickness. The upper limit for material to be low level waste is 
0.3 nCi g"1 so that most material is already below this level while the rest 
could be reduced to this level by outgassing at 500° C or by surface skimming. 
The outgassing of beryllium tiles is more difficult than for carbon because of the 
surface oxide layer on beryllium (90% of tritium was removed from carbon at 
900°C in air and 70% from beryllium in argon at 1000°C). 

The tritium removal rate during the initial period following the tritium 
experiment (November 1991 to January 1992) was well represented by a multi-
reservoir model [15] previously developed for the exchange of hydrogen and 
deuterium at the torus walls. Good modelling of the removal rate and remaining 
inventory at longer times required development of the model to include 
diffusion of tritium deep into the tiles and subsequent slow diffusive release 
[16]. The model now gives a good representation of the behaviour at both short 
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and long times and will enable reliable predictions to be made of tritium 
retention and release in future JET experiments. 

10. EXTRAPOLATIONS 

Since the TRANSP code gives a good simulation of these discharges it can be 
used with confidence to extrapolate to discharges which could have been 
produced in JET by injecting more tritium. The simplest extrapolation is to 
consider eight of the injectors to inject tritium instead the two that were actually 
used in these experiments. The energies and powers in the injectors are kept the 
same as in the experiment and the plasma is assumed initially to be a 50:50 D-T 
mix (this assumption has little effect on the result). The power output from the 
D-T Pulse No:26148 would then increase from the measured 1.7 MW to 
4.6 MW (43% from thermal processes the rest from beam-plasma collisions), 
the ratio Pfuse/Pin would be 0.32 and Q as defined in the footnote* would be 
0.44. For the best pulse in the series (pulse 26087) [1], which was in 
deuterium, the extrapolated D-T fusion power output would be 9.6 MW (57% 
thermal) with Pfuse/Pin = 0.64 and Q= 1.07. 

1 1 . CONCLUSIONS 

The high performance obtained with JET plasmas in deuterium has led to 
experiments with deuterium-tritium mixtures. The tritium was introduced by 
neutral beam injection, an important technical advance. 

A plasma with an 11% tritium content produced 1.7 MW of fusion power 
(approximately equally from thermal and beam-thermal processes); the total 
fusion energy released was 2 MJ. Direct extrapolation from the best discharge 
in the series (a deuterium discharge) to a discharge formed by 8 injectors 
injecting tritium and 8 injecting deuterium would lead to the production of 
9.6 MW of fusion power (57% thermal) with Q= 1.07. The high performance 
phase of these discharges ends after 1 to 2s of high power heating, when a large 
impurity influx occurs. JET is presently being modified by the addition of a 
pumped divertor to address this problem. 

Measurements using pulsed beam injection of weak tritium mixtures show 
that the transport of deuterium and tritium is similar, the two species having 
roughly equal diffusion coefficients. 

Q is defined as the sum of separate terms arising from thermal and beam components: 

Q^thermal + Qbeam 
Q beam ' s s ,mP'y the r a t i° °f fusion power from beam-plasma and beam-beam interactions to 
the beam power deposited in the plasma. Qthermal ' s ^ r a t '° °f fusion power from thermal 
processes to the input power (P m ) which would be required to maintain the plasma in steady 
state; i.e. Pjn _ Pj n - dW/dt - P a where P m is the observed input power in an actual 
discharge (including any a-particle power); dW/dt is the rate of change of plasma energy; and 
P a is the a-particle power calculated for a simulated discharge, but not actually included in the 
simulation. 
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More than 98% of the tritium injected was recovered. The outgassing 
behaviour of the neutral beam box suggests that no more than a few Curies 
remain there, while analysis of torus wall tiles suggests a residue on torus first 
wall components of about 2 Ci. Most of the tiles can already be classed as low 
level waste and the rest require only modest detritiation to reach this level. 

The effectiveness of the tritium removal discharges meant that the planned 
D-D experimental programme could resume two weeks or so after the tritium 
experiment. The restriction of neutron production to limit torus activation 
together with the low tritium retention level means that the experiment has not 
caused any delay in the 1992/93 shut-down programme. The in-torus radiation 
level at the beginning of the shutdown (1/3/92) was ~90|j.Sv/hr, of which 
~65nSv/hr was attributable to the D-D Programme and ~25|iSv/hr to the tritium 
experiment. The airborne tritium levels were very low (90Bq/m3 falling to 
10Bq/m3 after about two months) so that special precautions were not 
necessary, although of course respiratory protection was needed because of the 
presence of beryllium. 
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DISCUSSION 

Ya.I. KOLESNICHENKO: My question is about ion cyclotron emission. In 
experiments with deuterium plasma there was a strong correlation between ICE peaks 
and sawtooth crashes. Have you observed a similar correlation in the D-T 
experiments? 

A. GIBSON: The discharges for the D-T experiment were chosen to be 
sawtooth-free, so there is a shortage of data relevant to your question. For pulse 
No. 26148 there was a sawtooth event ~0.3 s after the start of high power heating, 
before the a particle population was established. This did not lead to an evident 
increase in ion cyclotron emission. 

S.I. ITOH: I would like to ask about the time sequence of the phenomena 
which terminate the high performance phase. In what order do spontaneous collapse 
in the core, ELMs, carbon blooms and the deterioration of the total plasma perfor
mance occur? 

A. GIBSON: In terms of our ~ 100 ps measurement accuracy, these events 
are almost simultaneous. Consequently, I cannot give a definitive answer to your 
question. There are indications of a reduction in confinement enhancement before the 
fall in neutron rate; this is discussed in our Ref. [4]. 

R.D. STAMBAUGH: This has been very exciting work. Would you comment 
on the future schedule for tritium use in JET? 

A. GIBSON: The main tritium experiments on JET are scheduled to be carried 
out in 1996, when it will not be necessary to impose undue restrictions on either the 
neutron production or the tritium feed. In these experiments it is intended to carry 
out comprehensive studies of fusion plasmas with significant a power production. 

The technical capability to perform earlier tritium experiments will be available 
in 1994, when there will be some limitations on neutron production and tritium feed 
but of a less severe nature than in 1991. Such experiments would seriously impinge 
on the run time for the planned 1994 D-D programme, but they could be undertaken 
if, for example, the pumped divertor were to offer an opportunity for long duration 
high-Q operation. 
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Abstract 

OVERVIEW OF RECENT TFTR RESULTS. 
A summary of TFTR experiments during the last two years is presented. These experiments have 

prepared regimes for D-T experiments in 1993 and for next-step advanced tokamak reactors. Injection 
of lithium pellets has been found to reduce limiter carbon recycling, which extended supershot perfor
mance. Peaking of the current profile has been used to produce enhanced stability plasmas with /3W up 
to ~ 5, and enhanced confinement with TE up to ~ 3.7TJ[ER~P. Long-pulse studies of current profile 
relaxation in high-j3,> plasmas show that active current profile control is required to maintain stability. 
Toroidal Alfven eigenmodes have been studied using neutral beam injection and found to be in reason
able agreement with present theoretical predictions. Measurements in L-mode plasmas indicate that the 
density fluctuation spectrum peaks at k9p( ~ 0.14 and that the spectrum is anisotropic. Analysis of 
controlled gyro-radius scans indicates that local transport has a Bohm-like scaling. 

1. Introduction 

In the last two years, a wide range of experiments have been undertaken in 
TFTR both to optimize the projected performance and utility of the plasmas 
during the planned D-T experiments, and to understand plasma transport 
and stability in order to improve the tokamak concept for the next gener
ation of reactors. These experiments have utilized both the neutral beam 
injection (NBI) and ion cyclotron heating (ICRF) systems at power levels up 
to 33 MW and 8 MW, respectively, in separate discharges and up to 27 MW 
and 5 MW, respectively, simultaneously. The plasmas have spanned a range 
of operating modes, some of which, in addition to their potential for sup
porting the studies of alpha-particle physics, are of relevance to the future 
development of advanced tokamaks. Figure 1 shows the regimes discussed in 
this paper: L-mode, supershot, and high-/3p, in terms of their normalized-/?, 
@N = PrdBr/Ip and the simultaneous enhancement of the energy confine
ment time over L-mode scaling. 

In addition, considerable time and resources from the TFTR program 
have been devoted to preparation for the D-T experiments planned for 1993/4. 
This has included installing diagnostics for measuring the D-T a-particles, 
preparing the tritium handling systems, and meeting rigorous safety and 
environmental-impact standards. 

7 Columbia University, New York, N.Y., USA. 
8 University of Tokyo, Tokyo, Japan. 
9 Canadian Fusion Fuels Technology Project, Toronto, Ontario, Canada. 

10 JET Joint Undertaking, Abingdon, Oxfordshire, UK. 
11 University of Texas, Austin, Texas, USA. 
12 Los Alamos National Laboratory, Los Alamos, New Mexico, USA. 
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FIG. 1. TFTR regimes of operation, shown in terms of confinement enhancement over ITER-P L-mode 
scaling, versus (3N s (3/(Ip/aBT), showing L-mode, supershot, and high-@T regions of operation. 

2. Present Status of TFTR and its Plasmas 

"Supershots" [1,2] continue to be the most promising regime for studying 
the physics of fusion alpha-particles in TFTR D-T plasmas. Supershots are 
produced by high-power neutral beam injection into plasmas with low edge 
recycling. In these conditions, the strong central heating and fueling by the 
neutral beams results in very high central temperatures (Te(0) < 12 keV, 
Ti(0) < 35 keV), high central density (ne(0) < 1020 m~3), a highly peaked 
density profile, and consequently a high rate of fusion reactions. Both the 
thermal and total energy confinement times are enhanced in this regime over 
the predictions of L-mode scalings, with the strongest improvement occurring 
in ion thermal transport [3]. In this regime, the bootstrap current can be as 
large as 2/3 of the total plasma current and is peaked near the plasma center 
as a result of the peaked density profile. Such a bootstrap current profile is of 
relevance to reactor designs which depend on long pulse stable operation with 
high bootstrap fraction. Although, in TFTR, the supershot regime projects 
to the highest D-T fusion power yield [4] and alpha-particle parameters, 
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na(0) and A*(0), limitations on its performance have been encountered, due 
to limiter recycling and MHD stability at high plasma pressure. Experiments 
in TFTR have been developed to overcome these limits and to test specific 
explanations for the reduction of transport which occurs in the regime. 

The power threshold for carbon blooms [5] has increased to the point 
where blooms are rarely observed with NB heating up to 32 MW for 1 sec. 
Limiter surface temperature measurements indicate a peak power flux of 
5 MW m - 2 to the limiter in these cases, with an average power flux of 
0.4 MW m~2. An additional six sectors of carbon-fiber-composite (CFC) 
tiles have been installed on the outboard side of the plasma, which has raised 
the power handling capability for full-sized RF-heated plasmas to more than 
30MW. Measurements of the surface alignment of the bumper limiter and 
the heat loads to the limiter during disruptions are discussed in more detail 
by Janos et al [6]. 

Injection of a lithium pellet into the ohmic phase of a supershot, about 
1 sec before the start of the NBI heating, suppressed the limiter carbon 
recycling. Previously, such a reduction was found to correlate with improved 
supershot performance [7]. The Li pellet injection consistently improved the 
fusion rate during the heating by 10 - 15 % compared to neighboring shots 
without a lithium pellet [8]. The beneficial effect of the lithium pellet in one 
shot decayed over the next 3 - 4 discharges run without pellets. A similar 
beneficial effect was observed in a limited test with boron pellets. Injection of 
lithium pellets into standard helium conditioning discharges brought about 
a more rapid reduction of the carbon influx and plasma density. Lithium 
pellet conditioning was used in the TFTR discharge producing the highest 
instantaneous D-D fusion rate, 1017 reactions/sec with an injected power of 
33 MW {IP = 1.9 MA, BT = 5.1 T, R = 2.45 m, a = 0.8 m, ne(0) = 
9.0 x 1019 m-3 , Te(0) = 12 keV, and H(0) = 26 keV). A reaction rate of 

6 x 1016 sec -1 has also been maintained for 0.6 sec, twice the energy loss 
time for a fusion a-particle, in a supershot with 25 MW NBI. 

Other regimes of importance for the D-T experiments and future reactors 
continue to be investigated. The high-/?p regime, which has improved stabil
ity at high plasma pressure, is discussed in the next section. The possibil
ity of enhancing supershot performance with ICRF through central electron 
heating and possible stabilization of deleterious MHD modes is being pur
sued, and is discussed by Wilson et al [9]. In addition, the use of deuterium 
pellet fueling in combination with ICRF to reheat the densified core will 
be tested in the present run. A three-barrel pellet injector (injection speed 
~ 1.5 km/sec) with an additional high-speed barrel (~ 2.5 km/sec) for deep 
fueling has been developed by Oak Ridge National Laboratory and installed 
for these experiments. 
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3. Stability Studies 

MHD-instabilities with low mode-number, typically m/n = 3/2 and 2/1, 
often occur coincident with a decay of supershot performance at or below 
fa ~ 2.2. The proportion of plasmas which collapse increases as this PN 
limit is approached, making stable operation near the limit unreliable. In 
addition m/n = 1/1 modes are often observed for Ip > 1 MA, but do 
not appear to affect performance. Enhanced losses of D-D fusion products 
(protons and tritons), detected during MHD activity by a poloidal array of 
escaping-fast-ion detectors, are discussed by Zweben et al [10]. In some cases, 
the fusion product losses are modulated in synchronism with the externally 
measured magnetic perturbations from the instabilities. In TFTR, as much 
as ~ 30% of the D-D fusion products have been ejected by MHD activity. 
This type of MHD activity should be avoided during the coming D-T collec
tive oparticle experiments, since it would seriously deplete the confined a 
population. Scaling similar MHD activity [10] to ITER indicates that MHD-
induced losses of 1 - 3% of the a population could be expected, which may 
locally enhance power loading on the first-wall. 

The MHD stability boundary has been significantly increased [11] by us
ing a rapid decrease in Ip before neutral-beam injection to peak the current 
profile. This technique has produced high 0p plasmas with fa ~ 5, simul
taneous highly enhanced confinement TE ~ 3.7 TE

TER~P', and high reactivity 
[12]. In experiments studying the resistive relaxation of the peaked current 
profile using 4-seconds of neutral-beam heating, the current profile broadened 
and the plasma either collapsed or disrupted. Initial multi-point Motional 
Stark Effect (MSE) [13] measurements show q(0) rising strongly in these 
plasmas. This is in agreement with TRANSP analysis based upon resistive 
diffusion which shows current profile broadening due to the broad bootstrap 
current profile driven by the broad density profile in these plasmas. These 
experiments show the importance of active current profile control for stable 
operation in future long-pulse tokamak experiments. 

The multi-point MSE measurements of the q profile are generally in good 
agreement with measurements of the q = 1 location from the sawtooth in
version radius and with neoclassical calculations of poloidaMlux diffusion by 
TRANSP [14], including beam and bootstrap currents. During steady state 
sawtoothing discharges, the central value of q is measured as 0.6 — 0.7 (see 
Fig. 2) as observed in other experiments [15,16]. The change of q(0) at the 
sawtooth crash is 0.05 — 0.1, which is less than predicted for a full reconnec-
tion of the current. Also shown in Fig. 2 are changes in the central q due 
to the beam-driven current, resulting in q(0) > 1 and sawtooth stabilization 
with co-only injection. The balanced injection supershot shown also does not 
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FIG. 2. MSE measurement of q(0) for plasmas with (a) IP = 1.2 MA, PB = 12 MW, P^/Pj = 0.2, 
which is sawtoothing; (b) IP = 1.2 MA, PB = 9 MW co-injection only, which does not sawtooth during 
NBI; and (c) Ip = 1.3 MA, PB = 18 MW balanced injection, which does not sawtooth during NBI. 

exhibit sawteeth, but the measured q(0) is ~ 0.7 indicating that a different 
stabilization mechanism is present. 

In a number of high 0N supershot and Ip ramp-down plasmas, medium-re 
ballooning modes have been observed. In these plasmas, the pressure profile 
is calculated to be near the first stability boundary [17]. These instabilities 
appear just prior to the collapse of the plasma stored energy. Their toroidal 
mode-number n is in the range of 4 to 10, with similar poloidal mode num
bers, much higher than the usual kink or tearing modes. The mode am
plitude strongly peaks on the low-field side, and has a fast growth time of 
10 - 20 fisec in agreement with the calculated ballooning mode growth rate 
for these plasmas. Stability calculations using the PEST code indicate that 
these plasmas are unstable to infernal-type ballooning modes [18] at the low 
central shear calculated by TRANSP. The mode is observed on a high time-
resolution (2 //sec) ECE grating polychromator and vertical and horizontal 
x-ray cameras. Reconstruction of the mode indicates that it is a poloidally 
and toroidally localized mode packet covering approximately 40% of the flux 
surface. When the packet is observed at large major radius, its amplitude is 
3 - 4 times larger than when it is at small major radius. 
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In addition to .studying the stability of available plasma regimes, there 
has been an active effort to investigate instabilities predicted to occur with 
substantial or-particle populations during the TFTR D-T phase and in future 
reactors. Toroidal Alfven eigenmodes (TAE) are predicted to be easily ex
cited by super-Alfvenic ion populations. These modes were first excited and 
identified in TFTR [19] and DIII-D [20] two years ago using neutral beam 
injection into plasmas at low magnetic field. In the past two years careful 
mode identification was carried out by measuring the poloidal spectra with 
beam emission spectroscopy (BES) [21], the fast-ions ejected by the mode 
have been measured, and the studies have been extended to higher magnetic 
fields and plasma parameters. 

The experimental TAE structure for a J> = 420 kA, BT = 1.2 T, ne = 
2.1 x 1019 m - 3 plasma is depicted in Fig. 3. The experimental spectra are in 
reasonable agreement with poloidal spectra calculated by the NOVA-K code 
[22] based on another discharge with the same nominal parameters. The 
simulated spectra follow the relationship m -f 1/2 ~ nq(r), i.e., for a given 
n, the dominant value of m is determined by the local value of q. Stability 
calculations have been performed for n < 3 and predict that n = 2 is the 
most unstable. The Mirnov coil array observes n = 2 as the dominant mode 
in this plasma. 

FIG. 3. BES measurement of the TAE frequency spectrum (normalized by the density gradient) as a 
function of radial position for a neutral beam heated plasma with BT = 1.2 T, IP = 420 kA,at = 2.1 
x 10'9 m~3. At 72 kHz, the mode has n = 2 with m = 4 dominant at r/a - 6.4, and m = 7 - 8 
dominant at r/a ~ 0.9. At 95 kHz, m = 8 is dominant. 
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FIG. 4. Beam-ion ejection during TAE activity, as indicated by direct measurement by energy and pitch 
resolving lost-ion edge detectors and transient decrease in neutron emission. External magnetic mea
surements of the TAE activity are also shown. The edge lost-ion detector measurements indicate that 
full energy neutral beam ions are lost at their injection pitch-angle. 

TAE activity appears in bursts whose repetition rate increases with beam 
power. Direct measurements of beam ion loss during TAE activity were made 
with the edge fast-ion detectors. Losses of full-energy ions were observed [23] 
that were synchronous with the TAE bursts and drops in D-D neutron emis
sion, as shown in Fig. 4. The fast ion loss rate approximately doubles during 
the TAE activity. The energy and pitch angle of the loss ions do not change 
significantly when TAE is excited. In a typical TAE burst, approximately 
6-8% of energetic ions are ejected from the plasma, accounting for about one-
half of the neutral beam heating power. The instability effectively clamps the 
beam-/? near the instability threshold [24]. The loss mechanism is expected 
to be closely related to that operative in low frequency MHD activity [10]. 

In these low field neutral-beam heated experiments, the electron tempera
ture is low (Te ~ 1.5 keV) and electron collisional damping is calculated to be 
dominant. The theoretical instability threshold, including electron and ion 
Landau damping, electron collisional damping and finite orbit-width effects 
[25], is a factor of two above the empirical value; this is within the experimen
tal and theoretical uncertainty. Continuum damping can also be important 
depending on the density and the safety factor profiles and the mode number. 
By rapidly increasing Ip during neutral beam heating, which should reduce 
the continuum damping, TAE have been excited in plasmas with BT = 1.5 T 



IAEA-CN-56/A-2-2 119 

and Ip — 630 kA. Similar plasmas without the rapid Ip increase were stable 
to TAE. Quantitative analysis of the expected change in the TAE threshold 
is underway. TAE activity has also been excited at Br = 1.5 T using pellet 
injection to raise the central plasma density to ne(0) ~ 6 x 1019 m - 3 . 

ICRF minority ion tails with average energy > 500 keV are produced in 
TFTR. These fast ions are trapped particles and are predicted to excite TAE 
via a drift resonance with the mode [26]. This has been recently observed at 
BT = 3.4 T with hydrogen minority heating, and is presented in the paper 
by Wilson et al [9]. 

The theoretical calculations of the TAE threshold indicate that a-particle 
driven TAE should be stable during the standard TFTR supershot D-T plas
mas [27]. However, a-driven TAE should be observed as the density falls 
after neutral-beam injection terminates, and in high-Te low density hot-ion 
plasmas. 

4. Transport Studies 

TFTR transport experiments over the past two years have concentrated 
on investigating the local parametric dependence of anomalous transport, and 
on measuring the structure of the turbulence that is suspected of causing it. 
The goal of this effort is to improve our ability to project plasma performance 
to future reactors, and to learn how to manipulate transport to improve the 
tokamak concept. 

The new beam-emission spectroscopy (BES) diagnostic provides measure
ments of long wavelength (k± < 2 cm -1) density fluctuations with a spatial 
resolution of ~ 2 cm [28,29]. These measurements indicate that the relative 
density fluctuation level in the interior of L-mode plasmas is inversely corre
lated with the global TE- Large amplitude edge fluctuations (in the outermost 
~ 5 cm) are also observed, but do not vary with confinement time [30]. The 
measured poloidal and radial correlation function, S, indicate that the fluc
tuation spectrum is anisotropic, with S(kg) peaking near kg = 1 cm - 1 and 
S(fcr) peaking at zero [31,32]. Microwave scattering measures S(k±) oc fcj3 

for 2 < kx < 10 cm -1 . Together, these measurements indicate that the fluc
tuation power is dominated by modes with kgpi ~ 0.14 . Reflectometry in low 
density ohmic plasmas measured a radial coherence length of ~ 2 cm, also 
indicating the dominance of long wavelength fluctuations. A simple random-
walk estimate of the local diffusivity based upon the BES measurements of 
the correlation length and the correlation time is in rough agreement with 
power balance calculations of the thermal diffusivity in L-mode plasmas. 
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A series of experiments has been performed scanning a single non-dimen
sional plasma parameter in neutral-beam heated L-mode plasmas, while at
tempting to hold all others.fixed [33,34]. The aim is to determine the fun
damental parametric dependence of the thermal transport to allow more ac
curate projection to future reactors. Two separate scans of normalized gyro-
radius pt = ps/a have been performed, at high and low density, while keeping 
/?, collisionality v*, qa, and the density and temperature profile shapes con
stant. In these plasmas, the global energy confinement was consistent with 
ITER-P L-mode scaling. In both scans, the local thermal transport was 
found to be consistent with a Bohm-like scaling, XB OC ps, instead of a gyro-
reduced Bohm scaling XgB oc p* ps. Gyro-reduced Bohm scaling is predicted 
by theories of fine-scale turbulence. Bohm scaling implies that the turbulence 
scale length varies as plasma size, implying that long wavelength fluctuations 
are important, as observed in the fluctuation measurements. When project
ing present plasma performance to ITER, the values of p» are expected to 
drop by a factor of 3 — 5. This implies that gyro-reduced Bohm extrapola
tions of TE will be 3 — 5 times higher than Bohm-like extrapolations. These 
experiments indicate that the Bohm-like extrapolations should be used. 

The previous studies of the effects of the current profile on energy con
finement [35] using dynamic Zp-ramping during neutral-beam heating, have 
been extended to higher confinement enhancement (TE ~ 2.3 times L-mode 
scaling) and higher current profile peaking (£,• up to 4) by faster ramping of 
Ip (Fig. 5). The fastest Jp-ramp rate used was -3.3 MA/sec. The global 
confinement during the relaxation of the current profile is found to be roughly 
described as a linear dependence of rg on the internal inductance tc with 
TB/TE'""^ ~ 0.4 + £i/2. However, while Ip is changing during these experi
ments, £i can be forced to even higher values without an additional increase 
in confinement. Thus, 4 does not appear to be the fundamental parameter 
characterizing the effect of the current profile on transport. 

The local electron transport and density fluctuations (from microwave 
scattering and beam-emission spectroscopy, BES) are observed to be insensi
tive to the local q, j \ \ , magnetic shear, or related quantities, for 0.5 < r/a < 
0.9. In plasmas with ne ~ 3.5 x 1019 m~3, the ion and electron transport 
channels are not tightly coupled. In these cases, during ip-ramp-down exper
iments (Ip decreasing) the ion temperature increases and then decays, with 
the peak TJ achieved somewhat after the end of the ramp. The increase in T4 

is larger for faster ramp-rates, and is ~ 25% for the fastest cases. Power bal
ance analysis of the local ion thermal transport indicates that xj0* decreases 
with increased shear, with a rough parametric dependence of xTl °< Ls as 
shown in Fig. 6, where xf** *s defined without subtracting a convective term. 
As shown, no such dependence is observed in the electron transport. These 
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observations have been found to be inconsistent in detail with many transport 
models which have a strong dependence on q, including resistive ballooning 
[36], critical temperature gradient models [37], and neoclassical-like mod
els [38]. The dependence of x¥* o n ^» is ^ predicted in many theories of 
ion-temperature-gradient modes [39,40] but not as predicted for trapped ion 
modes. However, the different q and shear scaling of the ion and electron 
transport is in strong contrast to past observations in steady state of similar 
magnitudes and profile shapes for x% and Xe- This difference in the scaling of 
the ion and electron transport indicates that somewhat different mechanisms 
may be operating in the two channels. 

The BES measurements show that the amplitude of the large density 
fluctuations at the edge (outer 5 cm) of the plasma changes as 1/Ip during 
the ramp. However, this edge behaviour is not correlated with the changes 
in the plasma transport or fluctuations in the plasma interior. As previously 
observed, these fluctuations apparently do not influence the interior plasma 
transport. 

5. Summary 

In addition to preparing for the D-T experiments, TFTR has explored a 
number of regimes and investigated plasma stability and transport in order 
to improve the tokamak concept for future reactors. Peaking of the current 
profile improves both the beta-limit and energy confinement at a given Ip, 
raising the possibility of reduced Ip advanced reactors. However, long-pulse 
operation with broad density profiles at high-/?p and high-bootstrap fraction 
requires active current profile control to maintain stability. Toroidal Alfven 
eigenmode activity has been excited by non-thermal ion tails generated by 
neutral-beam injection and from ICRF minority heating. The experimental 
observations are in reasonable agreement with theoretical predictions. These 
instabilities will be studied with a-particles during the TFTR D-T experi
ments. 

In L-mode plasmas, BES measurements indicate that the fluctuation spec
trum is anisotropic, and that relatively long-wavelength turbulence domi
nates the spectrum. The normalized gyro-radius scans indicate that local 
transport in L-mode plasmas has a Bohm-like scaling over a wide range of 
parameters, also implying that long-wavelengths are important. This study 
indicates that Bohm-like, not gyro-reduced Bohm, scalings should be used 
when extrapolating to future experiments. During the next year, TFTR will 
undergo the final preparations for the D-T experiments, which will commence 
in 1993. 



IAEA-CN-56/A-2-2 123 

Acknowledgments 

We are grateful for the support of the TFTR technical staff, contributions 
from C. Barnes, and for discussions with S. Cowley, P.H. Diamond, T.S. 
Hahm, and W. Horton. This work was supported by US Dept. of Energy 
contract DE-AC02-76-CHO-3073. 

REFERENCES 

[1] STRACHAN, J. D. et al., Phys. Rev. Lett. 58 (1987) 1004. 
[2] BELL, M. G. et al., in Plasma Physics and Controlled Nuclear Fusion 

Research 1988, volume 1, p. 27, IAEA, Vienna, 1989. 
[3] ZARNSTORFF, M. C. et al., in Plasma Physics and Controlled Nuclear 

Fusion Research 1988, volume 1, p. 183, IAEA, Vienna, 1989. 
[4] BUDNY, R. et al., Nucl. Fusion 32 (1992) 429. 
[5] ULRICKSON, M., the Jet team, and the TFTR team, J. Nucl. Mater. 

176-177(1990)44. 
[6] JANOS, A. et al., paper A-7-15, this conference. 
[7] STRACHAN, J. D., BELL, M. G., JANOS, A.,'et al., in Proc. 9th 

Int. Conf. on Plasma-Surface Interactions in Controlled Fusion Devices, 
Monterey, J. Nucl. Materials, to appear, 1992. 

[8] SNIPES, J. A., TERRY, J. L., MARMAR, E. S., et al., in Proc. 18th 
European Conf. on Contr. Fus. and PI. Heating, volume 3, p. 141, EPS, 
1991. 

[9] WILSON, J. R. et al., paper E-2-2, this conference. 
[10] ZWEBEN, S. J. et al., paper A-6-3, this conference. 
[11] NAVRATIL, G. A. et al., in Plasma Physics and Controlled Nuclear 

Fusion Research 1990, volume 1, p. 209, IAEA, Vienna, 1991. 
[12] MAUEL, M. E. et al., paper A-3-4, this conference. 
[13] LEVINTON, F. M., Rev. Sci. Instrum. 61 (1990) 2914. 
[14] ZARNSTORFF, M. C , MCGUIRE, K., BELL, M. G., GREK, B., 

JOHNSON, D., et al., Phys, Fluids B 2 (1990) 1852. 
[15] OSBORNE, T. H., DEXTER, R. N., and PRAGER, S. C , Phys. Rev. 

Lett. 49 (1982) 734. 
[16] SOLTWISCH, H., Rev. Sci. Instrum. 59 (1988) 1599. 
[17] NAGAYAMA, Y. et al., Phys. Rev. Lett. 69 (1992) 2376. 
[18] MANICKAM, J., POMPHREY, N., and TODD, A. M. M., Nucl. Fusion 

27 (1987) 1461. 
[19] WONG, K. et al., Phys. Rev. Lett. 66 (1991) 1874. 
[20] HEIDBRINK, W. W. et al., Nucl. Fusion 31 (1991) 1635. 



124 ZARNSTORFF et al. 

DURST, R. D. et al., Phys. Fluids B 4 (1992) 3707. 
CHENG, C. Z., Phys. Fluids B 3 (1991) 2463. 
DARROW, D. E. et al., in Proc. 19th European Conf. on Contr. Fus. 
and Plasma Heating, volume 1, p. 431, EPS, 1992. 
WONG, K et al., Phys. Fluids B 4 (1992) 2122. 
FU, G. Y. and CHANG, C. Z., Technical Report 2852, PPPL, 1992. 
BIGLARI, H., ZONCA, F., and CHEN, L., Phys. Fluids B 4 (1992) 
2385. 
CHENG, C. Z. et al., paper D-2-1, this conference. 
FONCK, R. J., DUPERREX, P. A., and PAUL, S. F., Rev. Sci. Instrum. 
61 (1990) 3487. 
PAUL, S. F. and FONCK, R. J., Rev. Sci. Instrum. 61 (1990) 3496. 
PAUL, S. F., BRETZ, N., DURST, R. D., FONCK, R. J., KIM, Y. J., 
et al., Phys. Fluids B 4 (1992) 2922. 
FONCK, R. J. et al., Proc. 19th European Physical Society Conf. on 
Controlled Fusion and Plasma Physics, Innsbruck, 1992, Invited Paper 
to appear in Plasma Phys. and Contr. Fusion. 
BRETZ, N. L. et al., paper A-7-17, this conference. 
PERKINS, F. W. et al., Phys. Fluids B 5 (1993) 477. 
SCOTT, S. D. et al., paper G-3-3, this conference. 
ZARNSTORFF, M. C. et al., in Plasma Physics and Controlled Nuclear 
Fusion Research 1990, volume 1, p. 109, IAEA, Vienna, 1991. 
KWON, O. J., DIAMOND, P. H., and BIGLARI, H., Phys. Fluids B 2 
(1990) 291. 
REBUT, P. H., WATKINS, M. L., GAMBIER, D. J., and BOUCHER, 
D., Phys. Fluids B 3 (1991) 2209. 
KOVRIZHNYKH, L., Sov. J. Plasma Phys. 14 (1988) 834. 
HORTON, W., CHOI, D., and TANG, W. M., Phys. Fluids 24 (1981) 
1077. 

[40] BIGLARI, H., DIAMOND, P. H., and ROSENBLUTH, M. N., Phys. 
Fluids B 1 (1989) 109. 

DISCUSSION 

B. COPPI: You have shown that Bohm-type scaling is more appropriate than 
the so-called gyro-Bohm scaling. As you pointed out, this gives a less favourable 
dependence on macroscopic scale distances and would yield a shorter confinement 
time for ITER-type machines than assumed so far. Have you verified whether diffu
sion coefficients that scale like T/B but would result in a more favourable dependence 
on macroscopic scale distances than the simple Bohm scaling are consistent with the 
experiments? 
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M.C. ZARNSTORFF: These experiments were designed to be carried out with 
various values of the normalized gyroradius while keeping other dimensionless 
parameters (such as Ln/a, Lp/a and v,) as constant as possible. Therefore they are 
only sensitive to die gyroradius. Other experiments find a very weak dependence on 
v„, and (at best) complex relationships with the gradient scale lengths. 

B. COPPI: How does the performance of large scale machines compare with 
that of compact high field experiments? 

M.C. ZARNSTORFF: The gyroradius scaling plasmas had global energy con
finement consistent with L mode scalings. To the extent that compact high field 
experiments with auxiliary heating are consistent with such scalings, they are likely 
to be consistent with the Bohm-like transport scaling found here. 

R.R. PARKER: Could you comment on the implications of the high ^ 
improved confinement results for the Rebut-Lallia-Watkins transport model? 

M.C. ZARNSTORFF: The Rebut-Lallia-Watkins critical VTe model does 
not adequately describe the experimental observations, either when comparing 
predicted and analysed transport fluxes or when comparing predicted and measured 
temperatures. The predicted electron transport has too strong a dependence on the 
q profile. The ion temperature is overestimated by the model and has a different 
variation with the q profile from that observed. 

A. GIBSON: You said that the energy replacement time rE scaling is almost 
independent of species mass. Do you have a similar result for a scaling of particle 
replacement time rp? 

M.C. ZARNSTORFF: The measured limiter recycling H„/Da emission (from 
a poloidal array of detectors) is independent of isotopic mass for fixed n,., lp, PNBI 

and plasma size. From this, we infer that the particle confinement time is even less 
sensitive to isotopic mass than the energy confinement time. 

F. WAGNER: You correlated the improvement in Xi in your current ramp 
experiments with shear. Could it also be correlated with a further peaking of the den
sity profile? 

M.C. ZARNSTORFF: In the experiments, the density and density profile were 
measured to be approximately constant. 

P. LALLIA: You reported disagreement between experimental results on TFTR 
and various theoretical models as regards ion heat diffusivity. Is the same true of 
electron heat diffusivity? 

M.C. ZARNSTORFF: In the current profile variation experiments, both the ion 
and electron transport disagree with the theories tested. 

J.G. CORDEY: In the p* scaling experiments, did you monitor any change in 
the scale size of the fluctuations? No change would be the final confirmation that the 
transport is not linked to the Larmor radius. 

M.C. ZARNSTORFF: Unfortunately, the fluctuation diagnostics were not 
available when these experiments were performed. We hope to repeat the scans in 
the future to document the changes in the fluctuations. 
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Abstract 

RESULTS OF THE FIRST OPERATIONAL PHASE OF ASDEX UPGRADE. 
ASDEX Upgrade is a poloidal divertor tokamak adjusted to reactor requirements in respect of 

coil geometry, plasma configuration, divertor shaping and plasma boundary parameters. Since the start 
of operation in 1991 the main aims have been discharge control with current ramp-up, configuration 
identification and control and optimization of feed-back control circuits. Single null divertor configura
tions were produced with plasma currents of up to 800 kA over several seconds. Particular effort has 
been expended on vertical instabilities and forces connected with them. The plasma was heated with 
ICRH minority and second harmonic heating up to 2.2 MW at 30 and 60 MHz. Diagnostics for the bulk 
plasma and divertor investigations were taken into operation. 

1 University College, Cork, Ireland. 
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1. Introduction 

In the early eighties first ASDEX results showed that the poloidal field 
divertor offers a means for improved impurity control and confinement. 
The design of the follow-up experiment, ASDEX Upgrade [1], attempted to 
integrate the divertor principle into a reactor-like magnetic coil geometry 
as well as to realize plasma parameters and energy flux densities in 
the boundary as in a reactor, but on a smaller.scale. In the meantime 
ITER has vindicated this choice by adopting essentially the same divertor 
configuration. Construction and assembly of ASDEX Upgrade was 
completed in 1990 and the first plasma experiments started in 1991. 
During construction of ASDEX Upgrade, ASDEX had been producing 
much more interesting results on the functioning of a divertor and on 
the H-regime. Dlll-D had also come into operation with an open divertor 
and JET had implemented an X-point for better energy flux control to 
allow access to the H-regime. 

The reactor relevant properties of ASDEX Upgrade encompass three 
major areas: the magnetic configuration of the plasma and coils, the 
arrangement and layout of the divertor structure and the plasma boundary 
parameters with the heat flux density provided by auxiliary heating. The 
following problem areas will therefore be investigated: 

Position- shape- and disruption-control of elongated divertor plasmas; 
investigation of the plasma boundary (SOL) and first wall interaction 
under reactor relevant conditions: 

• energy transport to the target plates and walls, 
• control of impurities, 
• hydrogen recycling, 
• helium pumping, 
• divertor target plates and wall materials; 

energy containment in H-mode and steady state conditions; 
exploitation of /3 and density limits; 
properties of a high recycling divertor and MARFES. 

The elongated plasma in single null (SN) or double null (DN) 
configuration is surrounded by toroidal and poloidal field coils sufficiently 
distant to allow space for divertor shaping and the target plate structure 
and, in proportion, for blanket and neutron shielding. Figure 1 shows 
a cross-section through the torus with the present divertor target plate 
arrangement. The reference configuration is a SN divertor configuration 
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OH-Coils V-Coils 

FIG. 1. Cross-section ofASDEX Upgrade showing the passive stabilizing loop (PSL), the inner control 
coils (Col), the vertical field coils (V) and the ohmic heating coils (OH). 

with the X-point in the bottom part. Changes and adjustments of the 
divertor structure e.g., open or closed, are possible and are envisaged. The 
magnetic properties of these configurations allow one to study all relevant 
problems of plasma shape and position control. For effective control of the 
vertical position instability with a pair of active coils a passive stabilizing loop 
(PSL) in the form of a saddle coil was put inside the vacuum vessel close 
to the plasma. It slows down the vertical motion to a 100 msec timescale. 

The plasma density is determined by the achievable toroidal plasma 
current density and the toroidal field. With a predicted line density of up to 
J nedl = 1.5 x 1020 m - 2 at a plasma current of 1.6 MA ample margin is 
provided for investigating dense plasma boundaries and recycling layers 
in front of the target plates. For achieving an average power flux density 
through the plasma boundary of up to 0.5 MWm~2, heating powers 
have been installed with a neutral injection box of 6 MW for hydrogen with 
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55 kV or 9 MW for deuterium with 65 kV and by ICRH of 6 MW tunable 
between 30 and 120 MHz and distributed over four antennas. A second 
neutral injection box with an additional 6 to 9 MW with beamlines of the 
same energy and an additional set of beamlines with 90 kV for central 
energy deposition is under construction. On the divertor target plates a 
local maximum power density of 30 MWm~2 can be reached. 

For density control a gas feeding system and a pellet centrifuge 
for multiple pellet refuelling have been installed. A pumping system 
with a pumping speed of 20,000 L/s pumps the vacuum vessel in the 
divertor region. 

Ample diagnostics are provided for examining the bulk plasma, the 
boundary and the divertor region: a YAG laser scattering system, an ECE 
diagnostic system, various spectrometers in the visible, VUV and soft-X-ray 
region, a bolometer and soft-X-ray camera, a Mirnov mode detection 
system, and Langmuir and other probes. 

The physics programme of ASDEX Upgrade started in 1991 with the 
development, investigation and optimizaton of elongated divertor equilibria 
and their stability. Breakdown current ramp-up in circular limiter bound 
plasmas and vertical stretching into divertor plasmas were the first aims. 
The vertical instability of elongated plasmas and the forces exerted on 
the structure during forced VDEs (Vertical Displacement Episodes) were 
investigated next. VDEs were first detected in JET and later also observed 
in Dlll-D. Halo currents can connect the plasma and vessel structure so 
that the plasma torus can also survive in positions with large vertical 
displacements. Extreme forces acting on the vessel and vessel installations 
can result. ASDEX Upgrade adjusts to these originally not expected large 
forces in two steps. The first was carried out during the last opening period 
and consisted in reinforcing the heat shield and target plate structure such 
that the vessel can now sustain disruptions in displaced positions at plasma 
currents of up to 800 kA. In a second step additional reinforcement of the 
vessel support will allow the current to be raised to 1.6 MA in 1993. 

The next major goal in this operational period was to heat the plasma 
with ICRH. Since H minority heating in helium was used first, hydrogen 
fillings were avoided for better minority concentration control. Finally the 
vessel was boronized and deuterium discharges were carried out. 

In the following the main results of particular relevance to the objectives 
of ASDEX Upgrade are described. 
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2. The Identification and Control of Plasma Equilibria 

Already in the conceptual design phase of ASDEX Upgrade extensive 
equilibrium calculations for plasma and coil configurations were made in 
order to minimize the poloidal field coil currents and magnetic energy 
and forces. Later a function parameterization (FP) method was developed 
determining the plasma position and shape from magnetic measurements. 
The IPP Garching free boundary equilibrium code was used to calculate 
5,000 equilibria with the input of 12 parameters encompassing geometric 
data, certain coil current ratios and the plasma current profile j(</). The 
following output was obtained: currents in external coils, information on flux 
surfaces and the structure and global equilibrium parameters [2]. From 
this a data bank was produced which allows the plasma equilibrium to be 
quickly determined from magnetic measurements. An algorithm for the 
inverse problem was worked out too, to determine coil currents for given 
plasma pressure and shape parameters. This is used for the design of 
a feed-forward discharge control programme which covers the ramp-up 
and ramp-down of desired configurations. 

The main fast control elements are the inner control (COI) coils 
powered by fast thyristor controlled power supplies. A dynamic control 
model was developed which describes the plasma and coil circuits by 
lumped parameters. By regression analysis the dominant parameters 
were determined and the resulting rather simple algorithm was tested in 
conjunction with the TSC plasma code. Because of the rather distant V-coils 
the equilibria are in general determined mainly by the dipole, quadrupole 
and hexapole magnetic moments of the poloidal field coil currents. The 
plasma shape therefore cannot be locally controlled. For these reasons 
plasma identification by FP, the feed-back control algorithm and the load 
allotment to 9 independent PID controllers have been combined in a fast 
transputer equipped computer, R2 [3]. It controls the COI coils and OH coil 
current on a fast timescale with an underlying control of the V2 coils on a 
longer timescale in order to minimize the average load on the COI coils. 
One full cycle time from measured magnetic input data, plasma parameter 
determination to the output control signal is 1.7 ms. 

Figure 2 shows traces for a SN divertor plasma discharge comparing 
command signals and actual signals for the plasma current, the geometric 
current centre in R and Z and the control coil currents. The FP analysis 
also allows us to determine what category the discharge is in: inner or 
outer limiter, lower or upper divertor. 
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F/G. 2. Command signals and actual traces of plasma current, radial and vertical plasma centre position, and of the control coil currents for radial 
and vertical position control for a SN divertor discharge. 



IAEA-CN-56/A-2-3 133 

How precisely the flux surfaces and the plasma boundary can be 
determined by FP is important for reliable classification of the category 
and for all plasma boundary diagnostics. For this purpose an independent 
after-shot analysis of flux surfaces is carried out with the DIVA equilibrium 
code, which adjusts the calculated field and flux values to the measured 
ones by iterating plasma current density and pressure profiles for the best 
fit. Comparisons of FP and DIVA determined flux surfaces show excellent 
agreement. The plasma boundary is also observed visually by means of 
CCD camera pictures. For interpreting these pictures relevant flux surfaces 
calculated with DIVA were covered computationally with radiating points 
and the images on a film plate were calculated with due allowance for 
all optical effects of lenses and exposure curves. A comparison of these 
calculated and photographic pictures together with the neutral flux signal 
when the plasma touched the limiter structure allowed us to confirm the 
plasma boundaries as determined by FP analysis within an accuracy of 1 
cm. Only in the case of MARFES were deviations observed. 

Steady state plasma discharges in all configurations were thus realized 
and controlled at plasma currents of up to 800 kA in elongated divertor 
configurations and limiter bound configurations. The R2 fast control 
computer is supplemented by a free-programmable computer similar in 
structure, R4, which will take over the feed-back control of all important 
parameters and processes. 

3. Vertical Displacement Episodes (VDE) 

For operation of ASDEX Upgrade at full parameters and vertically 
elongated configurations it is necessary to consider the occurrence of 
vertical instabilities and disruptions. The vessel of ASDEX Upgrade was 
designed for vertical displacements of the plasma current centre of up to 
0.2 m at Ip = 1.6 MA SN, on the assumption that the plasma would be 
peeled off by touching the in-vessel structure and the current be reduced 
for larger displacements. But the experience with JET and Dlll-D has 
been that the plasma current is maintained by flowing partly through 
the structure. The plasma column supports itself vertically by means 
of the Lorentz force of the poloidal currents and toroidal field. In the 
extreme case the ASDEX Upgrade plasma column could thus be displaced 
vertically by up to Az < 0.8 m while still keeping its full current. On this 
assumption the vessel support could only withstand Ip = 800 kA, and 
holding fixtures within the vessel even less. The latter were reinforced 
in the last vessel opening period. 
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The stabilizing force of the induced current in the PSL counteracts the 
vertical plasma motion. As long as there is sufficient coupling to the PSL 
the plasma moves on the resistive timescale of the PSL. When the mutual 
inductance of the plasma and PSL currents decreases for larger Az, the 
plasma accelerates and may even approach Alfven velocity. When the 
plasma column gets too close to the metal structure, part of the plasma 
current flows via halo currents through the metal structure. Forced VDEs 
were examined in SN configurations in order to study the effects of halo 
currents, resulting forces and disruptions. 

A number of discharges have been performed at 350 kA and 600 kA in 
the SN configuration with VDEs triggered upwards and downwards by an 
instant displacement via the COI coils and switched off feed-back control. 
Figure 3 shows the plasma current and axial and radial displacements and 
the traces of PSL and halo currents through target plates. In all cases the 
halo currents start to rise just before the decay of the plasma current due 
to a disruption which terminates the discharge. The decay of the plasma 
current is followed by decay of the PSL current. The halo currents extend 
over a few milliseconds only. Up to now we have observed excursions of 
the plasma current centre from the equilibrium position by A 

zmax — 0 .45 771 

upwards and Azma;e = —0.75 m downwards for SN configurations. The 
plasma current persisted fully over this distance 0 < Az < Az m a x . Beyond 
this distance it disrupts at a rate of Ip < 100 MA/s by displacement 
downwards and with Ip < 50 MA/s upwards. 

Load measurements were made on the vessel support rods which are 
also the PSL supports. Displacement gauges measured the motion of 
the vacuum vessel at different positions. During a disruption the load is 
transferred from the PSL to the vessel shell and decays with the vessel 
time constant. The load scales approximately as K oc I* for discharges 
with different plasma currents. A maximum of 12 t was measured for 600 
kA discharges. The main conclusions of these results were: The maximum 
load on the vessel is given by the vertical force acting on Ip at A z m M , or 
equivalents the force on the PSL at the instant when IPSL is maximum. 

In three discharges during the first series of VDE experiments a 
breakdown occurred in the insulation gap of the PSL. This gap excludes 
currents induced by vertically symmetric flux changes. The voltages 
measured at the gap were 150 V in all cases. In the next vessel opening 
period the gap was cleaned and protected against radiation and plasma by a 
stainless steel plate. In the next discharge period one more breakdown was 
observed with a VDE at a plasma current of 600 kA. After the vessel was 
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boronized no longer breakdowns were observed, even with 600 kA VDEs. 
The gap will be insulated with boron nitride after the vessel is opened. 

4. Ion Cyclotron Resonance Heating in ASDEX Upgrade 

ASDEX Upgrade has been equipped with an ICRH system which 
consists of 4 generators with a power of 2 MW each and 4 double loop 
antennas. The phasing between the loops, which can be changed externally 
was set to w for this experimental period. The generator frequency is 
tunable from 30 to 120 MHz thereby covering all relevant heating scenarios 
in the range I T < Bt S, 3.9T: minority heating with H and He3 and 
second harmonic heating of H and D. 

All ICRH-heated discharges in ASDEX Upgrade have so far been 
carried out with a toroidal field of 2 T. Hydrogen minority heating at 30 MHz 
in He and D was used. To achieve better control of the density and to make 
it easy to obtain a sufficiently low hydrogen minority concentration, most 
discharges were performed with helium filling. Later, after boronization of 
the vessel, deuterium was used as the filling gas. Powers in excess of 2.2 
MW and puise lengths of up to 2 s were achieved (total energy 3.75 MJ). 

Typical L-mode results of 600 kA ICRF-heated discharges, at 
ne = 3 x 1019 m - 3 , with about 5 % H in He showed a constant or even 
decreasing density and electron temperature increases from 1.3 to 2.5 keV. 
The electron temperature peaks, the loop voltage drops from 0.8 to 0.4 V. 

H-mode phases with the characteristic signatures were achieved: 
reduction of He and D line intensities, density increase and profile 
broadening, increase of edge temperature, presence of ELMs, lt decrease 
and increase in confinement. The transition was sometimes triggered by 
a sawtooth and, although the power reflected from the antenna changed, 
little effect was observed on the antenna resistance. Figure 4 shows 
characteristic data for a deuterium discharge heated by 1.2 MW ICRH 
at 30 MHz into the H-mode. 

In an unboronized machine, with He as majority gas, and an 
antenna-plasma distance of 3 cm, H-mode transitions were achieved at 1.8 
MW. In the boronized machine H-mode transitions could be observed with 
ICRF powers as low as 1.2 MW. This was achieved by using deuterium 
(with 20 to 30 % hydrogen) as filling gas or He (with about 5 % hydrogen). 
With He, the transitions were less clear. For a plasma-antenna distance of 
less than 1 cm, transitions were still achieved with a power of 1.8 MW. 
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First preliminary experiments were performed with a combination of H 
minority heating (30 MHz) and H second harmonic heating (60 MHz) in 600 
kA He discharges (H minority of about 5 %). Adding 300 kW at 60 MHz 
to a plasma preheated with 300 kW at 30 MHz produced an additional ,3 
increase similar to the initial one obtained with the 30 MHz alone. Even 
after the 30 MHz were switched off, the heating efficiency with 60 MHz 
(now alone) was comparable to that of the 30 MHz. A possible explanation 
is that the 60 MHz can efficiently couple to the high energy H minority 
tail produced by the 30 MHz preheating. 

5. Plasma Properties and Achieved Parameters 

The aims of the experiments during this first year of operation of ASDEX 
Upgrade were essentially concerned with configuration and control. With 
plasma currents in the range of 350 < Ip < 800 kA and a toroidal field of 
Bt = 2 T the q value at the boundary varied in the range: 9 < q^ < 4. 
The plasma current and pressure profiles were therefore more or less 
peaked. Owing to the limited plasma current the densities achieved were 
also limited to 1019 < ne < 8 x 1019 m - 3 . The electron temperature 
achieved ohmically was Te ~ 1.5 keV. No effort has been so far made 
to optimize breakdown and current ramp-up for fields below Bt<2T as 
would be required to obtain smaller q values. The aims are to achieve 
breakdown at lower fields as well as to raise the plasma current. 

For the helium discharges the vacuum vessel was conditioned only 
by baking and glow discharge cleaning. For deuterium discharges the 
vessel was boronized. Most discharges were carried out with an essentially 
closed divertor chamber. This was accomplished by a baffle located below 
the PSL. When arcs appeared the baffle was removed. This lowered 
the neutral particle pressure in the divertor chamber by a factor of two. 
The H-mode could be reached under both conditions. The baffle will be 
replaced after a few modifications. 

Model calculations of the particle concentration and fluxes were carried 
out with the combined plasma and neutral particle codes, BRAHMS and 
EIRENE, for preparing detailed SOL and divertor diagnostics interpretation. 
Figure 5 shows the calculated contours of constant He+ density of an 
ASDEX Upgrade helium discharge. For comparison, lines of constant 
emissivity are shown, as obtained by 2d-deconvolution of bolometer 
signals. The He+ ions dominate the radiation power in this region. 
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FIG. 5. Measured contours of flux surfaces (dashed lines) and lines of constant emissivity from decon-
volution of bolometer signals for a helium discharge. Lines of constant He+ density calculated with the 
B2-EIRENE code are shown for comparison. 

6. Summary 

The production and on-line analysis and control of divertor equilibria 
with a new and advanced system could be shown. The separatrix and 
plasma boundary could be determined with an accuracy of < 1 cm, 
sufficient for future SOL investigations and effective ICRH antenna coupling. 
The forces produced by disruptions in vertically displaced positions could 
be examined in SN divertor discharges at plasma currents of up to 600 kA. 
The forces stayed below the anticipated values. A more detailed analysis 
of VDEs and construction of an improved vessel support is in progress. 

ICRH experiments with hydrogen minority heating in helium and 
deuterium showed good antenna coupling and absorption without large 
impurity production. In both cases the H-regime was easily accessible with 
powers >1.2 MW. Second harmonic heating of hydrogen in helium at 60 
MHz was effective after preheating at the fundamental frequency of 30 MHz. 

In the next discharge period neutral injection will be brought into 
operation. Discharges at higher plasma current and density will be carried 
out for investigation of SOL and divertor properties. 



140 KOPPENDORFER et al. 

REFERENCES 

11] GRUBER, O., KAUFMANN, M., KOPPENDORFER, W„ LACKNER, K., Physics back
ground of the ASDEX Upgrade Project, J. Nucl. Mater. 121 (1984) 71. 

[2] MCCARTHY, P.I., et al., "MHD equilibrium identification on ASDEX Upgrade", Plasma 
Physics (Proc. Int. Conf. Innsbruck, 1992), Vol. 16C, Part I, European Physical Society (1992) 
459. 

[3] WOYKE, W., et al., "Performance of the equilibrium control system for ASDEX Upgrade", 
ibid., p. 455. 

DISCUSSION 

B. TUBBING: Your overview of the ASDEX Upgrade scientific programme 
covers the period up to the end of 1996. What are your plans after that date? 

W. KOPPENDORFER: The post-1996 programme has yet to be defined. 
Additional techniques which will become available at that time, like ECRH and 
different materials for the in-vessel structure, will make investigation of bulk profile 
control and plasma boundary-first wall interaction possible. 
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Abstract 

DENSITY LIMIT AND CONFINEMENT IN FTU OHMIC PLASMA. 
The paper describes the study of the ohmic plasma in the high field tokamak FTU. The role of 

light and metallic impurities is discussed and their influence on the density limit of the device is 
documented. Results on plasma fuelling are reported, including the first experiments with pellet injec
tion. The measured radial flow velocity of the plasma is found in good agreement with the prediction 
of extended neoclassical theory. The ohmic confinement is documented for normal and detached 
discharges. 

1. INTRODUCTION 

The FTU tokamak produced its first plasma discharge in April '90 and 

has by now reached its design value for most parameters: we have run the 

plasma discharge with a toroidal field B T ranging from 3.5 T to 7.5 T, a flat top 

duration of 1.5 sec for B T ^ 6 T and of 0.7 sec for B T = 7.5 T. The plasma 

current has been increased up to Ip=1.2 MA with B T = 6 T. Edge qcyi as low as 

2.4, corresponding to a MHD value of 3, have been obtained. 

1 Dipartimento di Fisica, II* Universita di Roma, Rome, Italy. 
2 Permanent address: Plasma Fusion Center, Massachusetts Institute of Technology, 

Cambridge, MA 02139, USA. 
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In this paper we report the results of a detailed analysis of plasma 

behaviour under ohmic heating conditions, exploiting the data from the 

complete set of plasma diagnostics which is now in operation. 

2. MACHINE CONFIGURATION 

The horizontal plasma position in FTU is controlled through a pre

programmed vertical field and a feedback field supplied by independent 

poloidal coils. Plasma elongation can be controlled through the ratio of these 

two fields. During our first experimental run, two saddle windings inside the 

toroidal magnet, whose passive time constant was 20 msec, provided 

equilibrium on a time scale faster than the response time of the feedback 

system («20 msec). During the summer 1990 this passive element was 

eliminated in consequence of a break in the windings connections. Good 

position control has been obtained in spite of the wide gap between the 

response time of the feed-back system and the time constant of the vacuum 

vessel (= 1 msec). Only a reduction by a factor two in the current ramp-up and 

ramp down rate has been necessary with respect to the high values ( = 8 

MA/sec) obtained with the passive stabiliser. 

In all the experiments reported here the last closed magnetic surface is 

defined by an inconel poloidal limiter, consisting of two circular segments 

located at the inboard (120° poloidally wide) and outboard (60° poloidally wide) 

regions of the vacuum vessel; both sections are covered by a set of mushroom-

shaped pieces and both are electrically floating with respect to the vacuum 

vessel. The maximum value of plasma minor radius was 0.28 m with a plasma 

elongation 1.00 ^ b/a ^ 1.08. Typically we use b/a = 1.05 to allow for a better 

use of magnetic diagnostics. The major radius of the configuration is usually 

setat0.93m. 

3. IMPURITIES 

The machine has worked with quite different conditions of the vacuum 

chamber during the three experimental campaigns conducted so far. The 

oxygen level was high at the start-up because of insufficient wall conditioning. 

In the second campaign the accidental exposure of a plastic isolator to the 
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plasma resulted in coating the wall with a carbon-oxygen layer. Clean metallic 

walls were finally obtained after extensive baking at 120 C° combined with 

glow discharge in H with hot walls. 

In general the influx of metallic impurities decreases as the density rises 

and almost disappears before the density limit is reached. With fixed density it 

increases with the plasma current. On the contrary the influx of oxygen and 

carbon increases more than linearly with the density up to the density limit. 

The production of metallic impurity is consistent with sputtering, or self 

sputtering, being the most important mechanism. Power load to the limiter is 

found to increase with density at high current and this suggests that melting of 

the limiter does not occur in normal discharges. The comparison of the metal 

flux from the limiter, derived from visible spectroscopy, with the flux inside the 

plasma, given by UV spectroscopy, does not show any evidence of increased 

impurity screening in the scrape-off plasma at high density. Visible 

spectroscopy also shows that oxygen and carbon influxes are roughly 

proportional to the hydrogen flux on the wall, indicating that physical 

sputtering is not the major impurity production mechanism in this case. 

4. DENSITY LIMIT AND REFUELLING 

Experimental runs with different wall conditions resulted, as expected, 

in marked difference in the density limit achieved. With clean metallic walls, 

FTU discharges fall within the same region of the Hugill plot as the old device 

FT. This gives a limiting density described by the well known relationship ne 

< M Bt/Rq where the Murakami parameter M reaches the value of 1.6 1020 

Wb -1, nearly coinciding with the Greenwald limit for circular discharges [1]. 

This is comparable to the value achieved in Textor with carbon limiter and 

boronized walls [2]. 

When the impurity content is dominated by oxygen and carbon, the 

density limit does not depend upon the value of q and roughly corresponds to ne 

< 2.3 1019 Bt/R. In Fig. 1 we show the Hugill diagram for the shots obtained 

during the first two experimental campaigns of FTU which, as already 

mentioned, where characterised by non optimal wall conditioning. Here the 

solid line represent the experimental limit obtained in FT and corresponds to 

M=1.6 1020 Wb - 1 . This limit was reached in these run only by discharges in 
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FIG. I. Hughill plot for typical shots in hydrogen in FTU. Open squares refer to unconditioned walls, 
fall squares to clean walls and fall dots to He discharges. The continuous line represents the density 
limit found in FT and coincides with the Greenwald limit. The dashed line represents the limit in FTU 
for unconditioned wall and broad density profiles. 

He, owing to a reduced light impurity inflow. The dashed line is determined by 

the density limit found in FTU in these conditions for shots with q<4 . It turns 

out that all the points falling between these two lines are characterised by a 

more peaked density profile, see Fig. 2. This is typical of high q FTU discharges 

(see below) and suggests that the normal q dependence of the density limit is 

cancelled under these conditions by its dependence on the profile shape. 

Recent studies in JET and Asdex [3,4] have in fact revealed that the edge 

density is limited by the balance of the heating power and radiation losses. 

This is confirmed by our data which show that the limit for the line average 

density at r/a=0.6 turns out to be proportional to the average current density, 

i. e. the Greenwald limit applies to the edge rather than to the line average 

density. This picture describes satisfactorily our data, including He shots. 

The problem of the density limit is complicated in FTU by the poor 

fuelling efficiency obtained with gas puffing which turned out to be much lower 

than in FT. The fuelling efficiency t\ has been quantitatively estimated by 

analysing the transition from the flat-top to the density decay phase. Results 
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FIG. 2. Density profiles obtained after Abel inversion of interferometer measurements in a 
high q (#2936) and a low q (#3002) shot near the density limit. 

show that ?z is roughly equal to 20% in H and D discharges with broad density 

profiles and increases to 30% when the density profile is peaked. Fuelling 

efficiency tends to decrease with density and can be reduced by a factor of 2 

when a strong marfe instability sets in. It does not depend upon the wall 

conditioning but in He discharges it increases to a value near 100%. It is worth 

noting that, contrary to the case of FT, a strong pumping action is expected by 

the vacuum chamber because of its large surface and lower temperature. The 

thermal coupling between the first wall and the cryogenic magnet in FTU is 

rather tight and as a consequence the wall temperature remains at -150 °C 

during the experimental sessions. Vacuum gauge measurements in fact have 

shown that more than 80% of the hydrogen gas introduced in the torus during 

a plasma discharge is pumped by the walls of the vacuum chamber and is not 

released during a typical shot interval. This is confirmed by isotope exchange 

experiments which show that more than ten shots are needed to equalise the 

two isotopes. 

Recently very good fuelling efficiency has been achieved by high speed 

pellet injection. In these experiments we used a two stage single pellet injector 

[5] able to reach pellet velocities exceeding 2.5 km/sec yielding excellent 

penetration in ohmic discharges even with central electron temperatures as 

high as 2.5 keV. The central line averaged electron density exceeded 2.0 1020 

m-3 for Ip = 0.3 MA which is more than twice the limit obtained with gas 

puffing at that current. 
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5. ENERGY CONFINEMENT 

The confinement database presently available from FTU contains 

results from the flat top of 500 plasma pulses and spans a subset of the 

operation space defined by ne ranging between 2 1019 m_3 and 2 102<> m_3, Ip 

between 0.3 MA and 0.8 MA, B t = 6 T, hydrogen and deuterium filling gas. A 

limited number of H data at 4 T is also included. Plasma energy content has 

been evaluated making use of both kinetic and magnetic measurements. 

Plasma geometry is obtained by the equilibrium reconstruction from the data 

of the magnetic diagnostics. The Te profile has been measured by ECE analysis 

and the ne profile is reconstructed using the equilibrium geometry and line 

averaged data from a 5 chord DCN interferometer. Zeff is derived from Spitzer 

resistivity without neoclassical corrections. The ion temperature profile is 

computed by solving the ion energy balance equation as described in [6]. Peak 

T, values are in agreement with passive NPA results (error bars ± 15%). For D 

plasma the experimental neutron flux is typically a factor of 2 lower than 

neoclassical predictions and the difference can be explained by deuterium 

dilution due to both low Z impurities and hydrogen contamination. 

High density (n e >7 1019 m - 3), low current (Ip<0.5 MA) operation of 

FTU is characterised by peaked ne profile (n e o /<n e > = 2-3) and a wide region 

of low temperature at the edge (T e<50 eV at r/a=0.6 for n e =1.4 1020 m~3). In 

these conditions the power load to the limiter is strongly reduced indicating a 

detachment of the plasma from the limiter. For non-detached plasma 

n e o / < n e > = 1-1.5 at high density and increases at low density up to 2-2.5. 

With similar wall and limiter conditions Zeff ~ P 0 h/<n e > where P0h is the 

ohmic power. In H Zeff < 1.5 has been obtained at all current values while in D 

operation this limit has been attained only at Ip < 0.4 MA. Zeff has changed by a 

factor of 2 with different machine conditions. For both detached and non 

detached discharges the plasma energy content scales as W = Ip n„o.6 (H 20% 

lower than D, discharges without sawteeth 25% lower). Similar scaling has 

been reported for ASDEX [7]. In H plasma (where Zeff attained 1.5 at all 

plasma currents ) the resistive loop voltage VL decreases with density down to 

a minimum for each current and then increases as ne0-5. For all non-detached 

H plasma its behaviour can be summarised as V L = 0.18 (Zeff -1)+ 0.45 ne0-5 

[V,1019 m_3]. D plasmas have a value 20 % lower in the coefficient of ne0 5. 
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FIG. 3. Comparison of the energy confinement time for FT and FTU discharges in hydrogen with 
B, = 6 T and q^, = 4. 

Detached plasmas have a 25 % higher VL value. P0h ranges from 0.4 MW, for 
low Ip and low Zeff, to 1.6 MW for high Ip. Global energy confinement time 
scales as rg^neq in agreement with NeoAlcator scaling up to neq=40 lO1^ m~3 
attaining 0.04 s in H and .06 s in D for sawtoothing discharges. At higher neq 
values rE decreases in detached plasma while it remains constant for medium 
and high current values. No clear Bt scaling can be identified. The behaviour of 
the sawtooth period with density shows the same correlation with rg as in FT 
[6]. The increase of rg from FT (a=0.2 m, R=0.83 m) to FTU (a=0.28 m, 
R=0.93 m) is smaller than the NeoAlcator scaling aR2 in the linear regime 
and amounts to a factor 1.5 in the saturated region, see Fig. 3. Plateau scaling, 
which was able to provide the best fitting to FT data [6], is again in good 
agreement with FTU data. 

The TE decrease at high ne for detached plasma is associated with the 
higher ohmic input due to the higher VL value. However it is interesting to 
note that during the re-attachment phase ah improvement in the dynamic 
confinement can be observed [8]. 

The temperature perturbations induced by sawteeth have been 
measured with a 12 channel grating polychromator and analysed both through 
the Fourier transform and the time to peak method to infer the electron 
thermoconductivity. The xion value and the damping time r are obtained 
following ref [9]. £fou is in good agreement with jHP=A(r2)/9Atp in the whole 
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range of density analysed so far independently of the damping constant. The 

measured damping time is also in good agreement with e-i equilibration time. 

A database containing the time-to-peak jHP for 85 discharges with Bt = 

5.7 T and three different gases (H, D and He), has been collected with plasma 

current ranging from 350 kA to 700 kA, line density from 0.3 1020 m - 3 to 

2 1020 m -3 f Zeff from 1 to 7 and qcyi from 3.2 to 7. The comparison of x H P with a 

volume averaged power balance conductivity x P B for deuterium yields x H P ^ 

2.2 xPB while j H P » i . 5 ^PB for the H-He group. This is a consequence of the 

fact that x P B (aS ^E) is different for different gases while jfHP is almost 

insensitive to the gas species. 

6. PARTICLE FLOW, ELECTRICAL CONDUCTIVITY AND ENERGY 

CONTENT 

The radial plasma flow velocity and the electrical conductivity were 

determined experimentally and compared with theory. 

The radial plasma velocity, vr(r), was obtained from the continuity 

equation, as in [10], using the particle source function S(r). This, in turn, was 

determined from the atomic cross sections for ionisation and recombination, 

using the experimental electron density and electron temperature profiles* 

together with the neutral atom density profile obtained by fitting with a 

neutral particle diffusion code the experimental H-alpha emission and the 

energy spectra of charge exchange neutrals. Fig. 4 shows vr(r) for a discharge 

having ne(0)=2.4 1020 m-3, Te(0) = 0.85 keV, Ip=0.3 MA and B t=5.8 T. 

Recombination is dominant in the central region where v r is very small and 

here the maximum error of v r is certainly within ± 0.01 m/s. 

According to the conventional neoclassical theory, using the 

experimental ne(r) and Te(r) of this discharge, one obtains the v^ profile shown 

as a dashed line in Fig. 4. It is clear that the inward Ware pinch is too large in 

the core of the plasma, where in this high density discharge the neutral density 

is essentially determined by electron-ion recombination processes and the 

result is relatively independent of possible asymmetries of the edge neutral 

inflow. The discrepancy cannot be ascribed to uncertainties in the relevant 

cross-sections. If, instead, we neglect the parallel electron viscosity, so that 
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FIG. 4. Measured value of the plasma radial flow velocity (continuous line) is compared with the 
predictions of neoclassical (dashed line) and extended neoclassical (dotted line) theories. 

Pfirsch-Schluter particle transport is recovered, we obtain for v r the dotted 

curve in Fig. 4 which is in good agreement with the experimental one. 

These results lend support to the extended neoclassical theory which is 

based on the assumption that the effective electron-electron collision rate is 

anomalously high, while the electron-ion collision rate is Coujombian. A 

consequence of this theory is that the parallel electron viscosity becomes 

negligible in Ohm's law and the plasma resistivity is closer to the Spitzer than 

to the neoclassical value [ 11 ]. 

Therefore we have also compared Zeff measured from visible 

bremmstrahlung with the value obtained from Ohm's law. Fig. 5 shows this 

comparison for both neoclassical resistivity, taking into account the bootstrap 

current contribution, and for Spitzer resistivity. Although there is a spread of 

points, which reflects the experimental errors, for neoclassical resistivity Zeff is 

systematically too low (in some cases less than unity), while for Spitzer 

resistivity there is a reasonable agreement. 

The extended neoclassical theory and the poloidal Ohm's law can 

furthermore be used to derive a constraint for the plasma pressure profile [10] 

which in the high aspect ratio approximation can be written as 

j . B E v B2 

op p z r z 
* 2s_p(l + q2) 2,z_p(l+q2) 

Experimental 
Neoclassical 
Extended neoclassical 
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where p is plasma pressure, B p and Bz are the poloidal and toroidal magnetic 

field, v r is the plasma radial velocity and ^ S P is the Spitzer parallel resistivity. 

Prom this equation the plasma energy content can be computed, 

assuming zero pressure at the plasma edge, as W = Wj+Wvr where: 

W. = — - r „ dr 
1 2 Jo( l+q 2 ) 

ZiiWtf 
W =• 

J o( i+ , + q2) 
dr 

The evaluation of W is performed using the current density j from Spitzer 

resistivity and v r from the particle source estimated by a neutral particle 

transport code. The edge cold neutral flux is chosen so as to match the observed 

HQ brightness. 

W is compared with the experimental value in Fig. 6 which suggests that 

the plasma energy content in FTU is near to the limit fixed by the poloidal 

Ohm's law constraint neglecting the electron parallel viscosity. A systematic 

deviation for high current discharges is observed (WeXp/W=0.6 at I p =lMA) 



IAEA-CN-56/A-2-4 151 

0.10 
Wexp(MJ) 

0.08 

0.06 

0.04 

0.02 

0 

0 0.02 0.04 0.06 0.08 0.10 

W(MJ) 

FIG. 6. Plasma energy content measured kineticalty is compared with the constraint obtained from the 
poloidal Ohm's law in the extended neoclassical theory. 

which demands further investigation. It is also remarkable that for the He 

discharges, where Wvr should be less important than in H and D, a good 

agreement is found between Wj and experimental W. 
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DISCUSSION 

M.C. ZARNSTORFF: Why is it that you observe agreement with Spitzer 
(classical) resistivity (or the extended neoclassical theory) while the large tokamaks 
(TFTR, JET, JT-60) find agreement with neoclassical theory and disagreement with 
classical resistivity? 

R. BARTIROMO: According to the published literature, many small devices 
find better agreement with Spitzer than with neoclassical theory. Although in our case 
the difference between these two theories is smaller than in larger tokamaks, we think 
that our result is outside the error bars. We are not at present able to offer a physical 
explanation for the difference in the behaviour of large and small tokamaks. 

F.C. SCHULLER: I am surprised that your inward particle velocity is zero in 
the inner half of your plasma. Does that mean that ramping-up of the density by gas 
injection results in hollow density profiles? 

R. BARTIROMO: I have shown that the plasma radial flow velocity, T/n, goes 
to zero at the plasma centre because the plasma source function is zero there. The 
density profile can indeed become hollow during ramp-up at high density. 
Preliminary analysis shows that this can also be described by the extended neo
classical theory. 
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Abstract 

STATUS OF EXPERIMENTS ON TSP. 
On TSP engineering research and testing of the system of energy supply for the toroidal magnetic 

field were continued. After the beginning of operation, in 1991, of the third flywheel generator (of four 
designed, each with P = 200 MW, t = 5 s), it became possible to increase the current in the primary 
winding of the toroidal inductive storage of TSP (TIN) up to 100 kA, with a maximum design value 
of 120 kA. With plasma current Ip < 120 kA, B, = 1 T, R = 1.06 m, experiments were carried out 
on TSP on creating a plasma by two methods: by direct switching on of the inductor current from the 
zero level and by breaking of the existing, previously created inductor current IQ. Experiments on 
Ohmic and ion cyclotron heating of the plasma have been carried out on the devices T-l 1M and TSP. 
Earlier it had been found that the presence of graphite limiters and shielding screen led to high gas 
release from the wall during heating. An effective method of suppressing gas release is boronization. 
The boronization of the wall was carried out by the hazardless method of decomposing carboranes 
(C2B10H12) in a helium glow discharge. As a result of this process the gas release and impurity flux 
from the wall to the plasma were substantially decreased. Ohmic heating at Zefr = 1 permits a plasma 
with higher thermal confinement to be obtained and gas release to be controlled (Te = 400 eV, i^ = 
(0.3-3) x lO13 cm"3). Also, there was substantially decreased gas release from the wall during ICH. 
The ion cyclotron technique was developed on the test tokamak T-11M, with the same geometrical 
parameters as TSP before compression on R (R = 0.7 m, a = 0.25 m, Bt = 1.1 T). First experiments 
showed a substantial increase in the impurity flux from the wall during heating. By boronization of the 
walls this impurity flux was suppressed, which made possible a threefold increase in the ion temperature 
(from 150 to 450 eV, r^ = 3 x 1013 cm"3). The radiation power Prad dropped from 160 to 40 kW. 

1. INTRODUCTION 

The idea for TSP, a tokamak with a strong magnetic field and adiabatic com
pression of preheated plasma, was proposed by B.B. Kadomtsev and E.P. Velikhov, 
prompted mainly by successful experiments on Alcator [1]. 

The idea was based on the fact that, if we adopt Alcator scaling and increase 
the magnetic field and density and decrease the linear dimensions of the device, m 
being constant, the total magnetic energy of the device decreases to a level where the 
magnetic storage techniques available today may ensure adiabatic plasma compres
sion and fast plasma heating. The situation is markedly improved if additional heating 
is used at an initial stage. In this case even with moderate additional heating (about 
1 MW) and reasonable compression factors, reactor scale temperatures (~ 10 keV) 
may be achieved. Such an experimental scheme was first proposed at the IAEA con
ference in Brussels in 1980 [2]. The main task of the project was to obtain hot ther
monuclear plasma with nr on the scale of 1020 n r 3 • s and the possibility to carry out 

153 
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! 1.06 m 
• 

FIG. 1. Scheme ofTSP operation. IC: inductor coils; EC: equilibrium coils; NB: neutral beam; ICRH: 
ion cyclotron heating. 

D-T experiments in these conditions. The project was named Tokamak with a Strong 
Field (TSP). It was developed jointly by the Troitsk branch of the I.V. Kurchatov 
Institute and the Efremov Institute. On 30 December 1987 the first, symbolic plasma 
was obtained in TSP. 

The main feature of TSP (Fig. 1) is the possibility of adiabatic plasma compres
sion by the magnetic field according to the scheme 2-5-12.8 T, increasing from 2 to 
5 T (by 2.5 times) along the minor radius a (0.32-0.2 m) and by 2.6 times by shifting 
along the major radius R (1.06-0.4 m). 

It is assumed that owing to the adiabatic compression on a, n = n,. should be 
increased as n,. oc C, T « C2/3; along R: n,. « C2, T « C4/3, where C = B^/B^, , 
(the ratio of the magnetic fields before and after compression). 

In appearance (Fig. 1) TSP resembles the ATC installation [3]. The TSP cham
ber cross-section is of a pear-like form. The plasma discharge is initially generated 
in the front part of the chamber (R = 1.06 m, a = 0.32 m, B, = 2 T, Ip = 
0.3-0.4 MA) in the ordinary way. Projected parameters of the plasma at this stage 
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are 1 (̂0) = (6-7) x 1019 nr3 , Ti(0) « Te(0) ~ 1 keV. Then by means of either 
NBI (NBP = 1.7 MW, E =* 40 keV, D) or ion cyclotron heating, the plasma temper
ature is increased up to 2-3 keV. A further increase of plasma temperature (up to 
10 keV) and density (up to 1021 mf3) is planned to be reached by compression. 
Minimum compression times are 20-30 ms along the minor radius and 10 ms along 
the major radius. Deviation from adiabatic law is to be expected if the energy con
finement time T = rE is either comparable to or below these estimates. The energy 
confinement time for B, = 2 T, Ip = 0.4 MA in the Ohmic heating regime is 
50-70 ms. The equivalent heating power in the process of compression is estimated 
to be 50-100 MW. Under these conditions, if TE follows Rebut-Lallia scaling, the 
confinement time will be 2-3 ms; Shimomura-Odajima scaling gives 5-7 ms and 
ITER scaling 15-20 ms. On the basis of experimental measurements of deviation 
from adiabatic law, conclusions can be drawn about the validity of different scalings. 

The last step in the TSP programme is a D-T experiment with hot, dense 
plasma. The main advantage of TSP as compared with other D-T experiment 
oriented tokamaks is a small plasma volume and, as a result, a comparatively small 
amount of tritium needed for one experiment (5 x 1019 atoms). 

Along with the solution of some engineering problems (e.g. plasma-wall inter
action) this experiment may give information about the comparative behaviour of 
D-D and D-T plasmas, in particular about impurity behaviour in D-T plasma and 
about mass dependence. 

Calculations show [4, 5] that about 70% of a particles, the product of D-T 
reactions in TSP (Ip = 1.2 MA, R = 0.4 m, a = 0.125 m), may be confined in a 
plasma column, depending on its geometry. 

Because of the short discharge time (10-30 ms) and small plasma current, 
detailed investigations of a particle behaviour cannot be performed on TSP. 
However, it is believed that some information about a particle behaviour during fast 
MHD instabilities, such as internal disruption, predisruption and disruption, can be 
obtained. Also, comparing D-D and D-T plasma behaviour, conclusions can be 
drawn about the influence of the or particles on plasma stability [6]. 

It is to be noted that in TSP regimes with the highest nrT, )3 is close to the limit 
value with the Troyon factor g = 2.5-3. 

A significant feature of TSP is a requirement on the impurity composition in 
the plasma more rigid than is usual in tokamaks. Namely, the not fully ionized high 
Z impurities can become, during compression, a cause of abnormally high ionization 
and radiative losses, as was observed, for example, on ATC [3]. This necessitates 
additional requirements on the materials and design of the plasma facing components 
of the chamber, as well as on die methods of its conditioning. 

The main objectives of die programme of physical research on TSP at present 
can be summarized as follows: 

(a) Investigation of hot (T = 10 keV), dense (n = 1021 m-3) plasma with the 
highest possible nzT (=102 1 keV-m~3-s); 
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(b) Implementation of a tritium experiment for the investigation of D-T plasma 
behaviour and for tritium technology development; 

(c) Formulation of a scaling law governing energy and particle behaviour; 
(d) Investigation of the influence of MHD instabilities (internal disruption, predis-

ruption, disruption) on a particle confinement and, in turn, investigation of the 
role of a particles in excitation of MHD and kinetic instabilities; 

(e) Investigation of the magnetic compression process along both minor and major 
tokamak radii; 

(f) Optimization of plasma-wall interaction, and low Z materials assessment and 
testing, with the aim of providing support for the design of a tokamak reactor. 

2. TECHNICAL FEATURES 

As mentioned above, the main technical features are based on the use of power
ful inductive storage [7]. Figure 2 shows the principal scheme of power supply for 
the toroidal magnetic field of TSP. Its basis is the powerful toroidal transformer 
(TIN, W = 0.8 GJ), inductively connected (13:1) with the TSP toroidal field wind
ing, consisting of 32 one-turn sections. The primary current of the inductive storage 
can reach 120 kA and the secondary current of the TSP winding can reach 800 kA. 
The primary current is generated by four flywheel generators, each with a power of 
200 MW and a total energy up to 1 GJ. Switching is effected by the thyristor con
verters and the system of the primary current breakers (one is shown in Fig. 2). The 
ironless inductor of plasma current is fed from the capacitor bank and inductive 
storages of lesser size. Two alternatives for switching on the inductor field are possi
ble: direct, by voltage supply; or by interruption of the primary current Ii0 in the 
inductor. These cases significantly differ with respect to the level of multipole mag
netic fields in the plasma volume. Their actual advantages will be defined by experi
ments. Compression along R is produced by the special winding which creates the 
vertical magnetic field B x . 

The usual discharge scenario assumes first the switching on of the quasi-
stationary (At = 200 ms) magnetic field B, of about 2 T (R = 1.06 m), followed by 
excitation of the discharge, Ohmic and additional heating of the primary plasma at 
R = 1.06 m, compression along the minor radius by an increase in Bt up to 5 T (for 
20-30 ms), shifting inside (R = 0.4 m) into the region B, = 12.8 T (for 10 ms), a 
current plateau (20-30 ms) and the fall of all fields. Implementation of such a 
programme requires the highly reliable operation of all systems. This is currently the 
main technical problem. 

At present, three flywheel generators are already in operation; however, the 
thyristor converter can still work with only half power. This makes it possible, in 
principle, to generate the primary current in TIN up to 70-80 kA and obtain after 
its interruption B, (R = 1.06 m) = 3.5 T (B, (R = 0.4 m) « 9 T), which cor
responds to the level of plasma current 500-700 kA. However, the low quality of the 
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Power network, 80MW (300 MW) 
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FIG. 2. Scheme of B, power supply of TSP. 

electrotechnical equipment and assembling for the time being does not allow this to 
be done. 

At present, the difficulties caused by the last electrotechnical accident (in April 
1992) have been eliminated and we believe that during the winter of 1992-1993 the 
programme will be fulfilled. Thereafter we are planning to commission the fourth 
flywheel generator. Tritium experiments are scheduled to be performed in 
1994-1995. 
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3. TSP PROGRAMME OF PHYSICAL EXPERIMENTS 

Along with commissioning of the basic power supply system the physical 
experimental programme has been carried out with the aim of obtaining pure high 
temperature plasma discharges in TSP. The programme includes: 

(a) Investigation, assessment and testing of low Z materials to be used for limiter 
and shield fabrication [8-11]; 

(b) Development and testing of a new method of tokamak wall boronization [12]; 
(c) Investigation of ICH in TSP with a boronized wall; 
(d) Investigation of plasma column equilibrium and stability in TSP during the 

startup phase of the discharge [13, 14]. 

Experiments were performed on TSP, but when TSP was involved in elec-
trotechnical tests or during TSP repair periods, the experiments were performed on 
T-l 1M [15] and T-3M [16], tokamaks with similar sizes and with discharge currents 
of 100-150 kA. In the TIN primary current ramp-up regime (without diode), as well 
as in a regime of TIN current inversion, the magnetic field Bt = 1 T (R = 1.06 m) 
was generated in the TSP chamber, providing the possibility to create a plasma 
column with a current of 150 kA. These discharges usually ended with disruptions, 
evidently owing to the fact that the density exceeded the density limit n,,r. However, 
they were sufficient for investigating the initial stage of the discharge. 

At present the inner 'narrow' part of the chamber is protected by means of thin 
tiles made of pyrolytic boron nitride. In the outer part of the chamber two poloidal 
limiters are positioned between the TSP chamber wall (in its wider part) and the 
plasma column (±45° from the horizontal plane). The limiters are positioned 3 cm 
from the wall, protected with tiles, which are made of C-C composite with a small 
addition of Ti to diminish radiation sublimation effects [8]. The upper and bottom 
parts of the chamber are partially protected with shields fabricated from the same 
material. On the periphery of the torus four graphite toroidal limiters are positioned 
in four symmetric cross-sections. It is intended to replace the Ti added to the graphite 
with B, a lower Z material [9]. The graphite covered with a thin boron carbide film 
(100-200 /itm) was recently successfully tested on T-10 [11] as a candidate limiter 
material. There are also plans to test it on DIII-D. The final aim of this activity was 
to make as low as possible the content of high Z metals (Ni, Fe, Cr, Mo), which are 
wall materials deposited on the surface of the plasma facing components. The first 
year of experience of TSP operation (about 300 pulse discharges) shows, however, 
that this problem is not yet solved. The analysis of a graphite test sample surface after 
its exposure in the TSP chamber during this year [10] indicates a considerable metal 
inflow from the wall into the plasma volume. It is intended to suppress this flow by 
means of boronization. 

The method of boronization used by us was proposed by scientists from the 
Physical Chemistry Institute of the Russian Academy of Sciences and was tested in 
two tokamaks — T-11M and T-3M [12], The method consists in the decomposition 
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of carboranes (C2B10H12) in a helium glow discharge. The main advantages of the 
method are its safety as compared with the conventional boronization by means of 
the decomposition of diborane (l^Hg) [17] and its higher relative B/C content (2.2:1 
instead of 0.5:1) in deposited films as compared with boronization by means of 
trimethylboron (B(CH3)3) decomposition [18]. 

The results obtained with our method of boronization are similar to those with 
conventional methods [17, 18]: 

(1) Reduction of radiative losses and reduction of Z to 1 owing to the decrease of 
both metal and oxygen flow into the plasma from the wall; 

(2) Density limit increase (by about 3 times); 
(3) Reduction of hydrogen recycling (after wall cleaning by means of helium glow 

discharge). 

Experiments performed on T-11M indicate a twofold decrease of the hydrogen 
reversal flow from the wall into the plasma column. There are reasons to believe that 
deposition of boron containing films will simplify tritium removal from the chamber 
surface after D-T experiments. 

The nature of hydrogen-chamber wall interaction is illustrated in Fig. 3, where 
the evolution of relative hydrogen content (nH/nH+D) in T-11M plasma is presented 
versus the number of discharges before and after boronization. The data were 
obtained by charge exchange neutral analysis, performed by A.N. Romannikov of 
TRINITI. At first the hydrogen content in the experiments on ICH was set at a level 
of 10% by means of hydrogen addition to the working gas (1). After boronization (2) 
a twofold increase in hydrogen content was obtained, evidently due to the inflow of 
the hydrogen captured by the wall during the boronization process. Hydrogen puffing 
was switched off (3), and after approximately 400 pulses the hydrogen content fell 

20 

IT" (%) 

10 

0 100 200 300 400 500 600 700 
N 

FIG. 3. Dependence ofnH/nH+D on the number of discharges on T-11M. 1: Before boronization with 
Hflow; 2: after boronization with Hflow; 3: after switching off H flow; 4: after switching on Hflow. 
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(a). .(b) 
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FIG. 4. Plasma behaviour during ICRH (a) without and (b) with boronization. Broken lines: OH; solid 
lines: OH + ICRH. 

to 3%, which is the lower limit of registration. After that (4) we were forced to 
switch on the hydrogen puffing again. 

Thus it may be concluded that the absorbed hydrogen can relatively easily be 
removed from the boronized wall. 

The important effect of boronization is the significant decrease of impurity flow 
from the chamber wall to the plasma during ICH. ICH with small minority 
(nH/nH+D ~ 10%) in conventional tokamaks is accompanied, as is known, by a sig
nificant increase in the impurity flow from the wall during RF pulses. Figure 4(a) 
shows typical oscillograms of plasma current Ip, voltage Up, density n,, and radiative 
losses PR for such a conventional case in T-11M. 

The use of boronization (Fig. 4(b)) significantly decreases PR, apparently 
reducing the impurity flow from the wall, whereby the permissible limit of applied 
RF power and, consequently, ion temperature, are increased. In this particular case, 
for example, it was increased from 110-130 to 300-400 eV. 

As can be seen in Fig. 4(b), some increase in PR is observed after the switch
ing off of RF power. We found that this process correlates with the narrowing of j(r), 
the current density profile, and increase of MHD activity. The origin of this increase 
in PR is a general subject of current investigations on T-11M. 
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ICH with two (and afterwards four) antennas of the same kind as we used in 
T-11M, with an applied total power of up to 4 MW, will be introduced on TSP in 
1993. 

The complicated geometry of the multipole magnetic fields of the TSP inductor, 
with two zero points at R = 85 and 165 cm [13, 14], caused doubts with respect to 
the vertical and horizontal stability of the column at the initial stage of the discharge 
and at compression along R. 

In order to improve the vertical stability in the chamber, passive stabilizing coils 
were installed in the mode of the short-circuited copper conductors (they became the 
mechanical base of the poloidal and toroidal limiters). For vertical stability the most 
dangerous point is the initiation of the discharge by the interruption of the initial 
inductor current Ii0. In this case the discharge is developed with the maximum value 
of the multipole fields, and slight errors in the positions of the inductor coils can make 
the current column unstable. 

The following experiment was carried out on TSP. At B, = I T the initial 
inductor current Ii0 = 16 kA was interrupted. The ratio Ii0/B, is preserved and cor
responds to the limiting value Ii0 = 80 kA at Bt = 5 T. After insignificant compen
sation of the transverse components of the stray magnetic fields (they were 
determined by electron beam measurements), the normal breakdown and discharge 
development were obtained. 

Thus the problem of vertical column stability in TSP is not critical. The problem 
of stability along R can become critical when the discharge is excited by direct supply 
of voltage to the inductor input (Ii0 = 0). In this case the multipole components Bx, 
proportional to the inductor current Ii; increase together with Ip, somewhat outrun
ning it in time. Analysis shows [14] the possibility of instability development in the 
mode of the spontaneous column compressions along R. 

The experiments on TSP prove, however, that the danger is apparently exagger
ated. Figure 5 [13] shows the estimated stability region along R in the co-ordinates 
Ip and I;. It also shows the actual values of Ip obtained in different regimes of dis
charge on TSP. All of them are located in the 'unstable' region. However, the insta
bilities (disruptions) actually observed were not accompanied by the disastrous 
inward shift of the plasma column but were caused, probably, by n^t) exceeding the 
Greenwald limit. Perhaps the theoretical analysis should be clarified, with more 
accurate consideration of the influence of the conductive chamber. 

Figure 6 shows a reconstruction of the magnetic surfaces in a similar regime 
on TSP made on the basis of measurements of currents Ip and Ij and the actual 
column shift. It can be seen that the divertor configuration is formed with the X point 
on the inner side of the plasma column. In such regimes significant transverse cur
rents I± may flow to the 'divertor plates', which should be taken into account in the 
equilibrium calculations. The existence of such a configuration on the inner side of 
the column was confirmed in experiments on TSP by N. Brooks (General Atomics, 
USA). Optical observations showed that the maximum visible carbon radiation is 
from the areas of the assumed 'divertor plates'. These regimes can be used in future 
for the testing of materials and research on plasma-divertor wall interaction. 
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FIG. 5. R stability diagram of TSP [13] and experimental quantities qflp and /,-. Solid circles: before 
disruption; crosses: during disruption; open circles: after disruption. 

Analysing the possibilities of further development of the TSP programme, we, 
together with researchers at the Efremov Institute, came to the conclusion that, on 
the basis of TSP energetics, in future it will be possible to develop a tokamak with 
a strong field (up to 9 T) and a current of 10 MA, with geometrical dimensions simi
lar to those of DIII-D, namely: R = 1.9 m, a = 0.6 m, b/a « 2. Plasma heating 
in such a tokamak could be effected by a high energy deuterium beam (0.5-1 MeV) 
with a full power of 10 MW. 

In the case of D-T reaction, such a tokamak would conform to Q = 5-10. It 
would differ from the CIT project by having less energetics (4-5 GJ), shorter pulse 
duration (5-10 s) and rather poor neutron protection. Such a tokamak could allow 
only single D-T pulses. However, if it were filled with 3He, it can be expected that 
in the discharge process, owing to reactions with energetic D + ions, a large number 
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FIG. 6. Mapping of magnetic surfaces in TSP, Ip =' 100 hi, B = 1 T. 

of fast D-3He protons would be accumulated in the plasma, with a total energy 
comparable with the energy of hot a particles in a tokamak reactor. Calculations have 
shown [19] that a significant population of D-3He fusion protons with values of 
/?p//? « 0.03-0.04, close to /3a/;6 in ITER, may be obtained. This population pos
sesses the main features of the a component in a reactor and may be successfully used 
for experimental simulation of reactor relevant alphas prior to direct tritium 
experiments. 

Beam-target D-3He reaction power is 20% of a power in the same conditions 
in TSP-2 D-T plasma, which will provide the possibility to study subignited regimes 
with a neutron wall load 3 orders of magnitude smaller than in D-T ignited dis
charges. In the TSP-2 3He discharges a significant population of D-3He fusion pro
tons will be accumulated. The corresponding value of /8p will exceed by a sufficient 
margin the critical beta value, /3cr, for TAE instability. This should provide an 
opportunity for experimental study of TAEs in a wide range of plasma parameters. 

4. CONCLUSIONS 

(a) On the basis of the facts discussed above we consider it possible to make the 
conclusion that on TSP the period of creation and development of the basic ener
getics is finished. We believe that at the end of 1992 operation with two 
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flywheel generators will be established, which will make it possible to obtain 
a magnetic field in the compressed column of up to 9 T and a total current I up 
to 500-700 kA. 

(b) Preliminary experiments with current Ip up to 150 kA have shown that the 
plasma column in the actual geometry of the multipole magnetic fields of the 
TSP inductor is sufficiently stable both vertically and horizontally. The role of 
stray magnetic fields is insignificant. 

(c) The heavy impurity flow from the chamber wall revealed in the first experi
ments will be diminished by boronization of the wall, using the technique of 
decomposition of carboranes in a helium glow discharge, which was used on 
the tokamaks T-11M and T-3M. 

(d) Preliminary ICH (up to 4 MW) in the regime of small addition of H or 3He 
wUl be planned for TSP with two (or four) antennas located along the torus. The 
control experiments carried out on T-11M have shown that boronization 
improves significantly the conditions of ICH, decreasing flows of impurities 
and hydrogen from the wall by several times, which allows the heating power 
to be increased. 

(e) Discussions are being held on the next step, TSP-2, a tokamak with a strong 
magnetic field based on TSP energetics, which would allow QDT « 5 and 
make it possible to model the behaviour of hot a particles in the regime 3He 
+ energetic beam of deuterons (0.5-1 MeV). 
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DISCUSSION 

B. COPPI: Could you be more specific as to whether you succeeded in 
obtaining reliable equilibria in TSP, given the difficulties posed by the absence of a 
'classical' transformer in the machine? 

S.V. MIRNOV: Yes, you are right, our equilibrium problems are all due to the 
absence of a 'classical' transformer. 
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Abstract 

CONFINEMENT AND STABILITY OF VH-MODE DISCHARGES IN THE DIII-D TOKAMAK. 
A regime of very high confinement (the VH-mode) has been observed in neutral beam heated deu

terium discharges in the DIII-D tokamak with thermal energy confinement times up to =3.6 times that 
predicted by the ITER-89P L-mode scaling and 2 times that predicted by ELM-free H-mode thermal 
confinement scalings. This high confinement has led to increased plasma performance, KD(0)7}(0)T£ 
= 2 x 1020 m~3 keV sec with /,, = 1.6 MA, BT = 2.1 T, Ze!S < 2. Detailed transport analysis shows 
a correspondence between the large decrease in thermal diffusivity in the region 0.75 s p s 0.9 and 
the development of a strong shear in the radial electric field in the same region. This suggests that stabili
zation of turbulence by sheared E X B flow is responsible for the improved confinement in VH-mode. 
A substantial fraction of the edge plasma entering the second regime of stability may also contribute 
to the increase in confinement. The duration of the VH-mode phase has been lengthened by feedback 
controlling the input power to limit plasma beta. 

1. INTRODUCTION 

The viability of a tokamak as a fusion reactor depends on the simultaneous 
achievement of good confinement and high beta. We report here the observation 
of a regime of high confinement (VH-mode) [1,2] in DJJI-D, with global thermal 
energy confinement times up to twice those predicted by the JET/DIII-D ELM-
free H-mode scaling [3], corresponding to global energy confinement times up 
to 3.6 times those predicted by the ITER-89P L-mode scaling [4]. These high 
confinement times are observed even close to the predicted MHD beta limit. 
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2 Permanent address: Lawrence Livermore National Laboratory, Livermore, CA 94550, USA. 
3 Permanent address: Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA. 
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In this paper, we will describe the operational conditions needed for 
VH-mode, including the role of discharge shape. Transport in VH-mode and 
H-mode discharges will be compared, and possible mechanisms for the improved 
confinement will be discussed. The MHD instability which usually terminates 
the VH-phase will be described, along with possible means of avoiding the insta
bility and extending the duration of this mode of operation. Recent experimental 
work has concentrated on experiments at 1.6 MA, 2.1 T to evaluate the cause 
of the improved confinement, and we report those results here. 

2. V H - M O D E DISCHARGE CHARACTERISTICS 
A N D DISCHARGE EVOLUTION 

The VH-mode regime of high confinement was observed in DIII-D follow
ing boronization of the vessel wall in May 1991 [2]. Discharges with distinctive 
VH—mode characteristics have since been obtained over the range of 1.0 MA 
< Ip < 2 MA, 4 MW < PNBI < 16 MW, and 1.7 < B T < 2.1 T. The high con
finement times are observed at high values of normalized beta, /3j\r = #r / ( I /aB) 
(% T-m/MA) 2<(3N< 3.5, and high # r , fa < 4%. This high confinement at 
high beta has led to increased plasma performance: n<j(0)T,(0)TE = 2 x 10 2 0 m - 3 

keV sec with Ip = 1.6 MA, BT = 2.1 T, £eff < 2. 
The most distinctive feature of the VH-mode discharge is the increase in 

the thermal energy confinement time during the ELM-free phase of the beam 
heating pulse. VH-mode develops out of the H—mode during the ELM-free 
period. The temporal evolution of a VH-mode discharge and an H-mode dis
charge with a long ELM-free period are compared in Fig. 1. Both are deuterium 
discharges with the same level of constant, deuterium neutral beam injection 
power (9 MW), high triangularity, S w0.85, and double-null divertor (DND) 
configuration. An L-H transition occurs shortly after the start of beam in
jection, as is seen by the drop in the divertor D a emission. After the initial 
rise in r following the L—H transition, the thermal energy confinement time of 
the H-mode decreases slightly during the ELM-free phase as the loss power 

(•ftoss = -PABS — dW/dt) increases, consistent with Pj~oss confinement deal
ings. In contrast, the thermal energy confinement time in the VH-mode con
tinues to increase during the ELM-free phase, although the loss power, plasma 
energy, and /? continue to increase. In many discharges, there is an appar
ent "transition" over tens of msec, during which there is substantial change 
in the interior toroidal rotation and radial electric field and the confinement 
increases more rapidly. In discharges where the transition is identifiable, the 
transition occurs at /3P 2; 1. With a constant input power greater than 8 MW, 
the plasma beta and the energy confinement time continue to increase until 
the VH-mode phase is terminated by a global MHD event near the predicted 
beta limit: in the case shown (3jf reaches 3.1. The peak in the energy con
finement time just before the VH-mode termination is more than twice that 
predicted by the JET/DIH-D ELM-free H-mode thermal energy confinement 
scaling, r J E T / D I „ _ D = 0.106 Ip-

03 (MA) P~0A6 (MW) R1A8 (m). Following the 
termination of the VH-phase, the discharge reverts to an ELMing H-mode, with 
a confinement equal to that predicted by H-mode scaling relations. 
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Fig. 1. Temporal evolution of VH-mode and ELM-free H-mode. Solid curves are for 
1.6 MA, double-null divertor, VH-mode; dashed curves are for 2.0 MA double-null divertor 
ELM-free H-mode. r ™ , thermal energy confinement time; D a , deuterium a emission 
from the divertor region; /3jf, normalized beta. Data used in the calculation of confinement 
times are averaged over 40 msec. 

There are several additional characteristics and operational requirements 
of VH-mode. VH-mode is obtained during the long ELM-free phase of the dis
charge and the high confinement regime is almost always terminated with the 
beginning of ELMs. VH—mode is obtained with low radiated power, low ohmic 
target density («3 X 10 1 9 m - 3 at 1.6 MA), low recycling, and high triangularity, 
conditions previously recognized as important in obtaining long ELM-free peri
ods. Discharges with higher target densities and higher recycling have a shorter 
ELM-free period; and as a consequence of the earlier onset of ELMs, have a 
lower peak energy confinement time. Even following boronization, five to eight 
minutes duration of helium glow discharge cleaning between tokamak discharges 
is required to maintain the low target density and low recycling in order to reli
ably obtain VH-mode discharges. It is felt that one of the key consequences of 
boronization is the ability to produce moderate to high current discharges with 
high beam power and low target density. Prior to boronization, locked modes 
and/or radiative collapse limited the performance of H-mode discharges [2]. 
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The radiated power in VH-mode discharges is significantly reduced over 
tha t of H-modes obtained prior to boronization. In H-mode discharges prior t o 
boronization, the radiated power increases throughout the ELM-free phase, and 
at high current (J p > 2 MA), the ELM-free phase is often terminated when the 
radiated power reaches « 7 0 % of the input power. The radiation profile of these 
discharges is nearly flat, with the high central radiation caused by the accumu
lation of metal impurities. The radiated power in the VH-mode discharges is 
typically less than 30% of the input power and the radiation emission is strongly 
localized near the plasma edge. This low radiated power is correlated with a 
significant reduction in metal impurity radiation; a consequence of improved 
edge plasma shielding, reducing the impurity influx in VH-mode discharges [5], 
and the boron coverage of the metal vessel wall. 

The enhanced confinement in the VH—mode may be associated with a 
large current density near the plasma edge. The high edge current density may 
play a significant role in establishing the improved confinement or it may be 
a consequence of the high confinement. This edge current is deduced from the 
MHD equilibrium reconstruction which derives from the measured pressure pro
file, the external magnetics, and the internal field pitch angle calculated from 
the motional Stark effect measurement [6]. Transport analysis using measured 
thermal plasma profiles shows this edge current t o be boots t rap driven current. 
In discharges where the edge current density was suppressed by an applied neg
ative E M F (a negative current ramp) , the peak energy confinement t ime was 
significantly reduced compared to non-ramped discharges. This observation is 
in contrast t o other current ramp experiments in L—mode limiter plasmas where 
negative current ramps and the increase in the internal inductance resulted in 
an increase in the confinement compared to non-ramped discharges at the same 
value of current [7]. 

3 . G L O B A L E N E R G Y C O N F I N E M E N T 

The energy confinement of VH-mode discharges is nearly twice that of 
other ELM-free discharges, see Fig. 1. This increase in the thermal energy con
finement taken a t the peak value during a discharge is compared to the J E T / 
DHI -D ELM-free H-mode thermal confinement scaling in Fig. 2: the solid curve 
represents 2 times T J E T / D I I I - D scaling. Many VH-mode discharges reach two 
times T J E T / D I I I - D - We have not yet completed enough systematic single param
eter scans to perform a statistically defensible regression analysis, however, the 
da ta are consistent with T E oc JpP]~Qg^ [2]. 

The highest peak energy confinement in DIII -D discharges is observed at 
high triangularity in VH-mode. The confinement of single-null divertor (SND) 
discharges with triangularity, 6 w 0.7, is only slightly less than tha t of the DND 
discharges, and the discharge evolution is very similar. At lower triangularity 
(below 6 « 0.5), the peak energy confinement is further reduced, the ELM-free 
phase terminates smoothly with the commencement of small ELMs, and we do 
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not observe what we call the VH-mode. The dependence of the peak energy 
confinement on the triangularity is shown in Fig. 3. Even following boronization, 
during ELM- free SND discharges with S » 0.3, TE 5 l -2T J E T /D l n_D . 

4. PROFILES A N D T R A N S P O R T 

The high energy confinement of the VH-mode is seen to coincide with 
the broadening of the steep density gradient and temperature gradient region 
for both electrons and ions in the outer portion of the plasma. A comparison 
of the measured profiles for 1.6 MA double-null divertor L-mode, H-mode, and 
VH-mode discharges is shown in Fig. 4. The shapes of the electron temperature 
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Fig. 4. Comparison of the kinetic profiles for VH-mode (solid), H-mode (dashed), L-mode 
(dotted); T e , electron temperature, from Thomson scattering [8]; T,-, ion temperature, 
from charge exchange recombination spectroscopy [9]; n e , electron density, from Thomson 
scattering and two infrared interferometer chords; Zea, effective ion charge, deduced from 
bremsstrahlung emission [10]. 
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and ion temperature profiles in the central region of the L—mode and H-mode 
discharges are similar. The H—mode has a noticeable increase in the temperature 
and density near the boundary resulting in large gradients outside p « 0.9. 
These strong gradients outside p « 0.9 give what some refer to as an edge 
"pedestal" in the plasma energy. In VH-mode the steep gradients in the electron 
temperature, the ion temperature, and the electron density all extend further 
into the plasma, typically t o p s 0.8. There is a very noticeable increase in 
the temperature gradient near p « 0.8 from H-mode to VH-mode. Note that 
the electron density in VH-mode is quite high, ne > 6 X 1019m~3, and as a 
consequence of the high n e , the ion and electron temperatures are nearly equal 
and the fast ion energy content is less than 10% of the total plasma energy. The 
ion and the fast ion content can be higher in lower current and lower density 
discharges. The ZeR profile for both H-mode and VH-mode is slightly hollow 
with Zgff w 1 near the center and increasing to wl.5 to 2 near the boundary 
(approximately equal B and C contributions). 

To better understand the cause of the improved confinement, the local 
transport characteristics of the discharges are compared. In general, ELM-free 
H-mode and VH-mode are continuously evolving and time dependent transport 
analysis is required. The L—mode discharges are quasi-stationary and a single 
time independent transport analysis suffices. MHD equilibria are reconstructed 
from the poloidal magnetic measurements, the diamagnetic measurement, the 
poloidal field pitch from Motional Stark [6] measurements, and the kinetic pres
sure. The kinetic pressure profile is constructed from the measured T e , Tj, 
n e , Zef[, and the calculated fast ion content. The transport coefficients are 
calculated in the code ONETWO [11], using the reconstructed equilibria, the 
measured profiles (T e , Tj , n e , Zen, Prad)> and the calculated beam deposition 
and slowing down as input. Because Te and T^ are quite close and the electron 
density is high, there is a large uncertainty in the ion electron transfer term. 
Thus, a single fluid thermal diffusivity is used, Xeff = — <feff/(«eVTe + n,-VT;), 
where qea is the heat flux. 

The improvement in confinement from L-mode to H-mode is a conse
quence of the development of a transport barrier at the edge of the discharge, p > 
0.85. The further improvement in confinement from H-mode to VH-mode can 
be viewed as a broadening of this transport barrier into p SB 0.75. The L-mode 
discharge exhibits a steeply rising thermal diffusivity towards the plasma bound
ary. In H-mode, the diffusivity is reduced over most of the discharge, including 
the bulk, but most noticeably in the edge, beyond p w 0.85, Fig. 5-

Comparing VH-mode to H-mode, Xeff further reduces in the outer region 
of the plasma, especially in the region of 0.75 < / ) < 0.9. Inside p « 0.6 the 
change in the thermal diffusivity is within the error bars. These changes in the 
thermal diffusivity can be inferred directly from the profiles shown in Fig. 4. 
In L-mode the gradients are all quite weak near the boundary, p ^ 0.8. In 
H-mode, a steep gradient develops in T e , Ti, and ne outside p « 0.85 to 0.9. In 
VH-mode, the steep gradient in all the profiles extends into p « 0.75 to 0.8. A 
number of 1.6 MA H-modes and VH-modes have been analyzed, and although 
the details of the thermal diffusivity profile change, the general features in Fig. 5 
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Fig. 5. Comparison of transport results and radial electric field for VH-mode (solid), 
H-mode (dashed), and L-mode (dotted). Xeff" single fluid difFusivity; JBS. calculated 
bootstrap current; Er, radial electric field. 

are reproduced. It is the transport in the region between 0.75 < /> < 0.9 that is 
reduced from H-mode to VH-mode and is largely responsible for the improved 
confinement. 

The calculated bootstrap current density and the radial electric field shear 
are also shown in Fig. 5. The bootstrap current in the well developed VH-mode 
peaks at p « 0.85. The radial electric field is calculated from the rotation-
induced Doppler shift in the CER CVI emission [9], and the CVI pressure gra
dient: Er = v X B + (l/nipi)VPi. The H-mode develops a shear in the radial 
electric field in the outer region, primarily at p 2; 0.9. In the VH-mode this 
radial electric field extends inward to p ss 0.7. 

5. V H - M O D E T E R M I N A T I O N 

The VH-mode phase is often terminated by a global MHD event near 
the expected beta limit. An example of VH-mode termination is shown in 
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Fig. 6. VH-mode termination, (a) Plasma energy ( W M H D ) I amplitude of n = 1 magnetic 
fluctuations, Be, (b) soft X-ray emission from three chords, D a emission from the divertor, 
(c) expanded trace of magnetic probe signals, Be, (d) expanded trace of soft X-ray emis
sion and D a emission from the divertor. 

Fig. 6. The event is initiated by an n = 5 MHD mode rotating in the electron 
diamagnetic drift direction. The mode grows on a timescale of 20 to 50 /xsec 
[Fig. 6(b)]. Mode numbers n = 3 to 5 are typically observed in other discharges 
and in some cases an n = 1 mode which grows on a timescale of tens of msec 
is observed on the magnetics and the central SXR emission leading up to the 
termination. Rapid drops in edge SXR emission and a rise in D a begin during 
the growth of the n = 5 mode and extend to the central SXR chord within 
300 jtsec. From Thomson scattering, a drop in the electron temperature as 
much as a factor of 2 is sometimes observed within 20 msec of the appearance of 
the n = 1 mode and the D a spike. Using experimental equilibria at peak beta, 
ideal kink stability calculations with the code GATO [11] show ideal modes with 
n = 2, 3, 4 to be unstable and n = 1 near marginal stability, consistent with 
the observed modes. 

This instability and termination of the VH-mode phase tend to become 
more violent (global with greater prompt energy loss) as fi increases. In dis
charges with lower input power and lower (3, the MHD event appears more 
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localized to the edge. The MHD mode at the event in the lower f) case is still 
typically 2 < n < 5, but is a lower amplitude mode. The similarity between the 
MHD event for a hard termination and a soft termination indicates that the un
derlying physics may be the same. The global MHD event occurs at normalized 
beta values of 2.5 < /3JV < 3.5, in agreement with the expected beta limit of 
diver tor discharges with high edge current density [9]. The coupling to the n = 1 
mode may result in the global character of the termination and the substantial 
prompt energy loss. The avoidance of the n = 1 either through current profile 
control or maintaining lower beta might prevent the abrupt global termination. 

6. PROGRESS TOWARD LONG-PULSE 

ENHANCED CONFINEMENT 

Two techniques have been found which allow operation for longer duration 
with confinement substantially above that of ELM-free H-mode confinement as 
predicted by JET/DIII-D scaling. The first of these is to feedback control the 

TIME (msec) TIME (msec) 

Fig. 7. Long pulse enhanced confinement discharges: (a-c) Feedback on the input power; 
(d-e) ELMing discharge: Tg (solid), thermal energy confinement time; " O E T / D I I I - D 
(dashed), predicted energy confinement from JET/DII I -D scaling; P N B I . injected neutral 
beam power (dashed), average of injected power (solid); Ppr (dashed), normalized beta; D a 

(solid), deuterium a-emission from the divertor region. 
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neutral beam input power to maintain the plasma beta below the theoretically 
predicted beta limit. Using the digital control system [14], the beam power 
is feedback controlled to hold the diamagnetic flux constant by changing the 
chopping frequency and/or number of ion sources. With this feedback control 
scheme, the diamagnetic flux and fiw are held constant resulting in VH-mode 
discharges with ELM-free periods in excess of 1 sec, and r ™ >2 TJET/DIII-D f° r 

up to 0.6 sec. The temporal evolution of such a discharge is shown in Pig. 7(a-c). 
In a high triangularity SND discharge with moderate input power, substan

tially improved confinement is observed in the presence of small and frequent 
ELMs [Fig. 7(d,e)]. In this discharge, the confinement time develops similar 
to other VH-mode discharges following the L-H transition at 2030 msec. At 
2300 msec small and frequent ELMs commence as can be seen on the diver-
tor D a emission. The energy confinement time is greater than 1.5 times that 
predicted by JET/DIII-D scaling. 

Although true steady state VH-mode discharges have not yet been ob
tained, these two examples indicate the possibility. It is noted that for some 
time after the discovery of H-mode, ELMs often terminated the period of good 
confinement, and only later was it discovered that the ELMs could be used as 
a means to obtain near steady state H-modes. We anticipate with further eval
uation and experiment that we will be able to produce steady state VH-mode 
discharges in the future. 

7. DISCUSSION 

A plausible explanation for the increased confinement in VH-mode is the 
expansion of the region of sheared E X B stabilization of microturbulence. The 
correspondence between the development (temporally and spatially) of the in
creased shear in the radial electric field and the decrease in the calculated dif-
fusivity supports this model. This is a well-developed model for explaining the 
improvement in edge confinement in H-mode plasmas [15,16]. In the H-mode 
the shear in the radial electric field is strongest in the region beyond p w 0.85, 
and likewise, the reduction in transport from L-mode to H-mode is largest in 
this region. In a typical evolution of a VH-mode discharge, from 100 msec fol
lowing the L—H transition to «400 msec following the transition, the energy 
confinement time and the calculated profile of thermal diffusivity and radial 
electric field remain nearly unchanged (rg may increase slightly). As the en
ergy confinement begins to increase more rapidly, the radial electric field at 
p «0 .6 increases rapidly and the electric field shear increases. At this same 
time the relative density fluctuations, nc/ne, measured by infrared scattering 
decrease [17]. 

The change in the radial electric field occurs primarily in a few tens of 
msec and leads the change in the temperature and density profiles. The region 
of strong radial electric field shear in VH-mode extends from 0.65 < p < 1 
compared to 0.85 5 p < 1 for H-mode discharges. This expansion of the strong 
shear region corresponds to the observed expansion of the transport barrier 
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in VH-mode and the substantial reduction in thermal diffusivity in the region 
0.75 < p < 0.9 of VH-mode. 

Another possible explanation for the improvement in confinement in 
VH-mode is expansion of the region of second stability to ballooning modes 
near the plasma boundary. There are three mechanisms by which second regime 
access could lead to reduced transport: (1) Stabilization of ideal and/or resistive 
ballooning modes [18] in the plasma edge could lead to the improved confine
ment. The edge temperatures in VH-mode are substantially higher than in 
H-mode and the edge collisionality is lower; and resistive ballooning modes are 
therefore likely to be more easily stabilized. Second regime stability to ideal 
modes alone is not singularly sufficient for the improvement in edge transport 
since there are a number of Dili—D H-mode discharges with edge region second 
regime access, but with little or no improvement in confinement. (2) Second 
regime access of the plasma edge alters the character and increases the stabil
ity of ELMs [19]: the absence of ELMs is required for the best confinement 
discharges. (3) Local shear reversal in the unfavorable curvature region, high 
j3p, and strong shaping are favorable for drift reversal of trapped particles and 
stabilization of trapped particle modes, and could lead to reduced transport in 
low collisionality plasmas. Second stability regime access near the plasma edge 
is a consequence of the large edge current density in moderate q (g Z. 4) shaped 
plasmas. Using simulated equilibria, the volume of the plasma in the second 
stability regime near the plasma boundary is shown to increase with increasing 
edge current density [2]. 

A high edge bootstrap current is a natural consequence of the operational 
conditions for which VH-mode is obtained. Low target density, low recycling, 
and significant input power lead to low edge density, high edge temperature, 
and low edge collisionality. The low edge collisionality and the high pressure 
gradient observed in H-mode discharges lead to high edge bootstrap current. 

8. CONCLUSIONS 

Discharges in DIII-D with substantially improved confinement have been 
obtained over a large range of parameters. The exact cause of the improved 
transport is still being investigated, but stabilization of microturbulence by 
sheared E X B flows seems to be a good model. Steady-state VH-modes with 
density control by ELMs might be possible. With improved stability Emits, the 
very high confinement observed in VH-mode discharges might provide a path 
to a more compact, economically attractive tokamak reactor and could provide 
a significant margin for ignition in ITER. 
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DISCUSSION 

Y. KAMADA: Did you observe any change in VH mode termination behaviour 
with changing q95, ^ or triangularity? 

T.S. TAYLOR: We have observed little change in the VH mode termination 
at different values of q95 and f-. In lower triangularity single null divertors, the ELM 
free phase terminates with the onset of small ELMs at lower /?. 

J. JACQUINOT: Could you comment on the value of the particle diffusivity 
during the VH phase? 

T.S. TAYLOR: As yet, we have no direct measurement of the particle difftisiv-
ity in VH mode discharges. However, the decay of the emission from high charge 
states of metal impurities following impurity bursts gives an impurity confinement 
time approximately twice that of the energy confinement time. 
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F. WAGNER: The radial extent of the transport barrier with respect to the 
poloidal gyroradius is of great importance for H mode transition theory. What do you 
conclude from the observation that the transport barrier expands at the L-H-VH 
transition? 

T.S. TAYLOR: In 1.6 MA VH mode discharges, the transport barrier extends 
~4-6 cm into the plasma from the edge at the outer midplane (low field side). This 
barrier width is ~ 2 times greater than that in H mode discharges. The ion poloidal 
gyroradius is ~ 1-1.5 cm. At the H-VH transition, the wider transport barrier and 
the extended region of strong electric field shear develop on a shorter time-scale than 
the time-scale for the change in the profiles, as is observed at the L-H transition (see 
Ref. [16]). These observations suggest that the ion poloidal gyroradius is not the key 
physics parameter in determining the width of the transport barrier. 

L. LAURENT: What causes termination of VH modes when there is a feedback 
stabilization of /3? 

T.S. TAYLOR: The termination of the VH mode phase in the case of feedback 
stabilization on the input power to maintain constant /3 (/8n = 2.5% T-m/MA) is 
similar to that of other VH modes. We believe that this termination is associated with 
the approach to the /? limit. The /3 limit is expected to decrease with increasing current 
density near the plasma boundary and with decreasing internal inductance. In longer 
duration VH mode discharges, the current density profile has more time to relax to 
a profile with higher edge current density and lower internal inductance. 
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Abstract 

HIGH POWER HEATING OF 7 MA LIMITER PLASMAS IN JET. 
The limiter phase of the JET programme has been successfully completed with a campaign of high 

power heating of long pulse 7 MA plasmas. The paper describes technical performance issues of interest 
to future devices such as the current rise phase, volt-seconds economy and flux savings achieved by 
lower hybrid current drive. The confinement data complete an L-mode set which now extends from 1 to 
7 MA, with heating power up to 30 MW, and challenge models of transport. The degradation in cleanli
ness with increasing heating power is very marked at 7 MA, as a result of the short scrape-off length 
at high current. This is a major limiting factor in the fusion performance. 

1. INTRODUCTION 

The first demonstration of 7 MA plasmas in 1988 was reported in Ref. [1] with 
essentially no flat-top, low q^ (q^ ~ 2.5) and Ohmic heating only. In 1990 experi
ments, q^ was raised to —3.3, the flat-top extended to ~ 3 s and additional heating 
experiments were started [2]. However, these experiments were terminated by vessel 
damage following disruptions. Promising experiments on fusion performance optimi
zation by sawtooth suppression and density profile peaking in JET limiter discharges 
were reported in Ref. [2]. The objectives of the recent series of 7 MA experiments 
reported here were twofold — firstly, to demonstrate that high current plasmas could 
be run reliably and safely, and, secondly, to extend flat-tops to the maximum in order 
that useful confinement data could be obtained up to the maximum available addi
tional heating power. 

2. THE PLASMA SCENARIO 

It will be necessary in ITER to ramp up the plasma current quickly, stably and 
reliably in order to reach ~30 MA in ~60 s. 7 MA plasmas in JET are as close as 
one can get in the present generation of large tokamaks to the conditions required for 
plasma startup in a reactor, and it is therefore worth reporting in some detail the oper-

1 See Appendix to IAEA-CN-56/A-1-1. this volume. 
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ational scenario. Just as in a reactor, in JET at 7 MA, volt-seconds economy is of 
the essence, the final discharge is low q (q^ ~ 3), and disruptions must be avoided 
or neutralized. 

The most dangerous phase during startup is the passage through q^ ~ 4 which 
if the current profile is still hollow can be highly unstable leading to the growth of 
m = 4, n = 1 modes. If these become stationary, they can persist for long times 
(5-10 s) and lead to disruptions at high current [3]. In JET the optimum strategy is 
to employ strong aperture expansion to promote current penetration, to pass q̂ , = 4 
at low current and to continue the current ramp at constant q^ by a controlled 
increase in minor radius and elongation. By these means current ramps as fast as 
1 MA/s are achieved in JET, and in the latest series of experiments a reliability of 
98% was achieved for this phase of the ramp. In fact, the only example of a persistent 
stationary mode in this campaign of 60 successive ramps to 5 MA and above 
occurred as a result of current profile flattening from the early application of LHCD. 
However, the plasma was successfully aborted by the detection of this mode by the 
Plasma Fault Protection System (PFPS), and high current disruption was avoided. 
The final ramp from 5 to 7 MA was at the slower rate of 0.5 MA/s to avoid elonga
tion overshoot and unwanted contact with in-vessel components. The final 7 MA 
equilibrium at q̂  = 3.3 essentially fills the chamber with clearances of a few cen
timetres from x-point dump plates and inner wall maintained through the flat-top. 

The flat-top duration at 7 MA was extended from 3 to 8.5 s by the use of the 
full flux swing and by the application of LHCD during the rise (after the q̂ , = 4 
passage). The flux swing of 37 V-s due to the primary alone translates to 28 V-s at 
the plasma boundary of which the internal inductive flux is 20 V • s and the resistive 
flux consumed to the end of the flat-top is only 8 V -s. The application of 2 MW of 
LHCD for 5 s provides a flux saving of about 1.4 V • s of which 0.9 V • s are resistive. 
Although these flux savings are small in absolute terms, they are significant com
pared to the resistive flux and contribute about 2 s (i.e. 25%) to the flat-top time. 

Since the plasma is expanding during the ramp-up and moves off the RF antenna 
tiles onto the belt limiters and continues to recede from the RF antenna tiles as the 
elongation increases it was necessary to follow this movement with the LHCD 
launcher in order to maintain low reflected power. 

. Up to 16 MW of NBI and 12 MW of ICRF were then applied progressively 
over a number of pulses. The first attempt at full power combined heating led to the 
only 7 MA disruption out of 50 7 MA pulses as a result of insufficient limiter condi
tioning. In the 1990 campaign the two 7 MA disruptions led to forces on the vessel 
of ~400 t as a result of loss of vertical position control early in the current quench 
and caused in-vessel component damage. In the recent disruption, the precursor was 
detected by PFPS which initiated a fast ramp-down of the shaping fields such that 
vertical position was maintained down to < 2 MA in the current quench and the ves
sel forces were only 30 t. This technique of disruption amelioration has been rou
tinely applied to up-down symmetric configurations for the last year and has proved 
reliable [4]. 
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3. HEATING AND CONFINEMENT RESULTS 

Both H and 3He minority RF schemes were optimized for the 7 MA pulses. As 
a result of the high elongation the distance from plasma to RF antenna was large and 
hence the coupling resistance low. In these circumstances, it proved possible to cou
ple only ~5 MW with the 3He minority but up to 12 MW with the H minority. In 
this latter case the RF resonance was ~ 30 cm off-axis because of the large paramag
netic effect. In such sawtoothing discharges the inversion radius is large, and, as a 
result, the off-axis resonance position had little effect on the heating efficiency. Neu
tral beam heating was also applied to bring the heating power up to 28 MW as shown 
in the example of Fig. 1. At these high powers the density rises to ~ 1020 m~3 and 
in consequence the electron and ion temperatures are somewhat low, ~ 3-4 keV. The 
thermal stored energy reaches < 12 MJ in this case, with negligible fast ion energy. 

Pulse No: 27909 

FIG. 1. Various time traces for a long pulse, 7 MA plasma with lower hybrid ramp assist and high 
power additional heating. 
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5-7 MA limiter data 1992 
14. 

0 10 20 30 
PT0T - dW/dt (MW) 

FIG. 2. Thermal stored energy plotted against loss power for a plasma current of 7 MA. 5 and 6 MA 
data from the same series of pulses are also shown. 

Reference shots of similar duration were taken at half power (RF only) and at full 
and half power at both 5 and 6 MA (with the same toroidal field and plasma shape) 
but useful confinement data with a heating flat-top of 1.5-2 s were obtained in fifty 
7 MA shots. 

The thermal stored energy is shown in Fig. 2 plotted against loss power 
(Pt0, - dW/dt) for the 5-7 MA pulses of the series. It can be seen that at low power 
the 5, 6 and 7 MA data overlap but that at the highest power the stored energy 
improves with plasma current. It can also be seen in the figure that the stored energy 
increases linearly with power over the whole range and that the offset term (Ploss = 0 
intercept) is small. The energy replacement time at high power is typically 0.4 s, with 
an incremental time of 0.3 s. Although the data at the highest power are in line with 
the expectations of global scaling models (Goldston, ITER-P) the Ohmic and low 
power data depart from the scaling by a factor of 2. Re-examination of earlier con
finement data at 5 and 6 MA, in fact, shows a variation of as much as a factor of 2 
at moderate and low power, again not predicted by the scaling laws. This variation 
appears to depend on density, heat deposition profile and possibly also upon q. 
Interestingly, sawtooth free pulses at 5 and 6 MA show the largest departure from 
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the scaling expectation if the thermal energy only is considered, but show total (ther
mal and fast ion) energies comparable to expectation. 

Local transport analysis has been carried out also on this data set, and the ther
mal diffusivity outside the sawtooth region (at r/a = 0.75), \ ~ 1 m2/s, is found to 
be independent of heating power. A full treatment of this analysis will be presented 
elsewhere [5]. 

The Rebut-Lallia model predictions have been compared in detail with the data 
for a long pulse, high heating power, 7 MA pulse. The predicted global stored 
energy, electron temperature and density profiles agree very well during the heated 
phase when the effects of sawteeth are included. The density dependence in the model 
critical electron temperature gradient gives rise to a global density dependence of 
W oc n£6. Since the density is strongly correlated with the input power in the 
experiment the apparent lack of degradation of confinement is consistent with the 
model predictions. A key test of the model lies in the details of the ohmically heated 
and ohmic-to-additionally heated transition, and a more quantitative comparison of 
such data is being undertaken. 

4. IMPURITY BEHAVIOUR AND FUSION PERFORMANCE 

Although the 7 MA plasmas were balanced magnetically between the two belt 
limiters the heat loading was predominantly on the top beryllium belt limiter rather 
than the lower carbon belt limiter. This asymmetry between belt loading is a result 
of differences between the electron and ion drift sides of the limiters and is normally 
balanced by displacing the plasma vertically. This was not possible for these high 
elongation plasmas because of contact with in-vessel components not designed for 
high heat flux. Also the scrape-off length is very short at 7 MA (~4 mm). It is not 
surprising therefore that significant local melting of beryllium occurred and that 
beryllium was the dominant impurity reaching concentrations of ~ 10%. Carbon con
centrations were typically a few per cent. Oxygen concentrations were < 1%, chlo
rine concentrations ~2 X 10~3 and nickel concentrations <2 X 10~5. 

Figure 3 shows the strong degradation of deuterium concentration with increas
ing power per particle for 7 MA data. For comparison, 5 and 6 MA data are shown 
with carbon limiters, with carbon limiters and beryllium evaporation, with two beryl
lium limiters and with one limiter, each of carbon and beryllium. The spread in the 
5 MA data is associated with different limiter materials, conditioning and the gas feed 
scenario. The freshly installed beryllium limiter gave the cleanest plasmas when 
strong gas puffing was employed to counter the effects of local melting. Carbon 
limiters conditioned by beryllium evaporation or by extensive glow discharge clean
ing gave plasmas almost as clean. The recent 7 MA data behave in a manner similar 
to earlier 5 MA data on the beryllium limiter without gas puffing or on poorly condi
tioned carbon limiters. This suggests either that the gas puffing in the 7 MA case was 
insufficient or that the beryllium limiter has deteriorated with progressive melting. 
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5-7 MA limiter data 1988-92 
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F/G. 3. Deuterium concentration (np/nj plotted against power per particle (PTo^(.ne) MW/1019 m'3) 
for plasma currents of 5, 6 and 7 MA. Note that the 5 and 6 MA data include experiments with carbon 
belt limiters, carbon belt limiters conditioned by beryllium evaporation and beryllium belt limiters, in 
addition to the most recent mixed limiter configuration. 

Typical values of the fusion triple product nD(0) rE Tf(0) are in the region of 
1 x 1020 m"3-s-keV. The fusion performance if the 7 MA data are limited by the 
low ion temperature (a consequence of the high density) and by poor fuel concentra
tion at high power is as discussed above. The best fusion performance in JET limiter 
plasmas was attained in peaked density profile hot ion plasmas at 3 MA, where high 
values of T;/Te, r^lr^ and ne0/<ne> more than made up for shorter energy replace
ment times. 

5. SUMMARY AND CONCLUSIONS 

The demonstration of reliable 7 MA discharges heated at high power represents 
a level of technical performance which will not be exceeded until ITER is operating. 
It is very encouraging that such high current, low q^ discharges can be made very 
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reliable. Furthermore, the demonstration of active disruption amelioration techniques 
in such plasmas and consequent reduction of vessel forces by a factor of 10 makes 
the 30 MA, or so, required by ITER realizable. The scenarios employed for these 
7 MA plasmas are directly applicable to the startup phase of ITER and the demon
strated economical flux consumption and significant flux savings with LHCD are 
very encouraging. 

Less technically successful was the performance of the beryllium limiter during 
this campaign. The combination of progressive surface damage, the use of only one 
limiter, the short scrape-off length at high current and the high powers used rendered 
the impurity problem acute. These experiments graphically demonstrate that power 
handling, together with impurity and removal, remain major problems to be solved 
on the route to magnetic fusion reactors. These problems will be addressed in the 
forthcoming pumped divertor phase of JET. 

The energy replacement times of 0.4 s at high power at 7 MA are roughly in 
accord with expectation, but the confinement data as a whole contained some sur
prises. In particular, the Ohmic confinement is less than expected on the basis of 
global models but shows little degradation with additional heating. The Rebut-Lallia 
model predicts well the details of profiles and global parameters for the high power 
7 MA data and account for the apparent lack of confinement degradation.The 7 MA 
data complete a limiter confinement data set which now extends from 1 to 7 MA with 
a range of densities, toroidal fields and additional heating powers and will provide 
a rich resource for attempts to understand tokamak transport. 
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DISCUSSION 

R.J. HAWRYLUK: I would like to congratulate the JET group on the technical 
achievement of reliable 7 MA operation. I am, however, concerned about the perfor
mance of these discharges and how they extrapolate to ITER. In particular, the 
nD7ETi value appears to be much lower than that achieved in lower current enhanced 
confinement regimes in JET, TFTR, JT-60U and DIII-D. What was the neutron 
fluence in your high power shots? How does this regime extrapolate to ITER? 

P.J. LOMAS: The fusion yields of the 7 MA plasmas were low 
(;S1016 neutrons/s) as compared with high performance enhanced confinement 
regimes in such machines as JET, TFTR, JT-60U, Dffl-D. Note that the 7 MA 
plasmas were high density low temperature plasmas with a low deuterium concentra
tion. The confinement was nonetheless steady state. The confinement extrapolation 
to the ITER Conceptual Design Activity (CDA) on the basis of L-mode varies 
between 2 s (ITER-89P) and 4 s (Rebut-Lallia-Watkins local model). 

Y. KAMADA: I should like to point out that, regarding the confinement degra
dation at low q, it is important to include the effects, of J- and sawteeth. Usually ^ 
decreases as q decreases. What is the 4 dependence on confinement in your low q, 
high Ip discharges? 

P.J. LOMAS: I agree that sawteeth are important at low q. As far as the \ 
dependence is concerned, current ramp experiments (1.5 to 3 MA) have shown1 a 
dependence of I4/3 i?/3. In the low q, high current data the variation in ^ is small and 
correlated with q so it is not possible to distinguish between the effects of sawteeth 
and (i variations. 

1 CHRISTIANSEN, J.P., et al., in Plasma Physics (Proc. 19th Int. Conf. Innsbruck, 1992), 
Vol. 16C, Part III, European Physical Society (1992) 15. 
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Abstract 

H- AND L-MODE CONFINEMENT IN JT-60U. 
H-mode production and confinement have been studied in JT-60U, for a wide range of plasma 

parameters (Bt = 2-4 T, Ip = 1-4 MA, PNBI = 5-25 MW). A confinement enhancement factor over 
the ITER power law of up to 2.2 has been obtained in 4.2 T H-modes with wall conditioning and dis
charge optimization. A maximum plasma stored energy of 7.7 MJ, a fusion triple product of 
ni(0)Ti(0)rE of 2.5 X 1020 keV-s-m - 3 , a maximum ion temperature of 32 keV and a maximum elec
tron temperature of 9 keV were obtained in the hot ion H-mode regime. Progress has also been made 
in understanding the plasma confinement in the L-mode and ohmically heated plasmas, and factors such 
as isotope dependence, current profile effect, high aspect ratio confinement, thermal confinement scal
ing and ion transport anomaly have been investigated. 

1. INTRODUCTION 

One of the major objectives of the JT-60U tokamak is to improve energy con
finement in deuterium plasmas for high current, non-circular divertor operation [1]. 
While the H-mode is considered to be a basic confinement mode for ITER operation 
[2], the feasibility of exploiting the H-mode in future reactors is still unclear. One 
of the important questions is the extension of the H-mode to high magnetic fields and 
high power since future experimental and power reactors will operate at high field 
(4.85 T in ITER and 9T in SSTR [3]) and high power (300-600 MW for reactors). 

1 STA fellowship. 
2 General Atomics, San Diego, California, USA. 
3 JET Joint Undertaking, Abingdon, Oxfordshire, UK. 
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JT-60U is capable of studying the H-mode at high field (4.2 T at 3.32 m) and high 
power (30-40 MW). Neutral beam powers of up to 25 MW have been injected into 
4 T discharges to clarify the H-mode characteristics for this field. Another important 
subject is H-mode confinement at high aspect ratio (A = R/a ~ 4) where data are 
required to separate the collinearity of the existing confinement database. Present 
large divertor tokamaks such as JET and DIII-D operate at low aspect ratio, 
A = R/a < 3, while JT-60U is characterized by its relatively high aspect ratio 
(A = 3.3-4). It is intended to provide a confinement database in this regime to 
broaden the range of design parameters of tokamak reactors. Another important high 
/8p enhanced confinement (HPEC) regime in JT-60U, suitable for bootstrap induced 
steady state operation, will be described in a separate paper [4]. 

Extensive studies of plasma confinement in the L-mode and in ohmically heated 
plasmas have also been performed to contribute to the understanding of anomalous 
transport in tokamaks. Topics in this field are ohmically heated confinement, isotope 
dependence of L-mode confinement, L-mode confinement at high aspect ratio, 
thermal confinement scaling and transport understanding of the L-mode. 

H-mode confinement studies will be described in the next section. Progress of 
the plasma confinement understanding in L-mode and Ohmic plasmas will be 
described in Section 3. 

FIG. 1. Typical divertor configurations for H-mode studies. 
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2. H-MODE CONFINEMENT 

2.1. Experimental conditions 

Figure 1 shows typical single null divertor configurations used for H-mode 
studies. The configuration was optimized to reduce fast ion ripple loss. The maxi
mum field ripple of an elongated divertor configuration was limited to 1 %, in which 
the power lost by ripple loss was calculated to be ~ 15 % of the total heating power. 
Experiments were carried out so that the ion gradient B drift was directed towards 
a bottom X-point for a wide range of the toroidal field (Bt(Rp) = 2-4 T). The 
vacuum vessel of JT-60U has larger graphite coverage (nearly 100%) than other toka-
maks, which required a longer period for wall conditioning to reduce recycling and 
light impurities. High power neutral beams were injected through ten upper and 
lower slant ports (near-perpendicular) and two tangential ports. The beam energy of 
the experiments was typically 90-95 kV, with a primary beam power fraction of 
78 %. H-mode studies at high field and full graphite coverage are important for attain
ing a good H-mode in ITER. 

2.2. Power treshold and ELM 

The power threshold of the H-mode (P,h) increases with Bt as is shown in 
Fig. 2(a). The B, dependence of PA was more than linear within our present 
database (P^ ~ Bt'

5) although the dataset has some collinearity between Bt and r^ 
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at the transition. Edge localized modes (ELMs) occurred at relatively low den
sity (n,, = (2-3) x 1019 m - 3 ) , but the threshold increases with Ip (or ljBjVRq^) as 
shown in Fig. 2(b). Therefore, lower target densities (n,, < 1 X 1019 m - 3) were 
pursued so as to maximize the duration of the ELM free phase and to reach the hot 
ion H-mode regime. In 4 T discharges, L-to-H-mode transition became rather 
unclear in the low density regime, and confinement improvement became continuous 
with power. 

E16168 Wdia=7.7MJ. 
3.5MA.4.2T 

FIG. 3. Typical discharge characteristics of 4.2 Thigh power H-mode. 

10 

8 -

4 -

I I I I I 
•p=3.5MA,B1=4.2T,qeH=3.2 -

H-mode—*j& 
tfo 

o G o 

O -

\ 

L-mode 

ITER-89P 
1 I I I I 

10 15 20 25 30 

P .b . ' d W / d t < M W > 

10 
_ I =2.7MA,B1=4.2T )qe , |=4.3 

8 -

I 6 

xt 

5 4 

H-mode 
(ELM-free) ELMY-H 

% • 

o 

ITER-89P _ 

J L J I 
1 0 15 20 25 30 

P l b t - dW/dt (MW) 

FIG. 4. Stored diamagnetic plasma energy as a function of net heating power for 3.5 MA and 2.7 MA 
discharges. The plasma energy expected from ITER-89P is shown by closed circles. 



IAEA-CN-56/A-3-3 193 

2.3. Global confinement and temperature 

Figure 3 shows the time evolution of a typical H-mode discharge in the elon
gated divertor. The target density was kept at —1.5 x 1019m~3 to avoid locked 
modes in this low q regime. An L-to-H-mode transition occurred at t = 8.5 s, 
accompanied by an increase in dW/dt. The electron and ion collisionalities near the 
edge (0.95a) were roughly ~ 1 and —0.1 at transition, respectively. This transition 
is, however, rather weak, and no clear flattening of the density profile was observed. 
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Figure 4 shows the diamagnetic stored energy of 3.5 MA and 2.7 MA discharges as 
functions of the net heating power (Pabs - dW/dt, Pabs = Pm + P0H)- The confine
ment enhancement factors over ITER 89P scaling were 1.9 and 1.45 for 2.7 MA and 
3.5 MA cases, respectively. This performance was limited by the high threshold 
power(~16 MW) and an NB power level of 25 MW. The highest H-factor for 4.2 T 
H-mode discharges was 2.2 at Ip = 2 MA. During ELMy H-modes, an H-factor of 
1.4-1.6 was obtained. The global particle confinement time, rp, including particle 
fluxes in the divertor region, was measured by 15 channel Da measurement. Con
finement enhancement was correlated with improved particle confinement as is seen 
in other tokamaks. Figure 5 shows a comparison between rp and rE for L-and 
H-modes. The improvement in the particle confinement was not so significant as in 
other devices. 

In this mode of operation, high central ion and electron temperatures of up to 
32 keV and 9 keV, respectively, were obtained. Figure 6 shows typical temperature 
profiles. The edge electron and ion temperatures reached values of up to 2 keV and 
5 keV, respectively. Figure 7 shows central and edge ion temperatures as functions 
of heating power. For H-modes, the maximum D-D neutron rate of 2.3 x 1016/s 
and a maximum fusion triple product of 2.5 x 1020 keV-s-m -3 were recorded in 
the hot ion H-mode regime. 

The extension of the plasma performance was not limited by the occurrence of 
a carbon bloom but by the appearance of frequent ELMs. The cause of the ELM 
activity at low density has not yet been identified as the main plasma radiation was 
only 20-30% of the heating power. 

P a b j (MW) P> b j /r74(10-1 9MWm3) 

FIG. 7. Central electron and ion temperatures (Tj0, T^) and edge ion temperature (Ti9S)for 4.2 Thot 
ion H- and L-modes. Hot ion H- and L-mode data in a lower field (2-3 T) standard divertor are also 
shown for comparison. 
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2.4. Edge transport barrier and non-ambipolar loss 

Formation of the edge transport barrier at the L-to-H-mode transition is an 
important feature of the H-mode. The width of the edge transport barrier in both 
L- and H-modes was measured with an edge Thomson scattering system; Fig. 8 
shows some of the measurements. The measured width was 2.4-5.6 cm, depending 
on the discharge conditions. Shaing [5] has proposed a theory of the H-mode based 
on the non-ambipolar ion orbit loss and has proposed a formula for the edge transport 
barrier width, 5, considering the orbit squeezing effect, 6 = %/eppi-v/S, where S is 
the orbit squeezing factor, S = 1 - dEr/dr/(BpQp). Since JT-60U is a high poloidal 
field tokamak (Bp ~ 0.9 T at Ip = 4 MA), orbit squeezing is less important 
(S ~ 1) unless A$ ~ 30 kV in the edge region. The theory predicts 8 ~ 0.4 cm, 
while the measured width is ~2.4 cm for 4 T, 4 MA discharges; However, the basic 
idea of Shaing's theory stresses the importance of the orbit loss of energetic ions 
(Maxwellian tail or fast ions). Since there is population of fast ions produced by neu
tral beam injection, the transport barrier width may be explained by the correspond
ing theoretical width for a fast ion (S^,. ~ 3.6 cm), which is close to the measured 

2.5 

^ 2 
> 
a>1.5 

r0.5 
0 

^ 2 
> 
« 1.5 

W » 1 
H 

0.5 

0 

^ 2 

© 1.5 

0.5 0.6 0.7 0.8 0.9 1 1.1 
r/a 

FIG. 8. Typical edge temperature profile measurements during high power neutral beam heated h- and 
H-modes. 
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transport barrier width. A wider edge transport barrier (5 ~ 6 cm) is inferred in 
lower field cases. Since non-ambipolar loss will affect the structure of the radial elec
tric field, one must be cautious about the effect of non-axisymmetric field losses 
(toroidal ripple and feeder error fields) of fast ions on H-mode characteristics. The 
toroidal field ripple of JT-60U is relatively large (1-2% at plasma edge), and 15-30% 
of the injected beam power can be lost through ripple loss [6], but die orbit loss due 
to feeder error fields is negligibly small as follows from a 3-D orbit calculation. 

Formation of counter-toroidal plasma rotation ( 50 km/s) was observed dur
ing perpendicular NB injection [7]. It suggests the formation of a negative electric 
field due to non-ambipolar ion loss. A comparison of the power threshold between 
perpendicular and tangential NBI was also performed, and the power threshold and 
H-factor were roughly the same. However, the effects of ripple loss on H-mode con
finement are still under investigation. Common features of the H-mode such as 
changes of the edge poloidal rotation in the electron diamagnetic direction 
(Vpo, ~ 20 km/s) and a reduction of density fluctuations during the L-to-H-mode 
transition (one-third relative to the L-mode at n<. = 1 X 1019m~3) were observed 
with CXRS and reflectometer, respectively. Although formation of an edge transport 
barrier is an important characteristic of the H-mode, we observed a formation of such 
an edge transport barrier even in the divertor L-mode at high power, which suggests 
the universality of the edge transport barrier in tokamaks. 

3. PROGRESS OF OHMIC AND L-MODE CONFINEMENT STUDY 

3.1. Ohmically heated plasma confinement 

The energy confinement time (TE = (We + WJ)/P0H) was evaluated from 
Te(ECE), n„ (FIR), Tj (from D-D neutron emission, assuming uniform ion confine
ment time rEi) and Zeff (visible bremsstrahlung) as shown in Fig. 9. Te and Tj were 
decoupled in the low density regime, and the calculated ion temperature profile was 
consistent with CXRS measurements using short pulse diagnostic NB injection. The 
energy confinement time was significandy improved (up to 0.9 s) compared with 
JT-60 (TE8" = 0.5 s). Linear Ohmic confinement is roughly consistent with Neo-
Alcator scaling (TE = 7 X 10~22 R ^ n ^ y , qcy = 5a^KBt/R^p); rEi is smaller than 
TE and decreases with n,.. The ion conduction loss tends to account for an increasing 
fraction of the power balance as the density increases (approaching the saturated 
Ohmic confinement (SOC) regime). The improvement in rE with n̂  primarily 
reflects good electron confinement in this decoupled regime. Diamagnetic measure
ments show a small difference between hydrogen and deuterium confinements, 
rE(D)/rE(h) ~ 1.2. 
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FIG. 9. Global and central ion energy confinement times of ohmically heated deuterium plasma 
obtained from kinetic measurements. Neo-Alcator scaling predictions are also shown for comparison. 

3.2. Global L-mode confinement 

The parametric dependence of the L-mode confinement in single null divertor 
configuration was studied for Ip = 1-4 MA and Pabs = 5-20 MW. A weak Ip 

dependence, rE <x 1° 6, was observed. It was found that this weak Ip dependence is 
associated partly with poor current penetration (and, hence, lower internal induc
tance) at higher current. This experimental result is consistent with TFTR observa
tions [8]. Therefore, the growing plasma method (minor radius expansion) has been 
used to enhance current penetration [9], resulting in increased 1( and improved con
finement. The energy confinement is improved with higher lj. A more detailed dis
cussion, including the effect of sawteeth on confinement, is given in a separate paper 
[10]. Other parametric dependences such as toroidal field (rE « Be

02) and power 
(TE OC P-0-5) were similar to those of ITER-89P scaling. Some fraction of the heat
ing power was lost through ripple orbit loss, and the effects of this loss on L-mode 
confinement are under investigation. Figure 10(a) shows a comparison of the measu
red confinement time with that of ITER-89P scaling. For larger plasmas, confine
ment times with ripple loss correction are also shown for comparison. Since. 
ITER-89P L-mode scaling has a weak ap dependence (rE oc a£3) and a strong Rp 
dependence (TE « Rp12), the study of divertor L-mode confinement at relatively 
high aspect ratio is important for assessing the scaling and optimization of the 
tokamak reactor design with respect to the aspect ratio [11]. L-mode confinement 
at relatively high aspect ratio was studied for small minor radius plasmas 
(ap = 0.77 m, A = R/a = 4) to reduce the ripple loss and to improve the power 
deposition profile. The L-mode confinement in this case was 20-30% higher than that 
from the ITER power law [2] and was close to the Goldston scaling [12] as seen in 
Fig. 10(b). 
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3.3. Isotope efect on L-mode confinement 

The effect of the ion mass number A; on tokamak plasma confinement is still 
an open question [2]. We have compared the energy confinement times of 
D° — D+ and H° — H+ plasmas (Fig. 11). From an investigation of the effect of 
the current profile on energy confinement, the L-mode plasma stored energy was 
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found to scale as Wdia oc 1;I°-8. The ratio of W^/Oil"8) for D plasmas to H 
plasmas was found to be 1.2-1.3 while Aieff(D)/Ajeff(H) = 1.5 (Ajeff = Aieff(plasma) 
+ A;(beam))/2, which gave TE OC Af with a = 0.45-0.65. Although the beam 
stored energy ( -20% of the total stored energy for D plasma) is twice as large for 
the D beam for the same conditions (Wb ~ Aj), this difference was not sufficient to 
explain the difference in confinement. 

3.4. Thermal confinement scaling of Ohmic and L-mode plasmas 

It is important to establish thermal confinement scaling since the global confine
ment time includes the fast ion stored energy which is mainly determined by a classi
cal slowing-down process. A scaling of thermal energy confinement applicable to 
both Ohmic and NB heated L-mode discharges may be constructed if the underlying 
transport processes are the same. Bartiromo [13] derived an L-mode scaling using 
a SOC database by relaxing the Ohmic heating constraint which satisfies the 
Connor-Taylor constraint [14]. A systematic study of the thermal confinement has 
been conducted by using the kinetic database in JT-60 [15]. Weaker Ip and P depen
dences (rEth oc I°-5/Pa66) and a similar n,. dependence (rEth oc n^-5) were found, and 
a new thermal confinement scaling applicable to both Ohmic and NB heated L-mode 
discharges has been proposed [16]: 
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FIG. 12. Comparison of thermal plasma energy of JT-60 Ohmic and L-modes, JT-60U L-mode and 
ASDEX Ohmic data with thermal confinement scaling proposed by Takizuka. 
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This scaling was constructed to be consistent with the Connor-Taylor constraint 
for collisionless high 0 plasma (BrE= (nJu)p(T/L2B2)<i, p = —0.5 from the density 
dependence, q = —2 from power dependence). This scaling has a stronger B depen
dence (Gyro-Bohm type) than Bohm-like scaling. Figure 12 shows a comparison of 
thermal confinement data from JT-60 (Rp = 3.1 m, A = 3.5) L-mode and Ohmic 
plasmas [15], those from recent JT-60U L-mode data (Rp = 3.2 m, A = 3.7) and 
ASDEX Ohmic data (Rp = 1.64 m, A = 4) with Takizuka scaling. This scaling 
prediction is close to JT-60 thermal confinement data. The analysis in Section 3.5 
shows that thermal confinement is determined mainly by ion transport when 
Te « Tj, due to strong energy equipartition. 
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3.5. L-mode transport properties 

In high power beam heating experiments in the old JT-60 (hydrogen), ion heat 
conduction was the major power loss channel in the low current regime 
(Ip < 2 MA) [17]. Ion thermal conduction loss is still a major energy loss channel 
in JT-60U deuterium plasmas (xe < xd [18]. In order to understand the transition 
process of the plasma transport from Ohmic to L-mode plasmas, pulsed diagnostic 
neutral beam injection and low power NB heating were performed together with high 
power heating. Figure 13 shows typical temperature profile measurements and 
plasma stored energies and transport coefficients as functions of heating power. The 
ion energy confinement time (~ 1/xi) is fairly low, even in the Ohmic plasma, and 
degrades with power (or temperature). Electron energy confinement (~l/xe) is sen
sitive to both rie and power, but electron thermal conduction is not a major loss 
channel, except for the very low density regime. 

4. CONCLUSIONS 

In JT-60U, the standard H-mode confinement regime has been expanded to 
higher fields (B, = 4.2 T) and higher aspect ratios (A = 3.3-4) through extensive 
wall conditioning of the first wall. The power threshold for the H-mode at 4 T is 
rather large at about 16 MW. Although optimization of the H-mode is still under 
way, we have obtained a confinement enhancement factor over the ITER-89P scaling 
up to 2.2 at 4 T. Formation of a wide edge transport barrier (3-6 cm) was measured 
with an edge Thomson scattering system with good spatial resolution. The edge elec
tron and ion temperatures (r ~ 0.95 a,,) reached up to 2 keV and 5 keV, respec
tively, during the H-mode. The central ion temperature reached 32 keV, and the 
D-D neutron emission rate reached 2.3 X 1016/s in the hot ion regime. 

For better understanding of L-mode confinement, various studies have been 
conducted for L-mode and Ohmic plasmas. In Ohmic plasmas, energy confinement 
times of up to 0.9 s were obtained, which is roughly consistent with Neo-Alcator 
scaling. Ion energy confinement was rather low (xi > Xe), even in the low power 
regime. The SOC confinement times of JT-60 are close to those predicted by the ther
mal confinement scaling of L-mode plasmas proposed by Takizuka, supporting the 
existence of the same mechanism for bom SOC and L-mode. In the L-mode, various 
effects such as the effects of current profile, isotope and aspect ratio dependences are 
discussed. Transport analysis indicates the importance of the ion transport anomaly 
in the L-mode. 
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DISCUSSION 

K. ITOH: I have a comment on your comparison of the transport barrier thick
ness with the ion poloidal gyroradius. In the theory of the H-rnode transition, the ion 
poloidal gyroradius specifies the layer of the momentum source. According to the 
theory, radial variation of the radial electric field, that is the layer of strong shear 
flow, is governed by the ion shear viscosity (or diffusion Prandtl number). Since ion 
shear viscosity is now experimentally observable, I would recommend that 
experimentalists at JT-60U, and other tokamaks, measure the ion shear viscosity in 
order to understand the thickness of the transport barrier. 

A. GIBSON: What is the value of edge field ripple above which you can no 
longer obtain an H-mode? 

M. KIKUCHI: Our maximum field ripple inside the vacuum vessel is ~ 3 % . 
An H-mode has been obtained for higher field ripple, but here the confinement 
enhancement factor was low. 
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K.M. McGUIRE: You have very peaked Tj profiles in your H-mode plasmas. 
These plasmas are very similar to supershots on TFTR. Have you attempted to obtain 
these hot ion H-modes at higher beta poloidal? 

M. KIKUCHI: Our hot ion H-modes have relatively flat n<. profiles 
(ne0/<ne> — 1.3-1.5) and the improved confinement mode is different from the high 
/3P enhanced confinement regime described by S. Ishida in paper A-3-5. It would be 
marvellous if we could combine H-mode and high /3p enhanced confinement. 
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Abstract 

ACHIEVING HIGH FUSION REACTIVITY IN HIGH POLOIDAL BETA DISCHARGES IN TFTR. 
High poloidal heta discharges have been produced in TFTR that achieved high fusion reactivities 

at low plasma currents. By rapidly decreasing the plasma current just prior to high-power neutral beam 
injection, relatively peaked current profiles were created having high l, > 2, high Troyon-normalized 
beta, @N > 3, and high poloidal beta, &p > 0.7 R/a. The global energy confinement time after the 
current ramp was comparable to supershots, and the combination of improved MHD stability and good 
confinement produced a new high e/3p, high QDD operating mode for TFTR. Without steady-state cur
rent profile control, as the pulse lengths of high Pp discharges were extended, /,- decreased, and the 
improved stability produced immediately after by the current ramp deteriorated. In 4 s, high e/3p dis
charges, the current profile broadened under the influence of bootstrap and beam-driven currents. When 

* Work supported by US Department of Energy contracts DE-FG02-89ER53297, DE-
AC02-76-CHO-3073 and DE-FG02-90ER54084. 
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the calculated voltage throughout the plasma nearly vanished, MHD instabilities were observed with 
/3N as low as 1.4. Ideal MHD stability calculations showed this lower beta limit to be consistent with 
theoretical expectations. 

1. Introduction 
Tokamak operation at high poloidal beta (epp ~ 1, e = a/R) offers 

several important advantages to future fusion reactors: low plasma current, 
high bootstrap current fraction, and the possibility of improved confinement 
due to equilibrium modification. However, since the plasma current is 
relatively low at high efip, the achievement of high fusion reactivity generally 
requires operation at a high Troyon-normalized beta, PN S 108 <j3) aBol Ip, 
and a high L-mode normalized confinement, H s XE^EJTERp- The previously 
reported TFTR high poloidal beta experiments have explored this advanced 
operating regime by making use of a rapid plasma current ramp-down to 
produce high /,• discharges which have improved MHD stability properties 
[1,2]. The stability improvement obtained with the rapid Ip ramp-down is 
significant. At very low current (0.3 MA < Ip < 0.6 MA), neutral beam 
injection into plasmas prepared with Ip ramps produced high // discharges 
with broad pressure profiles that avoided the macroscopic MHD instabilities 
limiting supershots to efip < 0.7 [3,4]. Diverted discharges with epp > 1.3 
have been produced, and the plasma with highest normalized beta in TFTR. 
(PN ~ 4.9) was achieved following a 0.85 MA to 0.4 MA current ramp-down. 
These very low current discharges illustrated operation at the tokamak's 
poloidal beta limit [5], and allowed moderate-n ballooning modes to be 
identified with soft x-ray and ECE fluctuation measurements [6]. High /,• 
discharges have also been produced with a current ramp in DHI-D [7], and 
slightly elongated discharges (/c - 1.2) achieving record values of j3/v > 6 
when l{ > 2 have been recently reported [8]. 

Although the first high sPp discharges in TFTR were produced with IpS 
0.85 MA, the current ramp-down technique was used recendy to produce high 
pp discharges with up to 1.4 MA of plasma current. High /,-, high ePp 
discharges achieved PN ~ 3.5 at 1.0 MA; whereas, MHD instabilities restrict 
supershots to operate below PN < 2.5. Since fusion reactivity scales roughly 
as the square of the stored energy in TFTR, this 40% improvement of the beta 
limit produces a two-fold increase in the fusion reactivity for a given value of 
plasma current. Figure la illustrates this result by showing the peak neutron 
rates obtained both when using the Ip ramp-down technique and during 
supershot operation. The higher neutron rate observed below 1.4 MA is a 
direct result of the improved MHD stability of the transiently-modified 
current profile. 



(a) High Neutron Rate at Low Current (b) Two High QyD Operating Regimes 
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FIG. 1. (a) Contours of the observed peak neutron rates as a junction of plasma current for TFTR supershots and high e/3p 

discharges, (b) TFTR's operational diagram showing two high QDD operating regimes as a Junction of c/3p and the cylindrical 
safety factor, a*. 
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The high //, high epp discharges also achieved high QDD (the ratio of 
fusion power to applied power) since discharges with Ip > 0.85 MA have 
global energy confinement comparable to that obtained in typical supershots 
[9]. For high epp plasmas with currents between 1.0 MA and 1.2 MA, the 
global energy confinement times were between 0.12 s < %E < 0.16 s. QDD as 
high as 1.3 x 10 -3 was measured at 1.0 MA and efip - 0.95. For lower 
currents (< 0.85 MA), the global energy confinement decreased in a manner 
consistent with ITER-89P L-mode scaling [10] (i.e. %E «= Ip°-S5). When the 
ratio between the pre-ramp and post-ramp current levels was greater than 1.5 
and when the neutral beam power was large enough to produce epp~ 1, the 
L-mode normalized global energy confinement time, H, was found to be 
between 2.5 and 3.7. 

Figure lb illustrates TFTR's two high QDD operating regimes as a 
function of epp and q* where q* & 5a2BotfR*Ip and R* ~ R 2K/ (1 + K2). 
High QDD supershots can be produced in plasmas with 1.2 MA < Ip < 1.9 MA 
(3.5 < q* < 5) provided the injected balanced neutral beam power increases 
with increasing current. As described elsewhere [4,11], supershot operation is 
limited by the presence of sawteeth and associated confinement degradation at 
high current and by pressure-driven MHD instabilities at low current. TFTR's 
high Pp, high QDD operating region occurs between 1.0 MA < Jp < 1.2 MA (5 
< q* < 6) when high power NBI (approximately 25 MW) is applied 
immediately after a rapid Ip ramp-down. This regime is referred to as the 
high pp operating regime. Because of the existence of these two operating 
modes, future DT experiments in TFTR can study collective alpha-particle 
physics in discharges having high ef3p, high /?#> and evolving current profiles. 

The tendency for high /,-, peaked current profiles to broaden in time also 
illustrates the need for steady-state current profile control to maintain stable, 
high QDD discharges at high epp. For Ip >. 0.85 MA, high /,-, high $y 
discharges have only been maintained for approximately 0.5 s—equivalent to 
one alpha-particle slowing-down time—before the onset of beta-limiting 
disruptions or beta collapses. At lower current, high e/3p discharges with 0.4 
MA < Ip ^ 0.6 MA have been maintained for more than 2 s by reducing the 
injected power and /?#. These high efip discharges lasted long enough to 
allow the current density to relax naturally to a broad profile dominated by 
beam-driven and bootstrap currents. The magnitude of the non-inductive 
current was calculated using the TRANSP code [12] to constitute over 90% of 
the total plasma current. These discharges have enabled TFTR to study the 
MHD instabilities occurring in long-pulse, high efip plasmas. 

2. Achieving high fusion reactivity at high f3p 

Figure 2 illustrates the time-histories of high efip discharges created 
using a rapid 1.6 MA to 1.0 MA current ramp. The timing and power level of 
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FIG. 2. Time evolution of high /Jp discharges created with a 1.6 MA to 1.0 MA current ramp. Four 
discharges are superimposed to show the appearance ofMHD limiting instabilities at lower values of 
0X as time progresses. 

the neutral beam injection differs slightly for each discharge. In one case, 10 
MW of co-injected neutral beam heating was applied during the ramp-down 
(in order to eliminate sawteeth), and a short 0.3 s, 27 MW pulse of balanced 
NBI was applied immediately following the Ip ramp. In the other case, 22 
MW of balanced NBI was gradually applied so that the peak value of j3/v 
occurred approximately 0.5 s from the end of the current ramp. Both 
discharges are known to be just below the beta limit since subsequent 
discharges with slightly higher heating powers disrupted. These four 
discharges define a time-dependent instability direshold. After 0.3 s from the 
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(a)1.0MASupershot (b) 1.6 -» 1.0 MA Ramp (c) 1.6MASupershot 

seconds seconds seconds 

FIG. 3. Comparisons of the time evolution of(b) high c/3p discharges with (a) 1.0 MA and (c) 1.6 MA 
supershots. From top to bottom: the plasma current and the injected neutral beam power, the evolution 
o/(3N, the DD fusion neutrons, the Da light, and an estimate of the global energy confinement time. 

end of the Ip ramp, the plasma disrupts when PN~ 3.5. After 0.4 s, disruptions 
occur at /?# ~ 3.1, and, after 0.5 s, a beta collapse occurred at /?# ~ 2.7 
associated with the presence of intense mln = 2/1 oscillations. 

The evolving instability threshold that follows a current ramp is 
believed to result from the evolution of the plasma current profile. The time 
history of the internal inductance, /,• = 4 (I dV BP

2/2\1Q) / \IQR*IP
2, (calculated 

using the TRANSP code for the discharge labeled "a") is a measure of the 
current evolution. The internal inductance increases from about 1.4 to 
approximately 2.7 during the Ip ramp and then decreases slowly thereafter. 

The observed threshold for MHD instability in supershots occurs at 
much lower j3#. At 1.4 MA, beta collapses occur for some discharges with 
1.3 < PN < 2.1, and disruptions have occasionally occurred in supershot 
discharges as low as fy ~ 1«8. However, for J3j\r> 2.1, all 1.4 MA supershots 
either disrupt or have a beta collapse, and the highest normalized beta 
achieved for a supershot before the onset of MHD instability is fa- 2.4. 
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Figure 3 compares the behaviors of the high /;, high ef3p discharges 
shown in Figure 2 with the time evolution of 1.0 MA and 1.6 MA supershots 
operating near the supershot beta limit. For each supershot, the power level 
was adjusted to achieve /Jjv ~ 2. Beta collapses with m/n = 2/1 occurred for 
each discharge type, however, one 1.6 MA supershot remained 
macroscopically stable for a 0.9 s heating pulse. As the figure indicates, the 
Ip ramp-down increased PN from 2.0 to 3.5—by a factor approximately equal 
to the ratio of the initial to the final current levels. Since the plasma's stored 
energy scales as JSJV x (VIp I aB), the 1.0 MA high /,• discharge and the 1.6 MA 
supershot have nearly equal plasma energies. (A slightly lower energy 
resulted for the 1.0 MA high /,• plasma since epp approached unity and its 
volume, V, was reduced as its cross-section became oblate, K~ 0.8.) When the 
1.0 MA high j5p discharge is compared to the 1.0 MA supershot (ej3p - 0.63), 
the increased stability produced by the current ramp allowed the neutron 
production rate to double. 

Figure 4a shows the TRANSP calculated current profiles for the three 
examples in Figure 3. The rapid current ramp-down creates a current profile 
with a high central current density and an outer current-reversal layer. The 
figure also lists the measured values of the density peaking factors, ne(0) / 
(ne), and the calculated pressure profile parameters, (p2)/fc)2. The pressure 
profiles include the calculated pressure of fast beam ions (typically, 40% for 
supershots and 60% for the Ip ramp-down discharges). The high /,• discharge 
has a broader density and pressure profile than either supershot; however, the 
current ramp did not produce profiles as broad as L-mode discharges. 

The combination of broad pressure and peaked current profiles has been 
shown to produce enhanced stability in TFTR. Figure 4b shows the calculated 
thresholds for n = 1 MHD instability for TFTR discharges having safety 
factor profiles, q(yr), representative of either supershots or Ip ramp-downs. 
For peaked pressure, the stability boundary increases only slightly as U 
increases from 1.0 to 2.5. However, for broad pressure profiles, high /j 
discharges are calculated to be stable to n = 1 modes for /}# < 5, and this 
computed threshold corresponds to the maximum normalized beta achieved in 
TFTR using a current ramp. 

Since current ramps have been used to achieve enhanced confinement in 
L-mode discharges [6,7,13,14], it is useful to compare the global energy 
confinement obtained after a current ramp to those obtained with comparable 
supershots. Figure 3 also shows the approximate values of the global energy 
confinement times computed both magnetically and with the aid of the 
TRANSP calculations of /,-. As described in Ref. 9, global ?E for the two 
supershots ranged between 0.15 s and 0.17 s; whereas, for the 1.0 MA high 
e/3p discharges, global T£ was in the range of 0.12 s to 0.14 s except during 
brief periods when each discharge entered a short, ELM-free, limiter H-mode 
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[15,16]. Although many transitions from a supershot to a limiter H-mode have 
been observed (e.g. ELMs are present at the end of the supershot shown in 
Figure 3a), limiter H-mode transitions are nearly always seen following a 
current ramp-down in discharges with Ip > 0.85 MA. Similar behavior 
following a current ramp-down has been reported in JIPP-T-IIU [17]. The Ip 

ramp-down shown in Figure 3b resulted in the longest ELM-free period 
observed in TFTR H-modes and recent theoretical modeling indicates high k 
current profiles may help stabilize ELMs [18]. When Ip exceeded 1.0 MA, Ip 

ramps did not produce ELM-free periods, and global energy confinement 
decreased. Reduced confinement for Ip > 1.0 MA prevented high /,• 
discharges from reaching the beta limit with 28 MW, and fusion reactivity 
decreased as indicated in Figure la. Since the global energy confinement 
times were nearly equal for the three examples in Figure 3, the confinement 
multiplier relative to iEJTERpx /p0,85/ v/* exceeded 3.5 for the high epp 

discharges. The 1.0 MA supershot had H ~ 2.8 while H - 2.6 for the 1.6 MA 
supershot. 

3. Using high QDD> high PP discharges for alpha physics studies 

High efip DT discharges have been simulated using the TRANSP code 
in a manner similar to previously reported DT supershot simulations [19]. 
These simulations show that QDT can achieve 0.22 at 1.0 MA using the Ip 

ramp-down technique, and the values of QDT/QDD - 169 were comparable to 
supershot ratios. The alpha pressures for high pp DT plasmas were calculated 
to be a factor of two lower than the high QDD supershots, and /?o(0) exceeded 
0.2% in a 1.2 MA high (5p simulation. The alpha particle slowing-down time 
was calculated to be 0.5 s, and this is comparable to the maximum pulse 
length over which stability can be enhanced with a current ramp. Because the 
central current density following an Ip ramp-down is nearly equal to the pre-
ramp-down current level, prompt alpha losses increased to only 19% at 1.0 
MA when compared to an estimated 8% loss for a 1.6 MA supershot. 

During the upcoming DT experiments, short heating pulses applied to 
high /,• plasmas will allow the study of the influence of alpha particles on die 
stability of high (5p plasmas. Since the DT simulations suggest that the time 
evolution of global alpha parameters (e.g. (fiat and VQ/VA) span a similar 
range in both supershot and ramp-down discharges, alpha stability 
experiments can be made with a variety of q(y) profiles and with ej3p up to 
unity. We are particularly interested in the stabilizing effects of (1) high 
normalized pressure gradients, a = - (2R<?2 /B2) (dpfdr), which occur at high 
(5p and may stabilize high-/?, TAE modes [20] and (2) high edge shear, s s (r / 
q) (dq I dr), which is produced following the current ramp-down. Stability 
properties of TAE modes in high efip TFTR discharges are presently being 
studied [21,22]. 
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FIG. 5. High e/Sp discharges maintained for more than a constant-current relaxation time. From top 
to bottom: the injected beam power, the plasma current with calculated beam and bootstrap currents, 
the evolution ofePp, and the calculated values o/l* and q(0). MSE measurements ofq(0) are superim
posed onto the TRANSP calculated values. 

4. Observation of Current relaxation in high epp discharges 
dominated by non-inductive currents 

Due to the transient nature of the current profile modification that 
follows an Ip ramp-down, the enhanced stability created by the rapid current 
ramp-down deteriorates as the heating pulse length is extended. In order to 
investigate this effect further, high epp discharges were maintained for a 
constant-current relaxation time [23] by substantially reducing both the 
neutral beam power and the plasma current so that efip ~ 1 while /?// ̂  2. 

Figure 5 illustrates the time evolution of two long-pulse, high efip 
discharges. Figure 5a shows a discharge prepared with a 1.0 MA to 0.6 MA 
current ramp with 9 MW of neutral beam heating (5.5 MW co-injected and 
3.5 MW counter-injected), and Figure 5b shows a discharge following a 0.85 
MA to 0.4 MA current ramp with 8 MW of nearly balanced injection. As 
described in Refs. 1, 2, and 5, over 20 MW has been applied for short 
intervals producing /?# > 4 with high /,-. The discharges illustrated in Figure 5 
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FIG. 6. Current and voltage profiles calculated by TRANSP for the discharges shown in Figure 5. 

represent the longest-lived high e/3p plasmas so far produced in TFTR. At 0.6 
MA, a disruption terminated the discharge after 1.9 s of neutral beam heating 
at PN ~ 2. At 0.4 MA, a mild beta collapse dominated by m/n = 3/2 
oscillations occurred after only 0.5 s when /JJV - 2.5; however, the 3/2 
oscillations subsided and the discharge remained at efip ~ 1 for an additional 2 
s when it suffered a beta collapse at /3/v~ 1.4 associated with 3/1 oscillations. 
For both current levels, when the power was reduced so that /Jjv < 1.1, high 
amplitude MHD oscillations did not occur for the entire 4 s beam pulse; 
however, these plasmas had a relatively large surface voltage, and TE (and pp) 
gradually decayed to a low-current L-mode in a manner similar to that 
described in Ref. 13. 

The current profiles following the current ramp were highly peaked, /,• > 
3, and they evolved on a constant-current, resistive time scale to a relaxed 
state with a very small voltage throughout the plasma. Figure 6 shows the 
current and voltage profiles calculated by TRANSP at the beginning and end 
of each high efip discharge. The large negative surface voltage and the outer 
current reversal layer produced by the Ip ramp-down are indicated. After 
approximately 2 s, the measured surface voltages were less than 50 mV, and 
the TRANSP-calculated voltage profiles vanished except near the magnetic 
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axis. The sum of the bootstrap and beam-driven currents was calculated to 
constitute approximately 90 % of the 0.6 MA discharge and more than 75% 
of the 0.4 MA discharge. Measurements of the q(0) evolution using a 
motional Stark effect (MSE) diagnostic [24] were made during the first 2 s of 
each discharge, and the TRANSP calculations were in reasonably good 
agreement with the measurements of the 0.4 MA discharge. Work to better 
integrate the MSE measurements with TRANSP is in progress. 

Ideal MHD stability analyses for n = 1 free-boundary modes were 
performed for the equilibria reconstructed by TRANSP at several times 
indicated in Figure 6 by either " S " or "U" (for stable or unstable). As shown, 
the appearance of MHD instabilities approximately corresponded to 
theoretical expectations. The equilibrium calculated to be unstable at 4.5 s in 
the 0.4 MA discharge could be stabilized by a slight reduction in the peak 
pressure. Although the initial plasma profiles were far from stability 
boundaries at the reduced power levels, as the profiles evolved, the calculated 
onset for n = 1 instabilities appears to describe operational stability limits of 
the high efip, nearly steady-state discharges. 

5. Summary 
High /j discharges have been produced with a rapid current ramp-down 

technique allowing supershot beta limits to be exceeded for short times in 
TFTR. For 1.0 MA discharges following a current ramp, the fusion reactivity 
can double relative to 1.0 MA supershots since the normalized beta limit was 
extended from approximately 2.0 to 3.5. The rapid current ramp did not 
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prevent 1.0 MA discharges from achieving global energy confinement times 
comparable to supershots. The combination of improved stability with good 
confinement produced a second high QDD operating mode for TFTR. 

The current profiles produced from the current ramps have not been 
maintained with current drive, and, consequently, high J/, enhanced stability 
deteriorates as the pulse lengths are extended. Our observations of beta-
limiting phenomena which occur after an Ip ramp-down are summarized in 
Figure 7. Enhanced stability relative to supershots has been observed for 
approximately 0.5 s. This is sufficiently long to allow die formation of {f$a)> 
0.2 %. By reducing the injected power and operating at low current (Ip < 0.6 
MA), high efip discharges with large fractions of non-inductive current have 
been sustained for more than a current relaxation time. 
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DISCUSSION 

F.B. MARCUS: You use the high neutron rate as a measure of performance 
in these discharges. What are the fractions of beam-beam, beam-plasma and thermal 
contributions compared with supershots? 

M.E. MAUEL: We have performed D-T simulations of both supershot and 
high |8p discharges. These simulations show mat the thermonuclear fractions during 
D-T will be approximately 25% for the 1.6 MA supershot and in the range 12-22% 
for the 1.0 MA high /3p discharges. However, for other supershots modelled with 
TRANSP thermonuclear fractions have been greater than 50%. 
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Abstract 

ENHANCED CONFINEMENT OF HIGH BOOTSTRAP CURRENT DISCHARGES IN JT-60U. 
A highly enhanced regime of plasma confinement was achieved with energy confinement times 

up to a factor of - 3 above the ITER89-P L-mode scaling for high (3p discharges with a large amount 
of bootstrap current up to ~0.8 MA in JT-60U. The plasma performance in the high 0 enhanced 
confinement regime was characterized by high temperatures of T: = 38 keV and Tc = 12 keV, a 
fusion neutron rate of 2.8 x 1016 n/s, a fusion product of ^(0)7^(0) = 4.4 x 1020 nT3-s-keV, 
QDD "* 1-9 x 10"3 and an equivalent QDT of - 0 . 3 1 , values that are considerably larger than those 
obtained in other regimes in JT-60U. The power dependence of the enhanced confinement is found to 
be closely coupled with the plasma current, resulting in the apparently weak dependence obtained by 
changing the current according to the power level. Broadening of the current profile does not appear 
to result in confinement deterioration, but reduces the attainable e/3p values. The termination of the 
enhanced confinement phase was due to 0p collapses with ballooning-like precursors occurring at a sta
bility limit for ideal low-h kink ballooning modes substantially below the Troyon limit. 

1. INTRODUCTION 

One goal of high /3p studies in JT-60U is to show the feasibility of high /3P 

operation for a steady state tokamak reactor such as SSTR [1,2], particularly under 
reactor relevant conditions. The JT-60U tokamak can operate for a high field, non-
circular divertor configuration with a high aspect ratio similar to that in the SSTR 
concept, which may be beneficial to such a reactor oriented study. The use of perpen
dicular beam injection may also affect the heating and fuelling scenario for startup 

1 Present address: General Atomics, San Diego, California, USA. 
2 Permanent address: Princeton Plasma Physics Laboratory, Princeton, New lersey, USA. 
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and sustainment of an ignition plasma with a peaked density profile [3]. Following 
the high (Sp experiments with hydrogen plasmas in JT-60 [4], high /?p experiments 
with deuterium plasmas were extensively performed in JT-60U, in which a highly 
enhanced plasma confinement regime was achieved in excess of the reactor design. 
The high pressure plasmas obtained remained near the boundary of the first demands 
on MHD stability regime; some of them suffered a (3P collapse [5]. For high 0P 

plasmas, the bootstrap current was the dominant fraction in the plasma current under 
negligible beam driven currents. The present paper describes the confinement charac
teristics, including stability and fusion reactivity, of the high /3P enhanced confine
ment (HPEC) regime obtained for a period of the 1992 run in JT-60U. 

2. GENERAL FEATURES 

2.1. Operation 

In the HPEC regime of JT-60U, an extreme plasma configuration was chosen 
to be located inward in the vacuum vessel in order to carry out the central beam depo
sition according to the vertically inclined perpendicular neutral beam lines as shown 
in Fig. 1. The resulting small bore plasma (~50 m3) with an aspect ratio of ~4.3 
was immune to fast ion losses due to the significant toroidal field ripple [6]; the maxi
mum ripple rate was at most - 0 . 3 % at the plasma surface. This divertor configura
tion was almost fixed throughout the experiments, with, typically, a major radius 

FIG. 1. Typical plasma equilibrium configuration with (Sp = 1.7, shown with injection lines of per

pendicular beams. 
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of Rp « 3.05 m, a minor radius of a = 0.71 m, an ellipticity of K « 1.7 and a 
toroidal field of B, « 4.4 T at the plasma centre. The plasma current, Ip, was 
varied in the range of 0.6-1.9 MA (or q* = 4-11); the cylindrical equivalent safety 
factor is here defined as q* = ira2 Bt (1 + K2)/(/*0RpIp). The central heating and 
fuelling into a low density target plasma was by perpendicular neutral beam injection 
up to 22 MW with a beam energy of ~90 keV. Off-axis tangential beam injection 
was additionally used to increase the total injection power up to 28 MW. 

The HPEC regime was characterized by hot ion type discharges with highly 
peaked density and ion temperature profiles similar to those of the TFTR supershot 
regime [7]. The first wall of the JT-60U was almost fully covered with carbon/carbon 
composite graphite tiles for divertor plates and isotropic graphite tiles for the other 
wall surfaces, and the wall temperature was kept at ~ 290°C during the experiments. 
To obtain a low density degassing discharge, helium glow discharge cleaning was 
carried out every night, and helium Taylor discharge cleaning was carried out 
between the shots. Frequent Da (including Ha emission) spikes (FDSs) were in 
some cases observed to the accompanied by enhanced recycling, resulting in a signifi
cant deterioration of the confinement enhancement. In addition to the low recycling 
condition, the suppression of resistive internal modes such as sawteeth and m = 1 
modes plays an essential role in obtaining the large enhancement of confinement. So, 
the sawtooth free target plasma was produced by controlling the target internal induc
tance. No carbon bloom was observed within the present power level [8]. 

In this paper, the /8P value from magnetic measurements is defined as 
j3p = 2/to<p>/B2, where <p> is the volume averaged plasma pressure and Bp is the 
averaged poloidal field at the plasma circumference calculated as Bp = /xoIp/(jdl). 
Here, the total /3p value defined as 0p = (0** + 2/3p

sq)/3 is obtained from the 
approximate expression /3P « (2A-1; + 0^a)/3 assuming that the lj value is constant 
during beam injection; here, /3p

ia and 0^ are the diamagnetic and equilibrium poloi
dal beta values, respectively, A = pp + l;/2 and 1; is the value for the target Ohmic 
plasma just before beam injection. The total j8p values calculated from the above 
approximation are in good agreement with equilibrium calculations based on full 
magnetic fitting. This total magnetic pressure is used for the evaluation of global con
finement properties throughout the present paper unless otherwise noted. The total 
magnetic stored energy, W, is —2-10% smaller than the diamagnetic stored energy, 
Wdia, because of pressure anisotropy. 

2.2. High performance discharge 

Figure 2(a) shows the waveforms for a typical high performance discharge at 
q* = 4 . 4 with Ip = 1.7 MA and Bt = 4.4 T in the HPEC regime. Wdia reaches 
5.7 MJ, where the line averaged electron density He = ~3.4 X 1019 m~3, the 
absorbed heating power Pabs = 22.6 MW and the global energy confinement time 
TE = 0.28 s. The deuterium-deuterium (D-D) fusion neutron rate, Sn, increases up 
to 2.8 X 1016 n/s. The enhanced confinement phase is sustained for ~0.8 s and 
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terminated by the occurrence of a j3p collapse at e/3p = 0.37. Therefore, a signifi
cant increase in Da emission (D^iv) from the divertor plasma and in radiation losses 
from the main and divertor plasmas (PS in and P*d

v, respectively) occurs with 
enhanced recycling. The radiation losses from the divertor plasma tend to be sup
pressed so that the radiation losses from the main plasma can dominate the total radia
tion losses. For this discharge, the total fast ion losses, including the ripple trapped 
and the banana drift diffusion losses due to the toroidal field ripple, were calculated 
to be - 2 . 5 % of the injection power; they were substantially smaller than those for 
other configurations in JT-60U [6]. The enhancement factor of the energy confine
ment time against the ITER89-P L-mode scaling defined as H = TE/T^"mode was 2.2 
and the Troyon factor defined as g = /3t[%]/(Ip[MA]/a[m]Bt[T]) was g = 1.8 just 
before the /3p collapse. 

High temperature plasmas relevant to a future fusion reactor were routinely 
obtained in the HPEC regime with an ion temperature T, of up to ~ 38 keV and an 
electron temperature Te of up to ~ 12 keV. Here, Tj was measured by charge 
exchange recombination spectrometers using a C VI emission line (5292 A), and Te 

was obtained from electron cyclotron emission (ECE) measurements for the second 
harmonic extraordinary mode using an absolutely calibrated fast scanning Michelson 
interferometer. In the above discharge, the central ion temperature, Tj(0), and the 
central electron temperature, Te(0), reach - 3 5 keV and - 1 2 keV, respectively; 
the Te signal (r/a ~ 0.1) in Fig. 2(a) was obtained from an ECE grating polychro-
mator cross-calibrated with the Michelson interferometer. The Tj and Te profiles at 
t = 4.781 s are shown in Fig. 2(b) in comparison with the profiles obtained from 
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an L-mode plasma with similar parameters, i.e. Ip = 1.7 MA, Bt = 4.2 T, 
He ~ 4 X 1019 m~3 and PNB ~ 24 MW, but a different configuration: a = 0.83 m, 
Rp = 3.2 m and K = 1.6. As is shown here, the high temperature plasmas in this 
regime were characterized by a highly peaked Tj and a broad Te profile. 

2.3. Bootstrap current 

The high /3P discharges in the HPEC regime were associated with a large boot
strap current fraction as well as high confinement properties. A 1.5-D transport anal
ysis for the bootstrap current calculations was carried out, a Monte Carlo method 
being employed to evaluate the birth profile of the fast ions. For a typical high /3p 

discharge at q* = 5.0, the time evolution of the bootstrap current and the variation 
of the internal inductance from that of the target plasma at t = 5.05 s are shown in 
Fig. 3. The high 0p discharge is shown to drive a large amount of bootstrap current 
up to —0.8 MA, corresponding to a fraction of —58% of the total plasma current 
with H = 2.5 and TE = 0.30 s. The lj value does not change substantially during 
the beam injection as is seen in this figure. Within the present duration of the 
enhanced confinement phase limited by a (3p collapse, die total current density pro
file is still found to be peaked at the centre because the current penetration time-scale 
is by two orders of magnitude longer than TE, while the bootstrap current profile 
becomes peaked near r/a ~ 0.4. 

3. ENHANCED CONFINEMENT 

3.1. Poloidal beta dependence 

A highly enhanced confinement regime with energy confinement times up 
to a factor of ~ 3 above the ITER89-P L-mode scaling was identified in the 
high jSp operation up to e/Sp ~ 0.5 in JT-60U. The H factor is shown in Fig. 4 as a 
function of e/3p for different current regimes in the range of Ip = 1.1-1.9 MA 
(q* — 4.0-6.2) at B, — 4.4 T. As is shown in this figure, the H factor increases 
linearly with ej3p up to a factor of ~ 3 above the L-mode scaling, or up to a factor 
of —1.7 above the JET/DIII-D H-mode thermal confinement scaling [9]. It also 
seems to be essentially independent of Ip. As is indicated by the closed symbols, the 
j3p collapses occurred for high enhancement factor discharges above H — 2.0. 
Thus, the strong dependence of the H factor on e/3p would improve the prospects of 
the high /3p tokamak reactor with a large bootstrap current fraction and a high 
enhancement factor. 

3.2. Power and current dependence 

The dependence of the enhanced confinement on net power and plasma current 
has been investigated in wide ranges: Ip = 1.1-1.9 MA and PNB[ = 5-28 MW at 
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Bt ~ 4.4 T, in which power scan experiments were carried out for Ip = 1.1 MA 
and 1.2 MA within the range of PNBI = 5-22 MW. The variation of the energy 
confinement time TB and the H factor as functions of the net power Pnet is shown in 
Fig. 5 for the same subset of discharges as is shown in Fig. 4. Here, Pnet is defined 
as Pnet = (Pabs - dW/dt) « (Pats - dWdia/dt) and the global energy confinement 
time determined from magnetic measurements as TE = W/Pnel. The attainable stored 
energy reached W = 5.9 MJ at Pnet = 16.6 MW for Ip = 1.9 MA. 

As is typically shown for Ip = 1.1-1.2 MA (q* = 5.6-6.2), the attainable rE 

for a given current tends to increase with Pnet and to reach a maximum value; above 
this value, it decreases rapidly. As compared to the regime of 1.8-1.9 MA 
(q* = 4.0-4.2), an optimum power to maximize TE or the H factor at a given cur
rent appears to increase with Ip. This power dependence, closely coupled with Ip, is 
essentially different from that for L or H-mode type discharges; this could also be 
obtained, even if the absorption power were used instead of the net power, in contrast 
to the report on TFTR supershots [7]. We note that the contribution of the dW/dt cor
rection in the net power ((dW/dt)/Pabs s 0.3 for most cases) might be more signifi
cant in JT-60U than in TFTR. Thus, it can be concluded that an appropriate choice 
of the operating current according to the power level would result in the apparent 
weak dependence of the enhanced confinement on the power. It should be shown by 
future work whether a slight decrease in the attainable rE and H factor with increas
ing Ip, as is shown in Fig. 5, would represent the real q* dependence. 

3.3. Current profile dependence 

The current profile of the discharges may affect enhanced confinement as well 
as MHD stability as was recently discussed for L-mode plasmas [11]. The target 
internal inductance, li™8"*, was controlled by changing the beam injection timing to 
investigate whether confinement and stability in the HPEC regime can be affected by 
the current profile. In Fig. 6, the obtained e/3p and H factor are plotted as functions 
of li

,arget just before beam injection for a high q region (5.0 < q* < 7.4), with 
Ip = 0.9-1.4 MA at B, ~ 4.4 T, where the coupling of q and lj would be weaker 
than in a low q regime [12]. As the target 1; does not change so much during beam 
injection (Fig. 3), during beam injection 1; can approximate the target lj. Sawtooth 
and m = 1 mode activities were observed in the range of 1( above ~ 1.2, resulting 
in significant confinement degradation. In the lower 1; region — below ~ 1.2 — 
highly enhanced confinement was obtained without these activities or other signifi
cant modes. 

As is seen in Fig. 6, the attainable e/3p values decrease with decreasing lj below 
an attainable limit line of e/3p » 0.4 X if, suggesting that the broadened current 
profile reduces the stability limit. On the other hand, the attainable H factor on 1; 
appears to be almost constant for the lj :£ 1.2 or insensitive to lj. This may imply 
that the current profile should not significandy affect the formation of the enhanced 
confinement at a given safety factor region if the plasma is MHD stable. A high target 
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li discharge without sawteeth and m = 1 modes was required to increase the stabil
ity margin rather than to improve the confinement by increasing lj. 

4. BETA LIMIT 

4.1. Lower limit of the Troyon factor 

The stability of high pressure plasmas under a large bootstrap current fraction 
is crucially important if such a reactor scenario is going to work. While the empirical 
Troyon limit with a Troyon factor of 2.8-3.5 [10] is widely adopted in tokamak reac
tor designs, its credibility is questionable for high /3P plasmas because of the view 
that a broadened or hollowed current profile due to a large bootstrap current fraction 
may lead to a lower limit of the Troyon factor. 

The operational region on the g versus e/Jp diagram for the HPEC regime in 
JT-60U is shown in Fig. 7 in comparison with the JT-60 high /3p regime, where B, 
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FIG. 7. Troyon factor as a Junction of e/3p for high (3p experiments in JT-60U and JT-60 shown with 
the Troyon limit and an attainable limit line of gi&p = 1.1. Closed circles and squares: data just 
before &p collapse. 

was in the ranges of -2.7-4.4 T for JT-60U and - 4 . 7 T for JT-60. The high /3P 

discharges in JT-60U and JT-60 have confirmed an operational j3 limit existing sub
stantially below the Troyon limit, at which the discharges suffered the j3p collapse. 
This (8 limit appears to depend on both the Troyon factor and e/3p, as the attainable 
Troyon factor decreases with e/3p below an approximate limit line of gej3p — 1.1; 
the JT-60 data beyond the limit line are, at the lowest current experiment (— 280 kA), 
all dominated by non-thermal ions with consequent strong anisotropic pressure. \ is 
also associated with the attainable e0p values as was discussed in Section 3.3, which 
could provide a possible reason for the data scatter with the /3P collapses in Fig. 7. 

The maximum Troyon factor in the HPEC regime reached g = 2.3 for a lower 
B, discharge with Ip = 1.1 MA, B, = 3,2 T and q* = 4.3, at which also a high 
enhancement factor of H = 2.5 was obtained. No systematic degradation or satura
tion of the confinement enhancement associated with an increase in the Troyon factor 
as well as e/3p was seen up to the j3 limit. It can be said that the achievable plasma 
performance has been determined by the MHD stability limit, not by transport or by 
plasma-wall interaction such as a carbon bloom. 

4.2. Termination mechanism 

The /3P collapse, first discovered in JT-60 [5], turned out to occur in a similar 
beta region in JT-60U as discussed above. As is shown in Fig. 8(a), local Te fluctu-
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ations prior to a /3p collapse were measured by the 20-channel ECE grating poly-
chromator with a digitizing time of 20 fis [13] for a plasma with q* = 5.4, 
Te(0) « 8 keV, e/3p = 0.40, g = 1.6 and H = 2.8. The precursor oscillations with 
~ 20 kHz down to ~ 10 kHz show an m = odd relation with a fast growth time. The 
fluctuation profiles on the midplane in Fig. 8(b) show that (1) the precursor oscilla
tions are localized near the inversion location of the /3P collapse and (2) significant 
in-out asymmetry is manifest, suggesting a ballooning feature at the 'bad curvature' 
side. After originating near the inversion radius, the collapse appears to propagate 
rapidly to the centre within ~ 200 /us. Strong ECE bursts occur with a much faster 
growth time than the time resolution during the /8p collapse. Such ballooning-like 
precursors and ECE bursts have commonly been observed for /3p collapses. 

Stability analyses using the ERATO-J code for the above plasma just before the 
j8p collapse indicate that low-n ideal kink ballooning modes can be unstable where 
an m = 3, n = 2 mode is dominant around the q = 1.5 surface, on the assumption 
of a monotonic q profile with a central safety factor of q0 ~ 1.3. A /3p collapse 
accompanied by such a monotonic q profile in JT-60U would have a significant 
impact on the startup scenario for an ignition plasma, while a /3p collapse with a hol
low current profile in JT-60 would be associated with the sustainment phase. With 
the BETA code, stability analyses for high-n ballooning modes have also been carried 
out. The experimental pressure gradient is found to be marginal over a region 
of r/a <I 0.4 against the boundary of high-n ballooning limits. 

No major disruptions were observed for high q operation with q* > 4.5 in the 
HPEC regime. However, major disruptions with a fast Te decay time of the order 
of 100 us have been followed by a /3p collapse for a few discharges at q* ~ 4.5. 
So, it should be emphasized that the /3P collapse can induce a major disruption in the 
lower q operation regime as well as confinement degradation without current 
termination. 

5. FUSION PERFORMANCE 

The fusion neutron rate Sn and the D-D fusion amplification factor QDD 

obtained in the HPEC regime are plotted for different current regimes as functions 
of e|3p in Fig. 9, where QDD is simply defined as (fusion power)/(absorption power). 
The achievable Sn reached 2.8 X 1016 n/s (Fig. 2) with QDD = 1.5 X 10"3 at 
q* = 4.4 and e/3p = 0.37. This neutron rate was calculated to be composed of 53% 
diermal-thermal, 36% beam-thermal and 11% beam-beam contributions. The neu
tron rates obtained were roughly proportional to the square of the stored energy, 
similar to the TFTR supershot regime [14]. Thus, Sn increases with e/Jp roughly in 
proportion to (e/3p)

2 for a given plasma current. Since the e/3p limit by the (3p col
lapse tends to decrease with increasing Ip, S„ becomes peaked at lower e/3p with 
increasing Ip as is shown in Fig. 9. 
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As is shown in the bottom figure, the QDD appears to be well correlated with 
€/3p. The maximum attainable QDD » 1.9 x 10"3 was achieved for both low and 
high current regimes with Ip = 1.2 MA (q* = 5.6) and Ip = 1.9 MA (q* = 4.0), 
respectively. Provided that deuterium beams were injected into a 50% deuterium and 
50% tritium plasma current, the calculated equivalent D-T fusion amplification fac
tor, QDT, would be -0 .29 without dW/dt correction for the maximum QDD shot 
with Sn = 2.6 X 1016 n/s at Ip = 1.9 MA, in which the contribution from the ther
monuclear reaction is - 3 8 % of the total D-T neutron rate. If the dW/dt correction 
is included, the equivalent QDT value would be —0.31. 

For the present plasma configuration, the n„(0) and Zeff values could not be 
measured directly while line density measurements with two off-axis chords were 
available. Here, these values are inferred from a kinetic analysis by scanning the n,. 
profile with Zeff to be consistent with measured quantities such as line density, 
neutron rate and stored energy. Some of the inferred r^ profiles are validated 
by using the data from a C02 laser interferometer with a tangential chord 
through the axis. Thus, the attainable fusion triple product is inferred to reach 
nXO)^^) « 4.4 X 1020 m 3-s -keV with Zeff ~ 3 for the above maximum S„ 
shot with L = 1.7 MA. 
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6. CONCLUSIONS 

A highly enhanced confinement regime with an H factor up to ~ 3 was achieved 
for high /3P operation, accompanied by a large bootstrap current up to ~0.8 MA in 
JT-60U. It resulted from operational methods such as adjustment of the plasma con
figuration to the beam lines, wall conditioning and current profile control (or conse
quent MHD control). The discharges were characterized by high confinement 
performance with Tj ~ 38 keV, Te ~ 12 keV and H ~ 3; high fusion perfor
mance with Sn ~ 2.8 x 1016 n/s, QDD ~ 1.9 X 10'3, equivalent QDT ~ 0.31 and 
ni(0)TETi(0) ~ 4.4 x 1020 m"3-s-keV. These results are highly promising for a 
future high /3p tokamak reactor. 

The power dependence of the enhanced confinement is closely coupled with the 
plasma current, resulting in the apparently weak power dependence obtained by 
changing the current according to the power level. This suggests that an optimum 
combination of power and current exists, maximizing confinement enhancement for 
a given toroidal field. The confinement enhancement appears to be insensitive to the 
current profile, but the stability limit is rapidly reduced by decreasing lj. 

The termination of the enhanced confinement phase was shown to be due to /3p 

collapses occurring at the stability limit for ideal low-n kink ballooning modes, which 
is consistent with MHD observations such as those of ballooning-like precursors. 
Lower limits of the Troyon factor determined by the /3P collapses are shown to 
depend on e(3p as ge/3p :S 1.1. Therefore, effective control of MHD stability for 
high pressure plasmas, especially to avoid /3P collapses, would be a key issue in the 
steady state operation of high |3p tokamaks [15]. 
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DISCUSSION 

D. MOREAU: Do you have evidence that the increase in ^ corresponds to 
peaking in the current profile at the centre, or rather to a steepening of the current 
density gradient in the outer part of the discharge? 

S. ISHIDA: High £ is assumed to correspond to steepening of the current den
sity gradient in the region of half of the minor radius where the j3p collapse occurs. 

C. GORMEZANO: You have presented very interesting results. Do you have 
plans to extend these attractive features to a quasi-steady-state situation so that they 
can be applied to a reactor? 

S. ISHIDA: We plan to install a negative ion beam system to drive the intense 
central beam currents. This should increase MHD stability for the high j3p regime. 

R.R. WEYNANTS: If you used thermal energy instead of diamagnetic energy, 
what would your enhancement factor with respect to ITER89-P be? 

S. ISHIDA: The enhancement factor for thermal energy would be - 3 0 % below 
the present values. 
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Abstract 

TURBULENCE AND TRANSPORT REDUCTION MECHANISMS IN THE EDGE AND 
INTERIOR OP DHI-D H-MODE PLASMAS. 

Turbulence drive and suppression mechanisms have been investigated in DIII-D by characterizing 
density fluctuation behavior under a variety of conditions: during H- and VH-mode operation, co- and 
counter-injection neutral beam heating, and using a "magnetic brake" to modify the interior radial elec
tric field £,. In particular, attention has focused on tests of electric field shear as a fluctuation suppres
sion mechanism. Turbulence measurements at the outboard midplane at the L-H transition are consistent 
with shear suppression models. At the inboard midplane (high field side), shear is smaller than at the 
outboard side, and no turbulence suppression is observed at the L-H transition. In the plasma interior, 
a second, slow reduction (10's of ms) in turbulence is seen after the L-H transition, which agrees in 
both spatial localization and time scale with the observed decrease in interior transport. This second, 
interior turbulence reduction may, therefore, explain the decrease in transport, and is consistent with 
both density gradient (Vri) drive and electric field shear mechanisms being active. To isolate the role 
of electric field shear in the interior, experiments using the "magnetic brake" or counter-injection neu
tral beam heating were undertaken. Both of these experiments indicate that the electric field alone can 
modify interior turbulence levels. Overall, these results indicate that the electric field (shear) can reduce 
turbulence levels in the plasma edge and interior, and also support Vn as an interior turbulence drive. 

* Work sponsored by the US Department of Energy under grant DE-FG03-86ER53225 and con
tract DE-AC03-89ER51114. 

1 Permanent address: General Atomics, San Diego, CA 92186, USA. 
2 Permanent address: University of California, Berkeley, CA 94720, USA. 
3 Permanent address: Sandia National Laboratories, Albuquerque, NM 87185, USA. 
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1. INTRODUCTION 

The observed energy confinement times and transport rates in tokamaks 
are not in accord with the predictions of neoclassical theories [1], It is generally 
assumed that this anomalous transport and confinement is caused by fluctuation-
induced transport [2]. Consequently, understanding the detailed behavior and 
nature of microturbulence has long been an objective of the magnetic fusion re
search program, as a step towards the ultimate goal of controlling confinement. 
At present, no conclusive evidence exists for a link between turbulence and trans
port in the core region of tokamaks, though such evidence is accumulating for 
the plasma edge [2]. In addition, very little progress has been made in identify
ing the individual turbulent modes responsible for the observed fluctuations [2]. 
However, for the purpose of controlling transport, a detailed understanding of 
the nature of the fluctuations may be unnecessary — knowledge of turbulence 
drive and suppression mechanisms Taay be sufficient. 

On DIII-D, H- and VH-mode operation, co- and counter-injection neutral 
beam-heating (NBI), and a "magnetic brake" to retard plasma rotation have all 
been used as tools with which to examine turbulence drive and reduction mecha
nisms, and their relationship to local transport behavior in both edge and interior 
plasma regions. These studies have concentrated on testing the hypothesis that 
shear in ET can control turbulence levels, a topic of considerable current theoret
ical interest [3-9]. In addition, investigation of possible poloidal asymmetries in 
turbulence behavior has commenced using a new inside launch (high field side) 
reflectometer system. 

This interest in electric shear suppression has grown out of combined exper
imental and theoretical work aimed at understanding the L-H transition [3-14]. 
Shear suppression is predicted to occur as a result of differential E x B drifts as
sociated with a sheared Er profile, which represents an additional decorrelation 
mechanism for fluctuations. This process results in reduced fluctuation levels, 
decreased radial correlation lengths, and consequent reduced turbulent transport 
(see, for example, Refs. [3,4]). If the shear decorrelation rate becomes compara
ble to, or exceeds, the inverse of the intrinsic correlation time of the fluctuations, 
large effects on turbulence levels are predicted ('high shear' regime). It should be 
noted that these shear theories are not models of the L—H transition per se, but 
seek to explain the observed reduction in turbulence and transport once a sheared 
electric field is established, for whatever reason. Thus, the work presented in this 
paper is also important for areas such as H-mode physics, and may be regarded 
as an improvement and extension of previous edge L—H transition studies [10—14]. 

The organization of the remainder of this paper is as follows: Section 2 
covers edge measurements, while Section 3 describes interior fluctuation mea
surements in H- and VH-mode. This is followed by a description in Section 4 
of the magnetic braking and counter-injection experiments designed to isolate 
the role of ET/shesr in the interior, while the final section presents the overall 
conclusions from these studies. Finally, in this paper 'plasma interior' refers to 
the region inside the particle source region, i.e. p ;S 0.9, where p is a magnetic 
flux co-ordinate; 'edge plasma' refers to the region 0.9 < p < 1.0; and the area 
outside the last closed flux surface is the scrapeoff region. 
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2. E D G E M E A S U R E M E N T S 

The measurements presented here represent an improvement and extension 
of previous work [10-13]. The spatial and temporal resolution of several edge 
diagnostics has been improved, and new diagnostics have been added, such as a 
correlation reflectometer [15], a fast reciprocating Langmuir probe array [16], and 
an inside launch (high field side) reflectometer. These new systems, in conjunc
tion with the charge exchange recombination (CER) spectroscopy, reflectometer 
and far infra-red (FIR) scattering systems [10-14,17-20], provide a comprehen
sive array of diagnostic systems with which to characterize the edge plasma on 
DIII-D. Data from these systems have facilitated a more complete comparison 
with theoretical predictions [14]. 

Detailed edge measurements have been made over a wide range of plasma 
parameters {Ip,B^,ney and NBI power). Abrupt changes in Er and turbulence 
levels are observed coincident with the L-H transition at the outer plasma mid-
plane (low field side). This is illustrated in Fig. 1, where density fluctuations 
monitored by a reflectometer channel whose cutoff layer is within a few cen
timeters of the separatrix are observed to decrease on a time scale of ~ 100 /xs, 
coincident with the first observable change in the Da emission. At the same 
time ET, inferred from the radial force balance equation for C VII (as discussed 
in Ref. [17]), becomes substantially more negative. To within the CER system 
time resolution of 0.5 ms, the change in Er is coincident with the drop in density 
fluctuations, and change in Da. 

++-r+++++
 +

+++++ i 

2540 2545 2550 

TIME (ms) 
2555 2560 

Fig. 1. Time history across the L-H transition in DIII-D of the divertor Da emission, Er, 
and power in the reflectometer fluctuation signal [integrated from 75 kHz to the Nyquist 
frequency (400 or 800 kHz, depending on channel), using Fourier analysis over consecutive 
0.1 ms intervals], for a channel with a cutoff layer 1-2 cm inside the separatrix. The 
spectroscopic signals used to calculate ET have a 0.5 ms integration time, and the channel 
shown is again located 1-2 cm inside the separatrix. Both Er and the turbulence levels 
are reduced coincident with the first observable drop in Da, at the time indicated by the 
vertical dashed line. 
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Fig. 2. Plots of various edge plasma profiles at times spanning the L-H transition. The 
shaded region gives the best estimate of the separatrix location. In addition to the profiles 
labeled on the lefthand vertical axis, each box contains a plot showing the change in the 
fluctuation power detected by the O-mode and X-mode reflectometers (right hand vertical 
scale). This is the ratio of the reflectometer power just after the transition to that measured 
just before the transition, (a) Er profile inferred from the C VII radial force balance equation 
as measured by charge exchange recombination spectroscopy. Integration time for the signal 
was 3 ms. (b) Profiles of the ion temperature measured using the same technique as in (a). 
(c),(d) Profiles of electron density and temperature measured by Thomson scattering. 
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In addition to a temporal correlation, there is also a spatial correlation be
tween changes in Er, reduced density fluctuations, and decreased transport. As 
shown in Fig. 2(a), a deep negative electric field well of width ~1 to 4 cm forms 
just inside the separatrix, again coincident (within the minimum time resolution 
of 0.5 ms) with the start of the L-H transition. The field well is a localized region 
of large electric field shear. Also illustrated in Fig. 2(a) is a curve showing the 
radial change in the integrated refiectometer signal power, a measure of turbu
lence levels. The turbulence decreases in the same localized region where shear 
in Er develops. The positions of the reflectometer channels are determined using 
electron density profiles from the DIII-D multipulse Thomson scattering system, 
and the plotted quantity is the integrated power in the reflectometer signal, nor
malized to the rms value before the transition. The reflectometer signal power is 
a function of n2, but also has possible dependencies on other parameters [21]. 

The absolute change in n has recently been quantified using the FIR scat
tering system. The spatial resolution of this system has been improved using 
a novel analysis of Doppler shifts in the scattering data [19,20]. This technique 
makes use of the fact that the interior electric field on DIII-D is typically positive, 
while Er is negative in the edge region during H-mode. Thus, the E x B Doppler 
shifts observed in heterodyne scattering data are of opposite sign for interior and 
edge fluctuations, facilitating discrimination between the two regions. Using this 
analysis, the scattering results confirm that h decreases by greater than a factor 
of two, averaged over the region of edge negative electric field, within ~ 100 (is 
of the L-H transition [20]. 

As shown in Fig. 2(b), (c) and (d), the electron and ion particle and energy 
confinement also improve in the same localized edge region where the turbulence 
decreases. This is shown by the steepened density and temperature profiles, 
an indication of increased confinement. That the change in edge profiles is a 
consequence of the change in Er, and not vice versa, has recently been shown by 
analysis of fast time resolution CER data. As described in Ref. [14], the increase 
in density and temperature gradients in the edge lag the changes in Er, and thus 
cannot be the cause of the change in ET. 

Using the new fast reciprocating Langmuir probe array, the fluctuation-
induced particle flux T has been measured directly, and decreases from L-mode 
to H-mode [16]. The measurements extend in to the vicinity of the separatrix 
radius, and show a local decrease in T more than sufficient to explain the observed 
improvement in global particle confinement. 

Preliminary results from the correlation reflectometer system indicate that 
the radial coherence length of the fluctuations is reduced at the outer midplane in 
H-mode as compared to L—mode. The coherence length, denned as the e-folding 
length of the mutual coherence 7 between the reflectometer channels, decreases 
by a factor of ~ 2 from L-mode (0.7 cm) to H-mode, in the vicinity of the 
separatrix [14]. 

These results from the outer midplane are consistent with the predictions 
of Er shear suppression theories [3-9]. In particular, the data indicate high spa
tial and temporal correlation between sheared Er, turbulence reduction, and de
creased transport. This is especially so as the reduction in turbulence is contrary 
to the normal expectation for increased fluctuation levels in conjunction with 
increased density, temperature, and pressure gradients (possible drive mecha
nisms). However, the outboard edge region is in the 'high shear' regime, where 
substantial fluctuation suppression is predicted. As an example, the criterion for 
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high shear presented in the Biglari, Diamond, and Terry (BDT) paper [3], can 
be written as: 

(1) 
VEr 

J?T 

Awt 

where BT is the toroidal field, Ao>< is the turbulent decorrelation frequency, Art 
is the radial correlation length, and k$ is the mean poloidal wave number of 
the turbulence. Au>t and Art are the values in the absence of Er shear. Using 
3 MV/m2 as an estimate for VET (from Fig. 2), 1.5 T for the edge BT, typical 
values for Au t = 2nx 40 kHz (from non-Doppler shifted reflectometer measure
ments), 0.7 cm as an estimate for the radial correlation length Art, and 1 c m - 1 

as an estimate for kg, and inserting into Eq. (1), the result is 2.0 x 108 Hz for the 
left hand side, and 3.6 X 105 Hz for the right. Thus, the high shear criterion is 
satisfied by the well structure in ET at the outboard midplane, and large reduc
tions in fluctuation level are predicted, as observed. The observed reduction in 
the radial coherence length is also in agreement with the predictions for the high 
shear regime [3]. 

In contrast to the observed turbulence reduction on the outboard midplane, 
measurements with the new inside launch reflectometer system show no reduction 
at the inboard midplane (high field side) at the L-H transition. This is shown in 
Fig. 3, where inboard and outboard reflectometer measurements are compared. 
A similar asymmetry in turbulence response has also recently been observed in 
driven H-modes on the CCT tokamak [22]. The inside launch system on DIII-D 
uses the same polarization, detection system, and microwave frequencies as in 
the outside launch O-mode reflectometer system [12]. Thus, the systems can 
probe fluctuations lying on the same density layer in the inboard and outboard 
edge plasmas (high/low field sides). On the inboard midplane, however, the ra
dial variation in magnetic field strength results in substantially different shear as 
compared to the outboard midplane. If it is assumed that the electrostatic po
tential $ is constant on a flux surface to lowest order, then using dip = 2wRBpdr, 
where ip is the poloidal flux function [23], Bp is the poloidal field, R is the major 
radius, and dr a radial separation, the left hand side of Eq. 1 can be rewritten as 

VET 

BT I*T| 

d2* 

dtp2 (2) 

Since dtOf/dip2 should normally be constant on a flux surface, shear in E x B/2?2 

varies inboard/outboard as (RBP)2/BT- This quantity is significantly smaller on 
the inner side of the plasma than the outer; typical values for DIII—D show 
that the calculated electric field shear term [left hand side of Eq. (1)] is at least 
~ 6 times smaller at the inboard midplane than at the outboard. Utilizing the 
same numbers for the right hand side of Eq. (1) as in the previous estimate, this 
indicates that the edge plasma on the inboard midplane is not in the high shear 
regime. 

The BDT paper does not directly address what occurs in the low shear 
regime [3], but several of the other theoretical treatments do make predictions. 
References [4,5,7] predict that low levels of shear can reduce turbulence levels, 
and, for example, inserting numbers used in the estimate for Eq. (1) above, into 
the formulae of Ref. [7], turbulence reduction is predicted. Reference [8] predicts 
that the fluctuations can increase or decrease, depending on the type of turbu
lence, while Ref. [6] predicts little change until the strong shear regime obtains. 
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Fig. 3. Illustration of inboard/outboard asymmetry in turbulence response at L-H transition. 
Turbulence levels monitored by the inboard 50 GHz reflectometer channel do not reduce. 
Outboard channels indicate turbulence reduction coincident with changes in Da, as in 
Figs. 1,2. In this case, the integration is from 25 kHz for the reflectometer channels. 

In Ref. [9], linear theory is shown to predict suppression at low shear levels, while 
multiple-helicity numerical, and further analytic calculations suggest that strong 
shear is required. Thus, if it is assumed that the shear suppression hypothesis 
is correct, the inboard/outboard asymmetry results should provide a method of 
discriminating between competing theoretical models, and/or turbulence modes. 
A measurement of Er on the inboard midplane would help in this regard, as 
it is possible that the calculation of the shear on the inner midplane may be 
inaccurate. 

Finally, it should be noted that the inboard/outboard asymmetry in turbu
lence response is consistent with the hypothesis that the increased confinement 
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after the L—H transition is due to fluctuation suppression. Previous measurements 
have shown an asymmetric heat flux to the divertor strike points on DIII-D, with 
the largest heat flow across the outside midplane in L-mode [24]. This heat flux 
asymmetry changes across the L-H transition, with a marked decrease in heat flux 
through the outer major radius side, and little change in flux to the inner (high 
field) strike point [24], These previous results are consistent with the present 
measured inboard/outboard turbulence behavior across the L-H transition. 

3. INTERIOR MEASUREMENTS 

Transport improves in H-mode not only in the edge, as shown above, but 
also in the interior [25]. However, the improvement in the plasma interior oc
curs on a slow time scale (10's of ms), as opposed to the very rapid changes in 
edge parameters discussed above. In VH-mode, a further decrease in interior 
transport (relative to H-mode) occurs at p > 0.6 [26,27]. As described in the 
previous section, a new analysis technique has been developed to increase the 
spatial resolution of the FIR scattering system [19,20]. Making use of Doppler 
shifts of opposite sign for turbulence localized in the interior and in the edge, the 
interior fluctuations can be discriminated. The Er induced Doppler shifts are 
of such magnitude that the intrinsic dispersion of the fluctuations is obscured, 
i.e. the frequency shifts and frequency widths observed in the scattering data 
measured in the laboratory frame do not reflect the dispersive properties of the 
fluctuations in the plasma frame, but rather the magnitude and shear of Er in 
the region where the turbulence is located. 

Using this technique, it has been shown that the bulk of the interior tur
bulence is located between 0.7 < p < 0.9 in H-mode [19,28], and that this 
turbulence is reduced on the same time scale (10's of ms), and in the same spa
tial region as the major reduction in interior transport after the L-H transition 
[19,25,28]. Figure 4 shows an example of such a slow decrease in interior fluctu
ation levels, at a wavenumber of 2 cm - 1 , and increase in confinement time after 
the transition. Two possible mechanisms for this second, interior H-mode turbu
lence reduction are illustrated in Fig. 5. The first of these is the flattening of the 
density gradient in the region where the bulk of the interior turbulence is located 
(0.7 < p < 0.9). The changes in Vra have good temporal correlation with the 
decrease in turbulence levels, supporting Vn as a turbulence drive mechanism. 
The second possible interior suppression mechanism is the increase in the interior 
electric field and shear. As shown in Fig. 5(b), this occurs in the same region, 
and on roughly the same time scale as the turbulence reduction. It is possible 
that both Vn and ET shear mechanisms are active simultaneously. 

As mentioned above, a further decrease in transport relative to H-mode is 
observed during VH-mode operation [26,27]. When transport decreases in VH-
mode, the interior turbulence levels n are either constant or decrease. However, 
the relative turbulence levels n/n are reduced as compared with earlier H-mode 
levels, because of a rise in mean density. One possible explanation of this change 
from H- to VH-mode is the observation that the region of strong shear in ET 
extends further into the plasma, to p ~ 0.7. This is shown in Fig. 6, where 
typical Er profiles in H - and VH-mode are displayed. Thus, the shear in the 
region 0.7 < p < 0.9 (see Figs. 5,6), where the bulk of the interior turbulence is 
located, varies substantially in H-mode (e.g. scaling with NBI power), and from 
H - to VH-mode. In general during H- and VH-mode, the shear in this region 
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Fig. 4. Example of slow decrease in interior fluctuation levels after L—H transition. Illustrated 
are divertor Da emission, FIR scattered power (cc n 2 ) for a wavenumber of 2 c m - 1 , 
integrated over a frequency band corresponding to the interior, time dependent confinement 
time, and line average density. 

varies between levels comparable to those at the inboard edge, to almost the shear 
level of the outboard edge negative electric field well. That the largest observed 
turbulence modification is in the outboard edge, with less in the interior, and none 
at the inboard edge is consistent with varying levels of shear in these regions, and 
the interior provides further data with which to test theoretical models of low 
to moderate shear. Thus, the reduction in relative turbulence levels from H— to 
VH-mode is consistent with increased shear in interior Er, and again correlates 
decreased turbulence levels with increased confinement. 

4. MAGNETIC BRAKING A N D COUNTER-INJECTION 
EXPERIMENTS 

To isolate the effects of ET in the interior, a series of experiments were 
performed to change ET and shear, while keeping other profiles as invariant as 
possible. The first of these involved the use of a "magnetic brake" to slow plasma 
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Fig. 5. (a) Density, and (b) electric field profile evolution before and after the L-H tran
sition for the same discharge as shown in Fig. 4. Both profiles change in the region where 
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location of the bulk of the interior turbulence. 
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Fig. 7. Radial electric field profiles with and without "magnetic braking." The magnetic 
brake reduces toroidal rotation, such that ET in the interior is reduced by approximately a 
factor of two. 

toroidal rotation, and hence modify Er [29]. It has been demonstrated previously 
that a static error field exerts a damping force on toroidal rotation, and an 
external coil is used to deliberately apply a variable n = 1 error field on,DIII-D, 
reducing toroidal rotation [29]. Toroidal rotation directly affects the magnitude 
and sign of ET through the particle force balance equation [10-13,17], such that 
the reduced toroidal rotation results in a reduction of Er in the interior. Figure 7 
shows that the interior field is reduced by a factor of ~ 2 by the magnetic braking, 
and the average shear is also reduced. The decrease in Er and shear results in 
increased interior turbulence, as shown in Pig. 8, where interior turbulence is 
plotted as a function of the mean frequency in the FIR spectrum. The mean 
frequency of the fluctuations is a measure of the magnitude of the electric field 
in the area where the turbulence is located (p ~ 0.8), and the frequency changes 
as the magnetic brake reduces the toroidal rotation and Er. The data shown in 
Figs. 7 and 8 were obtained during quiescent periods between ELMs, in ELMing 
H-mode discharges. As other plasma profiles were essentially invariant during 
this experiment (comparing brake/no brake plasmas between ELMs), this result 
provides clear evidence for electric field modification of interior turbulence levels. 

The second experiment involved using counter-injection neutral beam heat
ing. Neutral beam injection in DIII-D is normally in the direction of the plasma 
current (co-injection). In this orientation, the interior electric field, which is al
ready slightly positive in divertor Ohmic plasmas, is driven more positive by the 
effect of beam induced toroidal rotation. However, by reversing the current, the 
beams can be injected in a counter direction (counter-injection). In this case, the 



246 DOYLE et al. 

0) 

o 
Q. 
•D 
0) 
© 

•••* 

(0 
o w 

Mean Frequency (kHz) 
4 0 0 

Fig. 8. Scattered power from interior turbulence as monitored by the FIR scattering system, 
versus mean frequency in the FIR spectrum. The mean frequency reflects changing E x B 
Doppler shifts as Er is modified by the "magnetic brake." Turbulence levels decrease with 
increasing mean frequency, and hence increasing internal electric field. 

positive interior electric field in the Ohmic phase is driven through zero and then 
reversed by the NBI effects on toroidal rotation. Thus, counter-injection provides 
a mechanism by which to modify ET in the interior as the plasma transitions from 
Ohmic to L—mode conditions. 

The results of this experiment in terms of the detailed spatial and temporal 
behavior of the measured fluctuations and Er are quite complex. Li this paper, 
only the overall, gross behavior is described. As soon as the neutral beams are 
injected the turbulence starts to reduce, the reduction being completed within 
~ 10 — 15 ms. Integrated across the wavenumber range from 1 to 7 cm - 1 , the 
decrease in total fluctuation level is ~ 30%. This result, and a similar previous 
observation on PDX [30], is in contrast to the normal increase in fluctuation 
level during L—mode observed on many machines. In the case of DIII-D, the 
reduction occurs on approximately the same time scale as that taken by the 
interior electric field to reach zero, and start turning negative. As other plasma 
profiles are essentially unchanged during this period, this result provides a further 
indication that radial electric field effects can control interior density fluctuation 
levels. 

5. CONCLUSIONS 

Possible turbulence drive and suppression mechanisms have been investi
gated in DIII-D by characterizing the turbulence under a range of different con
ditions, in both the edge and interior regions. As a possible drive mechanism, Vn 
is consistent with the slow interior suppression observed in H-mode after the L-H 
transition. The hypothesis that electric field shear can suppress turbulence levels 
is supported by detailed measurements at the outside midplane (low field side), 
internal fluctuation measurements in H - and VH-mode, and the experiments to 
modify Er with an external "magnetic brake" or counter-injection. In addition, 
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the inboard/outboard (high/low field side) asymmetry in fluctuation response 
observed at the L-H transition, in conjunction with the interior measurements, 
should provide a way to discriminate between competing theories at low shear lev
els. The edge turbulence measurements are consistent with fluctuation-induced 
transport playing a substantial role in determining edge confinement. Overall, 
these results indicate that the electric field (shear) is capable of modifying both 
edge and interior fluctuation levels, and may, therefore, provide a way to control 
transport. 
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DISCUSSION 

N.L. BRETZ: It appears that the primary evidence for a reduction of fluctua
tions in the shear layer comes from reflectometry on the outer horizontal midplane. 
Interpretation of these reflectometry signals is made difficult by the fact that the 
reflected phase has not been extracted and, more importantly, by the situation where 
the fluctuation scale length and the wavelength of the probe are similar, as is the case 
in the DIII-D shear layer. In this case the response of the reflectometer strongly 
depends on the k spectrum of fluctuations. Since a shift in the k spectrum is consistent 
with the observed change in the coherence length, how does one distinguish between 
a shift in the k spectrum and an actual reduction of fluctuations in the measurement? 
How, in general, does one extract quantitative information from the observed 
signals? 

E.J. DOYLE: Instead of engaging in a debate on the relative merits of various 
forms of reflectometry and their characteristics, a better and more convincing way 
to answer this question is to demonstrate that the main features of the reflectometer 
data have been confirmed by other diagnostics. Using the Doppler shift localization 
technique discussed in the paper, the FIR scattering system observes a reduction in 
edge turbulence levels very similar to that seen in the reflectometer data on the same 
discharge. As discussed in Ref. [20], the FIR system typically observes a decrease 
in n of >2 , while the reflectometer decrease is typically <3 (a factor of ~ 9 in 
power). The edge Langmuir probe has also observed a reduction in n/n of ~2 in the 
vicinity of the separatrix (see Ref. [16]). Finally, preliminary analysis of data from 
two new edge fluctuation diagnostics on DIII-D — a phase contrast interferometer 
and a lithium beam probe — indicates a reduction in edge turbulence levels. 

R.H. COHEN: At the L-H transition, the outboard signal shows delays before 
the turbulence is suppressed. Are these delays correlated with anything else? 

E.J. DOYLE: In the example shown during my presentation, which was differ
ent from, but similar to, Fig. 3 in the paper, the turbulence at the outboard midplane 
changed ~ 1 ms before (not after) the Da signal shown. DIII-D has multiple Da 

monitors, covering the inner and outer strike points, at the lower and upper divertors, 
etc. Normally, the first change in turbulence at the outboard midplane is coincident 
with the first observable change in Da emission from the outboard side. As the L-H 
transition is believed to originate at the outboard midplane, changes in D„ emission 
from the inboard side can be delayed with respect to the outside. In the case of the 
example shown, the normal outside Da monitor was inoperable and an inner strike 
point channel was used, with a time delay of ~ 1 ms. 

R.H. COHEN: In your magnetic brake experiment, another possible cause of 
increased fluctuations could be coupling of the fluctuations to the applied perturbation 
(without the intermediary of altered rotation). Is there any way to distinguish between 
these effects? 

E.J. DOYLE: While this possibility cannot be excluded, it is unlikely. Elec
trostatic turbulence in tokamaks is typically insensitive to such magnetic related quan
tities as q, j , magnetic shear, and so on (see paper A-2-2 by M.C. Zarnstorff et al.). 
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R.J. GOLDSTON: Is the poloidal rotation observed in DIII-D consistent with 
neoclassical theory? In the VH mode, in particular, this should be easy to determine, 
since the strong Er penetrates deeply. 

E.J. DOYLE: First of all, it should be noted that the increased size of the region 
of strong electric field shear in the VH mode is due to increased toroidal, not poloi
dal, rotation. The region of edge poloidal flow is little changed from H to VH mode 
and is only a few centimetres wide. Secondly, the measured rotation velocities are 
those of impurity carbon ions, rather than of the bulk ions, whose rotation velocities 
could be substantially smaller. In order to test neoclassical theory, including impurity 
ion effects (e.g. Y.B. Kim et al., Phys. Fluids B 3 (1991) 2050), experiments have 
been undertaken with helium as the main plasma ion species, so that the bulk ion 
rotation can be measured. Data from these experiments are still being analysed. 

C.S. CHANG: What is the time-scale of toroidal rotation damping when the 
magnetic brake is applied? 

E.J. DOYLE: In the experiments reported here, the current to the external error 
field coil was ramped slowly, in ~ 1 s, so this question was not addressed. 

C.S. CHANG: The magnetic error field is larger in the edge region. Do you 
think there is a sufficient magnetic braking effect within the thin H mode shear layer 
even without the application of the external error field? 

E.J. DOYLE: The error field is thought to interact with the plasma toroidal 
rotation primarily at resonant rational q surfaces. The intrinsic error field on DIII-D 
is measured as primarily n = 1 with some n = 2. Consequently, the intrinsic error 
field should have little effect on the high q edge region. This is supported by the 
observation that the external n = 1 coil has little effect on edge rotation. Such an 
effect is in any case not to be expected, as the edge rotation is poloidal, whereas the 
error fields affect toroidal rotation. 

A.V. NEDOSPASOV: In your paper only the radial electric field is shown. 
Have measurements been made of the plasma potential with respect to the vessel in 
the SOL for the L and H modes? 

E.J. DOYLE: The floating potential in the SOL has been measured in both L 
and H modes using the Langmuir probe array. The profiles are illustrated and dis
cussed in Ref. [16]. In the SOL, the spatial gradient of the floating potential is small, 
indicating that the radial electric field is small. 

R.J. TAYLOR: The peak in x is at the peak of the shear in Er for the H and 
VH modes. How do you explain shear suppression? There is also 'suppression' in 
X where there is no shear, that is, at r ~ 0.5. 

E.J. DOYLE: The peak in xeff *n the H mode is usually at p - 0.8, while the 
region of high shear is always at p > 0.85. In the VH mode, the peak in xeff clearly 
moves inward to smaller minor radius and becomes more diffuse. The high shear 
region in the VH mode does not have a clear boundary but also moves deeper into 
the plasma, to p ~ 0.7. It is also important to note that, irrespective of the location 
of the peak, xeff is substantially reduced at the edge in both H and VH modes. As 
for a decrease in Xeff at smaller radii, within the experimental uncertainties no 
reduction can be claimed atp S 0.6 in the VH mode, and in the H mode by far the 
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most substantial decrease in xeff is at p 2: 0.6. Thus there is no discrepancy between 
the observed behaviour and the shear suppression model. 

A. ROGISTER: I have some concern about your measurement of the radial 
electric field and hence about the experimental support for the idea that shear in Er 

stabilizes the turbulence. You actually measure a poloidal (and a toroidal) flux. The 
turbulence contributes to the latter: Tp = NUP + 5n5up, but you do not take this 
contribution into account. As a consequence, the radial electric field that you 
measure, (Er)exp = Er + 6n5er/N, is different from the radial electric field E~r used 
in the various theories. 

E.J. DOYLE: The measured quantities are the toroidal and poloidal flow 
velocities and the pressure gradient of impurity ions, from which the radial electric 
field is calculated using the lowest order force balance equation (Ref. [17]). Thus, 
the turbulence induced component of the electric field, (Te/ecs

2)(3/3r)<v2>, where vr 

is the fluctuating radial velocity of the bulk plasma and cs is the sound speed, is 
neglected. However, the contribution of this term is expected to be small (see, 
for example, paper D-2-4 by P.H. Diamond et al.). Also, the good agreement 
between the time evolution of the E x B Doppler shifts observed in the FIR scattering 
data and the spectroscopically inferred Er argues against there being a significant 
unmeasured component of the radial electric field. 
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Abstract 

CONFINEMENT AND TRANSPORT STUDIES IN TEXTOR IN THE PRESENCE OF EDGE 
RADIAL ELECTRIC FIELDS, BELOW AND ABOVE THE H-MODE THRESHOLD. 

The effect of radial electric fields (Er), induced in the edge of TEXTOR by means 
of a polarization electrode, on the plasma edge profiles, the local particle transport 
and the global confinement are described. The studies include H-modes with either 
positive or negative Er. Besides energy confinement, impurity exhaust (with a 
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special emphasis on helium) is also investigated and is found to be extremely 
difficult under H-mode conditions. Positive fields below H-mode threshold are 
shown, on the contrary, to facilitate the exhaust. The physics of setting-up electric 
fields is also discussed. 

1. INTRODUCTION 

The achievement of H-mode conditions (1] is a question of paramount 
importance for the ignition of the fusion reactor. This regime of improved 
energy confinement leads also quite often to an even larger improvement of 
particle confinement [2-3]. The dilution of the fuel and the possible 
extinction of the burn by impurity and helium ash accumulation is the source 
of concern [4]. Furthering the understanding of the conditions leading to H-
mode behaviour and of the coupling between energy and particle confinement is 
therefore an urgent task. 

Earlier work [5-7] has shown that H-mode behaviour can be achieved 
in an ohmically or an additionally heated tokamak in a controlled way by 
inducing radial electric fields in the plasma edge using electrodes. Sudden 
plasma readjustments can be triggered which display the features that 
characterize L-to-H transitions: rise in density, density profile steepening, 
drop in Doc emission and improvements in energy and particle confinement. In 
the TEXTOR work [6,7], it was shown that H-modes can be set up irrespective 
of whether the edge electric field Er points outwards or inwards. The latter 
situation will henceforth be called the negative H-mode (or H„-mode) and the 
former labeled the positive H-mode (H+-mode), corresponding to their 
respective signs of the edge Er. It should be recalled that the traditional H-
mode [1] that develops "spontaneously" in many devices is of the H.-type. 

In the present paper, the following issues will be discussed (see also 
[8,9,10]): OHhe evolution of the edge profiles as a function of the magnitude 
and sign of Er; (ii) the concomitant changes in electrostatic turbulence and 
transport in the edge; (iii) the effects on the bulk plasma, and especially on 
energy and particle confinement; (iv) modelling studies to ascertain the 
physics underlying the orthogonal conductivity that shapes the electric field 
profiles in these experiments. 

2. EXPERIMENTAL SET-UP AND OPERATIONAL CONDITIONS 

The TEXTOR set-up used for edge polarization has been described earlier 
[8,9]. A bias voltage is applied between an electrode and the toroidal belt 
limiter ALT-II. In the experiments reported here, the electrode tip is situated 
at a radius of 40-42 cm, i.e. a distance L = 6-4 cm inside the limiter radius. 
The plasma characteristics in the reported experiments are Bt = 2.35T, l p = 
190 - 250kA, R = 1.75 m, a = 0.46 m, Tie = 1-2 1013 cm"3, Te o = 1-15 
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keV. The applied electrode voltage VE ranges from -900 to +900 V. The 
obvious limitation on the heat load that the electrode can take imposes an 
operational limit on the input power, i.e. a relatively low plasma current (lp 
< 350kA) and low neutral beam power (PNI < 160 kW). 

3. INFLUENCE OF Er ON THE PLASMA EDGE PROFILES 

Figure 1(a) shows typical profiles of the edge floating potential Vf 
measured by Langmuir probes. As for most of the data VrVf strongly exceeds V 
rTe, the derivative of these profiles gives a good approximation of the radial 
electric field. The unbiased ohmic plasma is negatively charged and sustains a 
gradient of -50 V/cm. A gradual potential increase is observed with positive 
bias. However, upon the L-to-H transition the electric field increases 
abruptly, on a time scale of about 1.2 ms, by a factor of 3 (e.g. from + 150 
V/cm to +450 V/cm for positive bias, at VE « +450V and an electrode current 
IE of 120 A). In the H-mode a very strong localisation of the field occurs, 
yielding values of up to 1000 V/cm with a full width at half maximum of less 
than 0.5 cm. Although the electrode is located between r=40 and r = 41.5 cm 
the field is appreciable only in the immediate vicinity of the limiter. No 
significant difference in field strength or its shear exists between H+- and H. 
-modes (the latter only achievable under the conditions shown with NBI 
assist). The total field structure is displaced to larger radii by the addition of 
NBI. Note that zones of strong positive and negative shear exist in the plasma 
with either polarity. 

Figure 1(b) shows edge density profiles obtained by lithium beam 
probing for representative voltages below the H-mode threshold. The 
characteristic feature of transition (see Fig. 1(c)) is the edge steepening of 
the density profile, and once the transition occurs no significant difference 
subsists between the two polarities. This steepening is correlated with a 
steepening of the Vf profile. Furthermore, a local flattening, which is even 
more strongly revealed by Langmuir probes [11], might be embedded in the 
ne profile at this very location. As already mentioned for the electric field, the 
beams tend also to shift the density profile outward while maintaining the 
local flattening. It is important to stress that these profile changes remain 
confined to the very plasma edge for all voltages below transition whereas the 
bulk plasma density increases strongly in the H-mode [7,8]. 

The electron temperature is not significantly affected below the H-
mode threshold. Above it, Te is flattened throughout the edge, except for a local 
peak in the high field zone [9,11]. 

4. INFLUENCE OF Er ON THE EDGE TURBULENCE AND TRANSPORT 

Langmuir probes were used [9] to measure the time-stationary 

convective ( i f 0 = < n > < E 6 > ) and turbulent-driven ( I> = < n ^ 9 > ) 
BA BA 

particle transport, hitherto only in discharges with positive bias. 
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FIG. 1. (a) Radial profile of the floating potential Vfin the plasma edge for representative polariza
tion conditions, (b) Radial profiles of density obtained by lithium beam spectroscopy for voltages below 
H-mode threshold, (c) Superposed radial profiles of density and floating potential for VE = 0 (ohmic) 

and VF -600 V (NBI-heated H_-mode). The electrode is in all cases located between r = 40 and 
r = 41.5 cm. The radial resolution of the Langmuir probe is 1 mm. 

The corrective flux r r dominates the transport at all radii and all VE, 
but appears to be strongly dependent (in magnitude and direction) on the 
poloidal and toroidal position, thus suggesting the presence of convective cells 
[12]. Radial fluxes as high as 2 x 1018 particles cm"2 s"1, inwardly or 
outwardly directed, can be observed at the limiter radius. It is as yet not clear 
how important this convective flux remains when averaged out over a 
magnetic surface. 
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FIG. 2. Turbulence driven particle flux Y, measured by Langmuir probes. 

The turbulence-driven particle flux is locally at least an order of 
magnitude jower than r r but appears to be spatially uniform. Figure 2 
shows that I> is outwards inside the limiter during ohmic discharges, giving 
rise to a particle confinement time T P « 15 ms, when assuming spatial 
uniformity. The flux increases by a factor 2-2.5 while remaining outwards 
with positive, sub-threshold bias (VE = +250V) but turns inwards in the 
positive H-mode (VE = +700V). Although this change of sign indicates that 
other loss mechanisms are present, this behaviour appears to sustain the 
global confinement results discussed further on. 

ft, is interesting to note that the variation of the relative phases of 
KandEo is predominant in tailoring F r , not the variation of their amplitudes. 
The density fluctuation, ?(/ n, is reduced across the entire edge region prior to 
the H-mode transition t>ut returns tg ohmic levels except in the high field 
region upon transition. Ee as well as Vf/kTe, on the contrary, peak strongly in 
the high field region, the more, the higher the field [11]. The latter behaviour 
might be due to the appearance of a Kelvin-Helmholtz type of instability. 

5. GLOBAL PLASMA CONFINEMENT CHANGES 

Trace impurity elements (neon, helium) were injected in the plasma and 
their exhaust rates, using the ALT-II pump limiter, were studied 
(spectroscopically in the plasma and by mass.analysis in the pump chamber) 
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FIG. 3. Variation with electrode voltage VE of the neon effective confinement time r/jf,, spectroscopi-
cally inferred from the impurity decay rate during pumping, for different polarization conditions in pure 
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[8]. These measurements do not directly yield Tp ̂ NtotTout. but the effective 
confinement time Tp = Ntot / (rout - r ret)- During the burn phase of a 
reactor, the latter parameter tightly controls the amount of dilution of the 
fuel and it is thought that T ^ ^ E should stay below 10 [4J. Here, T* is the 
effective confinement time Tor the a-particles and TE is the globaienergy 
confinement time. 

Figure 3 shows Tp as a function of VE for neon. For positive fields which 
remain below the threshold for the L-to-H transition (VE = + 300 to +400 
V) an interesting regime of reduced particle confinement is found. Please note 
that this is exactly the condition where r r increases. Above threshold, the 
particle confinement increases strongly with either polarity of the applied 
electric field, but more in the H. than in the H+ mode. 

The strong particle confinement improvement during H-mode poses 
problems of impurity removal, even when pumping with the ALT-II pump 
limiter. Figure 4 shows the temporal evolution of the He2+ density, as 
measured by CER, at the radial locations r = -4 cm (squares) and r = 25 cm 
(triangles) after a 10 ms He-gas puff injected at t =1.0 s [10] (heating 
power: OH + 60 kW of NBI, to allow CER). The open points pertain to no bias 
conditions, the closed ones to H+-mode at VE = + 900 V. Values of the ratio 
T ^ / T E in the range 40-75 were measured in such H+-modes. This is m stark 
contrast with previous results on TEXTOR in L-mode plasmas (10 "^T^/TE < 
30) [13]. 
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closed ones relate to H+-mode at VE = +900 V. The solid lines are MIST code [19] transport calcula
tions with RHe = 0.92, DA = 1.0 m2 s~', and Cv = 0.8 without bias and Cv = 1.15 with bias. 

Below the H-mode threshold, no change in global energy confinement is 
observed, even when Tp changes as much as shown above. In the H-mode TE 
increases for either polarity, but no significant differences between H+ and 
H. are observed [8]. Since the particle confinement for the main ion 
component [8] as well as for impurities is lower by a factor of 2-3 in H+-
modes as compared to H.-modes, the ratio ip/TE is then about two to three 
times lower in the H+-mode. It would appear then to be of considerable 
interest to find and test schemes [14], other than electrode biasing, to set-up 
positive H-modes. 

MODELLING OF THE ORTHOGONAL CONDUCTIVITY 

The electric field profile is of particular importance as its shear is 
thought to affect confinement. Exploratory modelling studies [15] are under 
way to ascertain the physics of orthogonal conductivity that shapes the electric 
field profiles in these experiments. From the poloidal momentum balance 
[16,17] and assuming that the convective derivative, the perpendicular 
viscosity and the toroidal velocity can be neglected, the following relation can 
be found between Er(r) and the radial current density jr(r): 

"V 1 ! „ t P. . 1 Jr = 
B$ 

v (Er * ) 
e n i dr 
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The rotational damping rate v is assumed to be due to parallel viscosity 
(collisionless magnetic pumping [17], collisional magnetic pumping [18]) 
and ion-neutral collisions. Both viscosity mechanisms predict a maximum in 
jr(Er) when Er reaches Ecrit a vthi Be, where Vthi is the ion thermal speed. 
The analysis is done by varying jr, as it is the case in the experiment (jr= 
lE/A + jioss B 'E/A, where A is the area of a magnetic surface and j|0ss is the 
ion orbit loss [20]) and uses the experimentally determined density, 
temperature and Er profiles. These modelling studies show: 
(i) When the imposed electrode current density exceeds at any radius the 
maximum j r (called j r,H. the critical H-mode current density) that the 
plasma can sustain there, a local bifurcation occurs. For the cases studied, the 
experimental jr,H amounts to 0.25-1.5 Jr.H,model- No satisfactory 
explanation exists as yet for the experimentally observed differences between 
positive and negative polarization. 
(ii) The experimental maximum Er at the moment of the transition is in the 
range 1-3 times ECrit- This shift to higher fields can be attributed to the ion-
neutral interaction which allows the field to grow in the edge region 
immediately adjacent to the limiter without reaching a transition, 
(iii) The model correctly predicts the Er profile and its location. 

7. CONCLUSIONS 

For positive fields which remain below the threshold for the L-to-H 
transition an interesting regime of reduced particle confinement is found 
without noticeable energy confinement loss. Above threshold, H-mode 
behaviour with increased energy and especially particle confinement can be 
produced with either polarity of the applied electric field. It is however found 
that, whereas the energy confinement in positive H-modes is as good as that in 
negative ones, the ratio fp/TE is about three times lower in the former case. 
For helium, values of T ^ T E ranging from 40 to 75 were measured even in 
H+-modes. As these values are much in excess of what appears tolerable for a 
reactor, more work is certainly needed on this crucial issue. 

The turbulence-driven particle flux as measured by Langmuir probes 
appears to substantiate the global particle measurements. An important 
convective flux locally dominates the transport, which is however thought to 
average out over a magnetic surface. This point needs further investigations. 

Modelling studies address the orthogonal conductivity that shapes the 
electric field profiles, and substantial evidence for the role of parallel 
viscosity is presented. 

A number of experimental observations should be noted when trying to 
unravel the relation between electric field and confinement: 
a. Below as well as above threshold, significant effects appear to be linked to 
the sign of the electric field. 
b. In the edge of either type of H-mode plasmas, zones of positive and negative 
shear are present. 
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c. Upon the H-mode transition, the change in electric field strength (or shear) 
is about a factor of 2 to 3, and substantial fields (or shear) already exist 
below the threshold, where confinement is even degraded. The confinement 
improvement therefore appears to occur in a rather narrow window of field or 
field shear. 
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DISCUSSION 

K. ITOH: With regard to your formula for the perpendicular resistivity, is the 
change in parallel viscosity at the L-H transition consistent with your observed 
reduction of j x , which is of the order of 10 or more? 

R.R. WEYNANTS: The change in the parallel viscosity, which should cor
respond to the measured Er field changes, is usually larger than what is observed. 
We attribute this to ion-neutral damping (which is not sensitive to the Er value). 

K. ITOH: Does your model prefer poloidal rotation? 
R.R. WEYNANTS: Yes, our model does indeed prefer poloidal damping. 
K. ITOH: It looks as if die mechanism of seeding bifurcation by ion orbit loss 

is needed in addition to the change of bulk viscosity. 
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R.R. WEYNANTS: Our electrode current is precisely equivalent to the ion 
orbit loss current you are referring to. 

R.D. STAMBAUGH: I think your results on r$ paint an unduly gloomy pic
ture of particle transport in the H mode. The pumping efficiency of the pumped 
limiter in TEXTOR should depend exponentially on the ratio of the SOL thickness 
to the thickness of the pumped limiter blade. Hence the increase in T* in the H mode 
is probably dominated by the reduction in efficiency of the pumped limiter due to the 
narrower SOL in the H mode. 

R.R. WEYNANTS: The density profiles at VE = +400 V and VE = 900 V 
are quite similar over the total radial extent of the limiter, including the limiter pump
ing throat. In these two cases Tjf differs by a factor of 6! Clearly it is not just the 
reduction of efficiency which is at work. 

F. ENGELMANN: Can you quantify the recycling coefficient for He in the 
L and H modes? In particular, is there a difference in recycling between the two 
confinement regimes? 

R.R. WEYNANTS: In these experiments our diagnostic capability is insuffi
cient to establish fully why rjf changes. There could be changes in rp, in f (the 
fuelling efficiency), in R, and in e (the pumping efficiency). Our best efforts to 
disentangle these various contributions to date are described in R.R. Weynants et al., 
Nucl. Fusion 32 (1992) 837. 

M.G. HAINES: In your evaluation of the radial electrical conductivity, have 
you included the Hall term and other effects (thermoelectric, for example)? After all, 
you are driving a current across a magnetic field, «ceTe is much larger than unity, 
and your apparent resistance is increasing by 106. 

R.R. WEYNANTS: The j X B term (Hall term) is the most important term in 
our modelling. Parallel viscosity also includes thermoelectric effects, and with it we 
seem to be able to explain the magnitude of the resistivity and the existence of a maxi
mum currrent and a bifurcation at an electric field close to what is experimentally 
observed. 

R.J. TAYLOR: There is no problem with the Spitzer perpendicular conduc
tivity. It applies in a frame moving with the fluid. This frame is not available to 
poloidal rotation in a tokamak, so the 'orthogonal' conductivity comes from 
'magnetic pumping'. 

R.R. WEYNANTS: We have shown instead that the orthogonal conductivity 
probably depends on poloidal damping. I believe that even in a non-rotating 
plasma Spitzer resistivity does not explain the orthogonal resistivity measured 
experimentally. 
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Abstract 

TURBULENCE, TRANSPORT AND ANOMALOUS ION HEATING STUDIES IN THE 
TJ-I TOKAMAK. 

Turbulence, transport and anomalous ion heating studies have been performed in the TJ-I 
tokamak. Evidence of substantial edge temperature fluctuations which are in phase close to opposition 
with the corresponding density fluctuations has been found. This result suggests the possible role of 
radiation in determining edge fluctuation levels. Radial electric fields, naturally occurring and externally 
applied at the plasma edge, induce changes in edge and global plasma parameters. In the plasma core 
region, the transport coefficients that govern particle and electron heat transport are similar in steady 
state and pulse propagation experiments. The particle pinch is close to the neoclassical pinch and there 
is no evidence of a significant heat pinch. Measurements of proton and impurity temperature profiles 
from spectral line widths have shown that the influence of non-thermal velocity fluctuations due to 
stochastic fields should be assumed to account for the observed impurity temperatures. 

1. INTRODUCTION 

Interest in the plasma edge has recently been intensified because of clear 
evidence that the plasma confinement properties depend on how the plasma edge is 
treated. A comparison between the level of temperature, potential and density 
fluctuations and their relative phases can provide key information on the basic 
mechanisms controlling edge turbulence in tokamaks and stellarators. Furthermore, 
an improvement of our understanding of the interrelation between edge electric fields 
and plasma behaviour has become a key issue in fusion research. 

The simplest approach to flux balance analysis is done in steady state condi
tions. However, this method can only determine a limited number of transport 
coefficients. A perturbative experiment, such as sawtooth heat pulse propagation, 
can provide both the diagonal and off-diagonal transport coefficients. A comparison 
between steady state and perturbative studies can provide us with a better under
standing of the transport mechanisms. 
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Finally, understanding the influence of turbulence on the spectral line width of 
different ions can help us to interpret the observed anomalous ion heating more 
satisfactorily. The present paper is organized as follows: 

The experimental details are given in Section 2. The influence of atomic physics 
mechanisms and electric fields on edge turbulence is discussed in Section 3. Trans
port studies using steady state and perturbative methods are compared with each other 
in Section 4. The possible role of non-thermal velocity fluctuations in anomalous 
impurity heating is discussed in Section 5. Finally, a summary of the conclusions 
is presented in Section 6. 

2. EXPERIMENTAL 

TJ-I is an ohmically heated tokamak (R = 0.3 m, a = 0.1 m). Measure
ments presented in this paper were done in discharges with B = (1-1.4) T, 
iie « (0.5-3) x 1019 m'3 and Ip = (30-40) kA. 

A square array of four Langmuir probes was used to characterize edge 
fluctuations. Two tips, aligned perpendicular to the toroidal magnetic field, are used 
to measure thepoloidal phase velocity of the fluctuations. The poloidal phase velocity 
of the fluctuations reverses propagation (velocity shear layer) from the ion to the 
electron drift direction in the proximity of the limiter radius. Radial electric fields 
were externally applied by means of a biased electrode. 

Density and electron temperature profiles were obtained from Thomson 
scattering measurements. Temperature pulses induced by sawteeth were deduced 
from soft X ray tomography; density pulses were monitored by a microwave inter
ferometer and by a two-channel reflectometer. Radiation profiles were measured 
by a bolometer array. 

Proton and impurity temperatures have been deduced from Doppler line 
broadening of hydrogen (line wings) and impurity lines (CV 2271 A). 

3. THE EFFECT OF ATOMIC PHYSICS MECHANISMS 
AND RADIAL ELECTRIC FIELDS ON EDGE TURBULENCE 

Probe current (Is/Is), temperature (fe/Te) and density (fi/n) fluctuations have 
been determined by sweeping the applied voltage (V) to a single Langmuir probe at 
a frequency of 300 kHz [1]. The current-voltage characteristic has been fitted by 
the expression 

I = Is(l - exp[e(V - Vf)/kTJ) 

where Is is the ion saturation current and Vf is the floating potential. The ion 
saturation current is linearly proportional to the local plasma density (n) and to 
the velocity (v) of the ions entering the probe sheath. The velocity is taken as 
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v oc (Te/nii)"2. Using a non-linear least square fitting routine, we have determined 
the electron temperature, the ion saturation current and deduced the local plasma 
density (n oc IST~1/2) in a time-scale of about 2 jus. 

Fluctuations in the ion saturation current decrease when the probe moves 
radially inwards (Fig. 1). However, whereas Is/Is, fe/Te and fl/n are comparable 
near the shear layer location, Is/Is is smaller than both ii/n and Te/Te in the plasma 
edge region (r/ashear < 1)- If we take into account that the ion saturation current is 
proportional to the local electron density and to the square root of die electron 
temperature, the present results imply that there are significant edge temperature 
fluctuations which are in phase close to opposition with the corresponding density 
fluctuations. Ionization processes, acting simultaneously as an electron energy sink 
and electron density drive, might provide a coupling in phase opposition between 
density and temperature fluctuations. Alternatively, if the pressure balance condition 
is fulfilled [2], a phase opposition between density and temperature fluctuations 
is expected. 

The experimental signature of radiative instabilities is die presence of substan
tial temperature fluctuations. In the case of the condensation drive, significant 
coupling between density and temperature fluctuations is expected. The fulfilment 
of these general requirements in the present experiment makes condensation drive an 
attractive candidate partially explaining edge turbulence features. However, other 
models would also predict significant temperature fluctuations. More systematic 
studies of the correlation between radiation and turbulence levels are needed to fully 
clarify the role of radiation in edge turbulence. 

Two different approaches have been used to study the effect of radial electric 
fields on edge turbulence. First, die influence of the naturally induced radial electric 
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FIG. 2. Current-voltage electrode characteristic (B = 1 T, Ip = 40 kA). 

fields on edge electrostatic and magnetic fluctuations has been studied. Second, the 
effect of biased electrodes on turbulence and confinement is under investigation. 

Plasma profiles, fluctuation levels (Is/Is), the coherence between probes which 
measure the floating potential and are poloidally separated by 0.3 cm are modified 
near the velocity shear layer location. The autocorrelation time remains basically 
constant when moving through the shear layer region. Furthermore, the shear 
strength (dv/dr) appears to be sensitive to the plasma conditions. However, no direct 
correlation between sheared poloidal flows and turbulence characteristics has been 
observed, so far. 

Positive and negative biased electrodes (±1000 V) have been applied in the 
edge region of TJ-I. The current-voltage characteristic of the electrode shows a 
reduction in the current as the bias increases to values higher than 200 V for both 
polarities (Fig. 2). Preliminary results show a modification in the global plasma 
behaviour when biasing is applied to the electrode. High frequency fluctuations 
(«=300 kHz) with low poloidal wavenumber and, possibly, of magnetic nature have 
been observed in the Langmuir probe current monitor when positive biasing is 
applied to the electrode. 

4. TRANSPORT STUDIES BY STEADY STATE 
AND PERTURBATIVE METHODS 

In a general formulation, the dependence of particle (F) and electron energy 
fluxes (q) on density and temperature gradients may be written as: 
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where F is any other force as, e.g. the parallel or the radial electric field. 
A perturbative experiment, such as the simultaneous measurement of density 

and temperature pulses induced by a sawtooth collapse, give us the derivatives of 
the fluxes with respect to the gradients. By following the method of coupled analysis 
presented in Ref. [3], density and temperature pulses are combinations of fast and 
slow eigenmodes. From the experimental measurements the matrix A that governs 
pulse propagation can be obtained: 
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Figure 3 shows temperature and density pulses induced by sawteeth at 
r/a = 0.4 in the TJ-I tokamak. The temperature pulse is dominated by the fast eigen-
mode and the density pulse by the slow one plus pulse overlapping. The matrix A 
for this case is: 

A„ = 1.2 ± 0.1 m2/s A12 = 0.0 ± 0.3 m2/s 

A21 = 0.8 ± 0.3 m2/s A22 = 5.9 ± 0.1 m2/s 

Matrix coefficients scale with the inverse of local density and the square of 
magnetic field, Ay = Aij0/nB2. It must be noted that this scaling could also be a 
scaling in safety factor and Zeff. 
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FIG. 3. Time evolution of temperature (a) and density (b) pulses and the two eigenmode fittings at 
r/a ~ 0.4. 
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If the transport is dominated by first order terms we can obtain the transport 
coefficients from the matrix A, except for those related to forces F or pinches. 
To test this linear assumption and the significance of the forces F, we have compared 
the electron energy flux obtained from steady state analysis with the predicted flux 
using the coefficients obtained from sawtooth analysis, Q = -1 .2 x (2 x 1019/n) 
X (2.5 TVn + 7.4 nVT). The agreement is good enough to imply that non-linearities 
are not important and that the heat pinch does not seem to be needed at r/a « 0.4. 
The agreement also means that x obtained from sawtooth coupled analysis and from 
steady state transport analysis has the same value. 

Assuming that the value for the ratio x/D » 7, found in the sawtooth pulse 
propagation experiment, is valid for different plasma radii, we can determine, from 
steady state analysis, the radial profiles of x and D, together with the particle pinch. 
The pinch obtained is very close to a neoclassical pinch in the plasma core 
(r/a < 0.6). 

The results obtained in this work allow us to describe the transport in the plasma 
core in a simple way, valid at the same time for steady state and sawtooth pulse 
propagation conditions. In this description the particle flux is independent of the 
temperature gradient and has a pinch very close to the neoclassical Ware pinch. 
Nevertheless, the diffusion coefficient is an order of magnitude higher than the 
neoclassical one. The conductive electron heat flux depends only on the temperature 
gradient with a heat conductivity seven times greater than the diffusion coefficient. 
The high value of x/D suggests a transport mechanism dominated by the fast 
electrons. The collisional regime cancels any effect of trapped particles and the low 
beta forbids the use of any standard model of magnetic turbulence. Enhanced trans
port due to an ergodic magnetic field by island overlapping and error fields could 
be a plausible explanation. 

5. THE EFFECT OF NON-THERMAL FLUCTUATING VELOCITIES 
IN ANOMALOUS IMPURITY HEATING 

Proton and impurity temperature profiles have been measured from spectral 
line widths in the TJ-I tokamak. Impurity ions exhibit higher temperature than 
protons, the difference being a decreasing function of electron density [4]. 
Anomalous heating of impurities or both proton and impurities has been reported 
in several devices (Ref. [5] and references therein). 

The observed impurity temperatures in TJ-I can be understood by considering 
the influence of non-thermal velocity fluctuations on the spectral line widths. The 
influence of plasma turbulence on spectral line widths has been included by a 
method used in astrophysics [6]. If the spectral line shape is the result of the convolu
tion of a thermal Gaussian and a turbulent Gaussian distribution, the latter producing 
a gross mass motion, the full width at half maximum of the resulting line is given by 

AX = 1.665 (X/c) [(2kTi/mi) + | 2 ] " 2 
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FIG. 4. Comparison ofCV (open triangles) and proton (dashed curved) temperature profiles in a low 
density discharge (ne = I X 1013 cm'3). The simulated curve was obtained by including the effect of 
fluctuating radial and poloidal electric fields. 

where £ is the dispersion of the Gaussian microturbulence velocity distribution and 
X is the spectral line wavelength. If the non-thermal velocities do not depend on the 
charge and mass of die particle, their influence on the line widths of protons and 
impurity ions with long ionization times will be different and can be identified 
unambiguously. 

For a typical low density discharge, in Fig. 4 we show the temperature profiles 
of the CV ions (chord integrated) and protons. The continuous curve represents the 
result of simulating the impurity temperature profile when non-thermal velocity 
fluctuations with appropriate radial dependence are present in the plasma. Assuming 
that the non-thermal velocity fluctuations are due to E X B drifts, the equivalent 
radial (Er[V/cm]) and poloidal (EJV/cm]) fluctuating electric fields needed to 
account for this effect are given by 

(Er)rms = 400 X exp[ - (10- r ) /8 ] (E9)rms = 500 X exp[-r/10] 

The deduced root mean square values of the radial fluctuating electric fields are 
consistent with probe measurements in tokamaks [7]; the measured values of Er in 
the edge region of TEXTOR are of the order of 150 V/cm which are comparable 
to the values deduced in the present work ( = 200 V/cm) at ne « 2.5 X 1019 m"3. 
In contrast, the values deduced for the poloidal fluctuating electric fields are much 
higher than those estimated by Langmuir probes in the edge region of the TJ-I 
tokamak ( = 20 V/cm). 

Since TJ-I plasma parameters are similar to those prevailing at the edge of large 
devices, this work has two consequences for the periphery of fusion relevant plasmas. 
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First, the high edge ion temperature reported from other tokamaks could be due to 
a similar mechanism. Second, if measurements of proton and impurity temperatures 
are available, information about fluctuating electric field levels might be obtained. 

6. CONCLUSIONS 

Studies of edge turbulence and transport have been performed in the TJ-I 
tokamak. The results can be summarized as follows: 

(i) Evidence of substantial temperature fluctuations has been found in the plasma 
edge region. Furthermore, te/Te and fl/n are fluctuating in phase close to 
opposition. Radiative instabilities, and in particular the condensation effects, 
could play a key role in driving plasma edge fluctuations. 

(ii) Evidence of electrostatic turbulence characteristics modified in the proximity of 
the velocity shear layer has been obtained. Radial electric fields externally 
applied in the plasma edge induce changes in the edge and global plasma 
parameters. 

(iii) In the plasma core region, the coefficients that govern the particle and electron 
heat transport are the same for both steady state and pulse propagation experi
ments. The particle pinch is close to the neoclassical pinch, and there is no evi
dence of a significant heat pinch. 

(iv) Measurements of proton and impurity temperature profiles from spectral line 
widths reveal that, in addition to thermal line broadening, the influence of non
thermal velocity fluctuations due to stochastic fields should be considered in 
order to account for the observed impurity temperatures. 
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DISCUSSION 

H.Y.W. TSUI: I observe that the normalized electron temperature fluctuation 
level in the edge plasma of TJ-1 is about twice that of TEXT. The curve fitting tech
nique requires a short time interval to measure the electron temperature. Do you think 
that movement of the turbulent structure during this time interval would have any 
effect on the measurement of the electron temperature fluctuation? 

C. HIDALGO: Variations in the structure of the turbulence during the sweeping 
time of the probe contribute to the total uncertainty associated with the electron tem
perature fluctuations deduced from the fast swept Langmuir probe method. Using a 
sweeping frequency of 300 kHz and taking into account the fact that fluctuations are 
dominated by frequencies below 100 kHz in the edge region of TJ-1, we should find 
that such uncertainties produce 'apparent' temperature fluctuations of about 10% in 
the present experiment. 

R.J. GOLDSTON: The traditional approach to estimating the effect of turbulent 
velocities on the Doppler temperature of impurities in tokamaks has been to assume 
that the turbulent velocity field non-linearly saturates with v ~ vdia. Does this sort 
of model roughly match your data? 

C. HIDALGO: We have, so far, only compared the root mean square values 
of the deduced fluctuating electric fields with the measured values in the edge region 
of different tokamaks. 

P.M. BELLAN: A few years ago at Caltech we found1 a stochastic ion heating 
mechanism which may explain your anomalous ion heating. This mechanism — 
which was observed experimentally and satisfactorily modelled — causes ion heating 
if (mjk2 r̂ms/qi B2) > 0.3. It might be worth while seeing whether your parameters 
satisfy this threshold condition. 

1 McCHESNEY, J.M., STERN, R.A., BELLAN, P.M., Phys. Rev. Lett. 59 (1987) 1436; 
McCHESNEY, J.M., BELLAN, P.M., STERN, R.A., Phys. Fluids B 3 (1991) 3363. 
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Abstract 

TRANSPORT STUDIES IN THE RTP TOKAMAK. 
The Rijnhuizen Tokamak Project (RTP) is dedicated to the study of transport processes in 

tokamak plasmas. The experimental studies include local power balance analysis, perturbative transport 
analysis (sawtooth heat and density pulse propagation, and heat wave propagation induced by modulated 
ECRH and by pellet injection), and diffusion of suprathermal electrons. Ohmic and ECR heated plasmas 
are studied, and Zeff scans are made by controlled plasma contamination. The main results achieved so 
far are: Ohmic target plasmas follow the well known scaling laws; low power ECRH can lead to signifi
cant improvement of confinement; incremental diffusivities determined from sawtooth heat pulse propa
gation and modulated ECRH give consistent results, with typically xHP = xM 0 D * (2-4) xLPB; no 
dependence of xHP on temperature or power could be found; suprathermal electrons do not show 
enhanced diffusivity; in a low density plasma the application of a short pulse of X-mode ECRH injected 
from the high field side can induce a slide-away (Ohmic) regime characterized by good confinement 
and a very well confined suprathermal electron population. This regime persists for many confinement 
times after the ECRH pulse. 

1. GENERAL 

The Rijnhuizen Tokamak Project (RTP) is dedicated to the study of transport 
processes in tokamak plasmas. To this end, the machine (RQ = 0.72 m, 
a = 0.17 m, BT < 2.4 T, Ip < 150 kA, pulse duration <300 ms, boronized vessel) 
is equipped with the following diagnostics: 20 channel ECE radiometer, six-channel 
ECE polychromator, 19 channel FIR interferometer/polarimeter, 80 channel 
/5 camera soft X ray and visible light tomography, multipoint Thomson scattering; 

' Dipartimento di Fisica, Universitk di Milano, Milano, Italy. 
2 Istituto di Fisica del Plasma, Ass. Euratom-ENEA-CNR, Milano, Italy. 
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plus magnetics, spectroscopy (SXR, XUV and visible light), bolometry, neutral par
ticle analysis, and a nine-point measurement of the transmitted ECRH power. To 
manipulate the plasma conditions, a multipellet injector (< 8 pellets) and ECRH (two 
gyrotrons, 60 GHz, 200 kW, 100 ms each, one O-mode launch from the low field 
side, one X-mode launch from the high field side via a mirror that can be scanned 
in toroidal and poloidal directions [1]) are available. 

The experimental research programme started in 1990. The investigations into 
transport include: steady state local power balance analysis, extensive perturbative 
transport experiments (sawtooth heat and density pulse propagation, ECRH power 
modulation, pellet injection), transport of suprathermal electrons. These experiments 
are carried out for a range of plasma conditions, including extremely high Te gra
dients (<50 keV/m) obtained with ECRH, and Zeff scans (by puffing N2 or Ne). 
The results of these experiments are used to test existing theoretical and empirical 
transport models. 

Investigations into the existence of self-organized structures in the plasma are 
conducted by using ultra high resolution Thomson scattering, ECE and tomography, 
and analysis of density fluctuations using methods from chaos theory. The occurrence 
of macroscopic MHD islands as well as possible fine scale filamentation of the 
plasma are studied. 

In this paper we report on results of power balance analysis, sawtooth heat and 
density pulse propagation, ECRH power modulation and diffusion of suprathermal 
electrons. 

2. LOCAL POWER BALANCE ANALYSIS 

Power balance analysis is performed by using an adapted version of the time 
independent, 1-D transport code SNAP developed in Princeton. The ECR power 
deposition is deduced from measurements of the transmitted power, from the 
response of the temperature profile and from ray tracing calculations; radiation losses 
are estimated from XUV spectroscopy and bolometry and modelled by using the 
predictive transport code ICARUS. 

Ohmic discharges are analysed for 60 < Ip < 125 kA, 2 < 1̂ (0) < 
9 X 1019m -3 , 0.5 <Te(0) < 1.0 keV, 1.3 < Zeff < 4. ECR heated (central depo
sition) discharges are characterized by an extremely peaked Te profile, with Te(0) 
up to 3 keV (Fig. 1). Here we mainly report results of the O-mode launched from 
the low field side, for which the n,. range is limited to n,.(0) < 4 X 1019 m - 3 . First 
results with X-mode launched from the high field side display similar 
behaviour [I]. 

The global confinement (rE) in both Ohmic and ECR heated discharges is 
roughly in agreement with both Goldston L-mode [2] and Rebut-Lallia [3] scalings. 
A remarkable result is that, with low ECRH power (60 kW), the global confinement 
can be improved by a factor of two over the Ohmic value. Conditions can be obtained 
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FIG. 1. Central deposition of ECRH leads to peaked profiles of the electron temperature, with 
extremely high temperature gradients. Plasma conditions: B = 2.14 T, PBCRH = 150 kW, I = 60 kA, 
ne(0) = 2 x 10,9m-3. 

where the total power input during ECRH is.lower than in the Ohmic target plasma 
(owing to the reduction of the loop voltage) while Te is increased by more than a 
factor of two over the Ohmic value. ECRH leads to a flattening of the density profile, 
even creating a pronounced dip at the centre of the profile. 

Local power balance analysis shows that xLPB is lowest at the centre of the 
plasma and increases towards the edge as usual, with typically xLFB — (2-4) m2/s 
in the confinement region (Fig. 3). The improvement of confinement during low 
power ECRH is brought about by a reduction of xLPB throughout the plasma, not by 
a localized 'transport barrier'. 

The Rebut-Lallia transport model [4] (a critical Te gradient model based on 
partial stochastization of the magnetic field) was checked against these results. Both 
the global confinement and the local power balance results are well reproduced by 
this model, even in the extreme conditions with low density and very high Te gra
dient [5]. 
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3. PERTURBATIVE TRANSPORT EXPERIMENTS 

Sawtooth heat and density pulse propagation analysis was performed in Ohmic 
and ECR heated plasmas, and an attempt was made to make a Zeff scan by puffing 
with N2. In Ohmic plasmas we find xHP > 2xLPB- A weak Zeff dependence is 
observed, but the Zeff range achieved (2-4) was too small to either confirm or con
tradict the Z 0 5 scaling found previously in JET [6]. 

In ECR heated plasmas no difference in xHP is found between Ohmic and heat
ing phases. Thus xm appears to be independent of power, VTe and Te (varied by 
a factor > 2), and the heat pulse propagation appears to be independent of the saw
tooth amplitude (the central Te variation increased from ATe/Te < 10% in the 
Ohmic phase to ATJTt » 30% during ECRH). This result not only justifies the 
linearization of the transport equations used in heat pulse analysis, but also proves 
that die dependence of the heat flux on VTe is close to linear. 

The density pulse usually propagates at the same speed as me heat pulse, which 
is interpreted in terms of coupling between the heat and particle fluxes through off-
diagonal elements in the transport matrix [7]. 

ECRH modulation experiments have been carried out with 60 < Ip < 125 kA 
and 2 < n,,(0) < 4 x 1019 m - 3 , 2 < Zeff < 4, varying the deposition radius, the 
modulation frequency and the duty cycle of the modulation. Effects considered are: 
plasma movement due to the modulated power, suprathermal contributions to the 
ECE signal, interference with sawteeth, and the dependence of the deposition profile 
(and first pass absorption) on n,.. Best results are obtained with Ip > 90 kA, n«.(0) 
~ 3 X 1019 m~3, in which conditions the effects of suprathermal ECE and plasma 
movement were negligible. So far, the emphasis has been on central deposition of 
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FIG. 2. Radial profiles of phase and amplitude of the first Tc fluctuation harmonic induced by modu
lated ECRH. The dots represent the measurements (from heterodyne ECE); the curve is a numerical 
solution of the diffusion equation. The diffusivity and the power deposition profile are varied to fit the 
numerical solution to the data. 
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FIG. 3. Comparison of effective diffusivity x^8 (—. .•—) derived from local power balance analy
sis, and incremental diffusivity xM0D (solid line) derived from the power modulation experiments. For 
three discharges with the same plasma conditions, the incremental diffusivity from sawtooth heat pulse 
propagation xHP was determined. There is good agreement between xHP and xM0D-

ECRH. By using the radial profiles of the phase and amplitude of the first and second 
harmonics of the induced Te modulation, it was possible to determine the radial 
profiles of both ECR power deposition and incremental diffusivity (Fig. 2) [7]. 

Comparing the values of xU0D derived from the modulation experiments and 
XHP showed good agreement between the two sets of values (Fig. 3). This result was 
also found in discharges in which the sawtooth heat pulse and the heat waves induced 
by modulated ECRH could be analysed simultaneously, the two phenomena being 
well separated in frequency (P"0"1 = 300 Hz, f5' = 1.5 kHz). The consistency 
between xM0D and xHP gives further evidence of the diffusive nature of the heat 
waves and shows that the propagation of the sawtooth heat pulse is not enhanced by 
short lived turbulence specifically induced by the sawtooth instability. The profile of 
XM0D is an increasing function of the radius, with xMOD/xLPB = 2-4 in the radial 
range 0.2 < r/a < 0.8 (Fig. 3). The ECRH power deposition profile derived from 
the modulation experiments agrees with measurements of nedTe/dt when EGRH 
is switched on and was slightly broader than was predicted by ray tracing 
calculations [1]. 

4. SUPRATHERMAL ELECTRONS 

Application of ECRH results in the creation of a suprathermal electron popula
tion, which was diagnosed by using the second harmonic O-mode ECE. It was 
possible to determine the radial diffusion coefficient for electrons with energies 
around the critical runaway energy, Ecrit « 50 keV: D ^ a , « 0.7 m2/s. Hence, no 
rapid diffusion of the fast electrons is observed. We remark that for these electrons 
the drift orbit averages over a radial distance exceeding p( [8]. 

J I I L 
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In low density (n<.(0) « 1 X 1019) discharges, a 20 ms pulse of the high field 
side ECRH results in the creation of a persisting beam of runaway electrons, which 
is exceptionally well confined. In this regime, the loop voltage after the ECRH pulse 
is decreased by ~50% with respect to the Ohmic target plasma, resulting in an 
improvement of the thermal confinement by a factor of two. Including the estimated 
energy in the runaway population, the total energy confinement is a factor of four 
better than in an Ohmic target plasma of the same temperature and density [9]. 

5. CONCLUSIONS 

In summary, the Ohmic target plasmas follow the well known scaling laws. 
ECRH has proved to be a versatile tool for transport studies, enabling temperature 
scans, heat wave generation and experiments with suprathermal electrons. Low 
power ECRH can lead to an improvement of confinement as is borne out by an over
all reduction of the effective diffusivity xLPB- The incremental diffusivity, describ
ing the diffusive component of the heat flux, does not seem to vary between Ohmic 
and heated plasmas, as evidenced by the propagation of sawtooth heat pulses. Analy
sis of simultaneous heat waves induced by sawteeth and modulated ECRH gives con
sistent measurements of the incremental diffusivity. The diffusive character of the 
heat waves is established over a wide frequency range. No rapid loss of suprathermal 
electrons has been observed. On the contrary, in low density it was possible to create 
a runaway beam which was very well confined and led to significant improvement 
in the global confinement. 
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DISCUSSION 

B. COPPI: Could you give the values of the loop voltage Vl( of Zeff, and of 
the q = 1 region in your Ohmic heating discharges? Given that V| «= 1-1.5 V, a 
canonical range of values for all good omically heated experiments, and that the pro
file is approximately normal, a simple mathematical evaluation of the relevant diffu
sion coefficient shows that this has to be of the type proposed by Mazzucato and 
myself, and improved by Gruber, years ago. How were your different conclusions 
reached? 

N.J. LOPES CARDOZO: We typically have Vloop = 2.3 V in 'dirty' condi
tions, with Zeff = 2.5, and — after boronization — Vloop = 1.8 V with 
Zeff = 1.5-2, all for qa = 3.2 with a sawtooth inversion radius at r/a = 0.25. The 
thermal diffusivity is derived straight from the data, and no modelling is involved. 

M.A. DUBOIS: In the TFR ECRH experiment (with the FOM team), we 
observed a regime of good confinement which, if not improved, at least was not 
degraded at low Zeff and low current. This regime was no longer observed after a 
modification of the machine which led to higher Zeff. Can you throw any light on 
the effects of Zeff on your improved confinement regime at low ECRH power in 
RTP? 

N.J. LOPES CARDOZO: We have obtained results for both 'dirty' (before 
boronization) and 'clean' (after boronization) discharges where the change in Zeff is 
substantial. The improvement in confinement was observed under both conditions. 

R.J. GOLDSTON: Could you give more details of the fast electron transport 
measurements? What were the plasma and fast electron parameters (rig, Te, Ip; 
E, V|/V)? How did Dftst compare to xe? 

N.J. LOPES CARDOZO: The experiments were carried out in low den
sity (n,, « 1.5 x 1019nT3) ECR heated plasmas (Ip = 60 kA (q = 6.5), 
Te(0) « 2 keV, E, = 0.1-0.2 V/m). The fast electrons had E « 30-50 keV, and 
at this energy the drift orbits are shifted with respect to flux surfaces by ~ P;, so 
that orbit averaging of magnetic fluctuations could be significant. xe

 = 2-4 Dfast. 
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V.E. GOLANT: Are there any data on transport with a shifted ECR position? 
This could provide us with information on the dependence of energy transport on the 
Te profile. 

N.J. LOPES CARDOZO: So far our experiments with off-axis ECH resonance 
have not had good enough absorption to allow transport analysis. 
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Abstract 

ACTIVE CONTROL OF MHD INSTABILITIES ON TORE SUPRA. 
Different methods of producing MHD free discharges — constant q current ramp-up, lower 

hybrid assisted ramp-up and the ergodic divertor — have been tested. The benefit is to avoid disruptions 
and allow much higher ramp rates. 

1. STABILITY DIAGRAM 

The stability of a tokamak discharge is associated with its trajectory in the 
q-li plane. From theory and the experimental Tore Supra database, the stability 
domain of Fig. 1 has been defined; Ohmic discharges inside this domain are free 
from MHD activities. During current rise, the trajectory of a given discharge in this 
plane depends on the current profile which is controlled by dlp/dt and the skin time 
in standard discharges. An excessive ramp rate results in low 1; discharges which 
show large MHD modes when rational surfaces cross the plasma boundary. These 
modes usually lock at q = 4, a situation which in most cases ends up in a disruption. 
On Tore Supra, Mirnov activity is observed for dlp/dt > 0.6 MA/s. For dlp/dt > 
1.2 MA/s, the amplitude is large enough for the mode to be locked on. Therefore 
a conservative 0.4 MA/s ramp rate is generally used [1]. 

Three methods have been tested to improve the current profile and to avoid kink 
and tearing modes: constant q current buildup, lower hybrid current drive and the 
ergodic divertor. 

2. CONSTANT q OPERATION [2] 

The procedure consists in starting the plasma as a small discharge leaning on 
the outboard limiter, and then increasing the current, while keeping q constant by 
major radius contraction and minor radius expansion. An important point is to start 
the expansion only when the internal inductance is large enough: typically, 1, > 1, 
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2 3 4 5 qPsi(a) 

FIG. 1. Trajectory of various MHDfree discharges during current ramp-up at 0.4 MA/s between 0.5 s 
and 5.5 s. (a) Constant q = 3.3 discharge (solid line) compared to a constant a discharge (dashed line); 
(b) lower hybrid assisted discharge (solid line) compared to a pure Ohmic discharge (dashed line); 
(c) discharge with (solid line) and without (dashed line) ergodic divertor. 
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FIG. 2. Electron temperature profiles of lower hybrid assisted discharges compared to Ohmic 
discharge. 

in order to avoid mode locking at q = 4 (Fig. 1). With this scenario, the current 
could be ramped up to 2.0 MA/s without any subsequent MHD activity. If expansion 
starts when 1; is even higher, a stationary current distribution (characterized by con
stant 10 is obtained within a short time of plasma initiation. For 1.65 MA shots, 
equilibrium is reached at t = 1.1s with a 1.6 MA/s current ramp at constant q, while 
the current profile evolves until 4.2 s with a conventional 0.4 MA/s ramp rate at con
stant radius. 

3. LOWER HYBRID ASSISTED CURRENT RAMP-UP 

The switching on of lower hybrid power during the low density current ramp 
phase induces peaked Te and current profiles (Fig. 2). The internal inductance is 
higher than for Ohmic discharges and the trajectory in the lj-q plane is farther away 
from the kink limit (Fig. 1(b)). The increase in 1; is roughly proportional to the 
RF power and is larger for smaller N|. With this procedure higher ramp rates are 
made possible. Discharges with a ramp rate of 0.8 MA/s are totally stabilized by 
1.5 MW RF power [3]. 

The 1; equilibrium value is also higher, with the benefit of better confinement 
[4]. For a desired ramp rate and a given N, spectrum, a broad power level optimum 
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FIG. 3. Stable and unstable domains in the lower hybrid power-current ramp rate (dIp/dt-Pm) plane. 
The waveguide phasing is 0° corresponding to N, centred at 1.8. 

is found, roughly proportional to this ramp rate; insufficient power leads to a situa
tion jflmilar to the Ohmic one, while too high power results in MHD unstable and 
eventually disruptive discharges (Fig. 3). This suggests that favourable current pro
files are obtained by combining skin (inductive) and peaked (lower hybrid) profiles. 

4. ERGODIC DIVERTOR STABILIZATION 

The high m number helical perturbation produced by six ergodic divertor coils 
[5] creates a stochastic field line topology in the outer plasma zone when q is close 
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FIG. 4. Switching off and on ofm = 2 oscillations by the ergodic divertor atq = 2.5. The spike during 
the quiet phase is linked to the sawtooth crash ('gong mode'). 
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to 3. The extension of the perturbed zone — < 15 cm — is such that it does not over
lap with the q = 2 surface. Even at higher or lower q values, some field lines are 
directly connected to the wall, and the magnetic configuration is partially destroyed 
at the edge. 

When approaching q = 3, the l r q trajectory of discharges with ergodic diver-
tor bends towards higher 1; (Fig. 1(c)). Moreover, the onset of kink instability is 
shifted towards lower lj values. This allows a high ramp rate; no MHD activity is 
observed when q = 4 is crossed at a 1.5 MA/s rate [6]. It also allows stable dis
charges down to q = 2.2 in Tore Supra while, without ergodic divertor, discharges 
with q < 2.7 usually exhibit a large saturated m = 2 tearing mode (Fig. 4). When 
the ergodic divertor is switched on during the current plateau, an increase in the inter
nal inductance is observed, and any pre-existing MHD activity is suppressed. 

The results are in quantitative agreement with the A' analysis of MHD island 
stability, when the change in the current profile induced by the ergodic divertor mag
netic perturbation is taken into account [7]. Because of partial destruction of the mag
netic configuration, the outer plasma zone becomes colder and more resistive. A 
large reduction in current density is calculated in this zone, which pinches the current 
towards the centre. With Tore Supra parameters, the magnetic perturbation is such 
that the new equilibrium current distribution enforces negative gradients outside the 
q = 2 surface, a situation that is favourable to tearing mode stabilization. 

This stabilizing effect has been used to prevent disruption on Tore Supra; the 
ergodic divertor is triggered every time a preset MHD activity threshold is reached 
[8]. The gas valves have to be closed at the same time in order to avoid radiative col
lapse. Stable discharges with the density at the limit, radiating 100% of the incident 
power, can be thus obtained in a quasi-stationary state. 

5. CONCLUSIONS 

The skin effect during current ramp-up is responsible for unfavourable current 
gradients close to rational surfaces at the edge which destabilize tearing modes. This 
effect can eventually be reduced by constant q plasma buildup. It can also be counter
balanced by either driving current non-inductively close to the centre or by cooling 
down the plasma outside the q = 2 surface by connection to the wall or ergodization 
of the field lines. 
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DISCUSSION 

K.M. McGUIRE: When you stabilized disruptions with the ergodic limiter, 
were you able to increase the density limit or were you able to go to low qSOL 
(i.e. qS0L < 2). 

F. PARLANGE: We have not tried, and do not expect, to go beyond the q = 2 
limit. From TEXTOR experience — their ergodic soil perturbation extended far into 
the plasma — and from Tore Supra observations — where, for example, small 
plasmas, a < 74 cm, disrupt when the ergodic divertor is used at full current — it 
does not seem that the q = 2 surface is perturbed. 

The density limit was not exceeded either. Indeed, when approaching the den
sity limit — with radiated power coming close to incident power — we avoid disrup
tion by use of the ergodic divertor but do not lower the radiated power and end up 
with a stationary plasma radiating 100% of incident power. In contrast, with density 
limit disruption, the radiating layer does not invade the whole discharge. 

F.C. SCHULLER: I am a bit surprised by your statement that you obtained a 
net gain in resistive volt-seconds by using a constant qa opening aperture scenario. 
Several years ago Peter Lomas and myself analysed this scenario at JET and found 
that what you gain in seconds you lose in higher resistive voltage because of the 
reduced aperture. 

F. PARLANGE: The flux consumption was not made at the beginning of the 
current plateau, but when the current distribution was considered to have relaxed to 
its equilibrium shape, indicated by d^/dt = 0. If the same ramp rate, 0.4 MA/s, is 
used for constant a and constant q discharges, then the two effects, longer time versus 
more resistive plasma, more or less compensate each other. However, if we take 
advantage of the possibility of higher ramp rates —1.6 MA/s in this case — then we 
do observe a 2.5 Wb gain in flux consumption for the constant q discharge (same cur
rent, same q, same <-, same density). 

R.D. STAMBAUGH: When you suppress the edge current with the ergodic 
layer, is the current diffusion through the layer accounted for by neoclassical 
resistivity or is there anomalous current diffusion? 
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F. PARLANGE: Simulations of plasma diffusion have been made with neoclas
sical resistivity. Although this work is still in progress, it is doubtful whether, with 
the spatial resolution of measurements, we will ever by able to come to a clear con
clusion as to whether the neoclassical resistivity hypothesis is valid. 

R. YOSHINO: During current ramp-up, does excitation of the ergodic divertor 
coil decrease the lower density limit? 

F. PARLANGE: It is true that the increase in ^ when using the ergodic diver-
tor can be invested in a higher ramp rate or lower density operation. The latter was 
not attempted on Tore Supra since, as a general rule, we do not operate at densities 
lower than 1019 m~3 in order to avoid runaway electrons. 
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Abstract 

DIVERTOR PHYSICS AT JET: EXPERIMENTAL RESULTS AND MODELLING. 
Two topics from an expanded JET divertor physics programme are discussed: model validation 

and modelling of advanced divertor designs. Experimental scans of divertor parameters in a single null 
configuration were carried out in the 1991-92 campaign with both carbon and beryllium target plates. 
In the L-mode good agreement was found between code predictions and measurements in the inner and 
outer divertors and the scrape-off layer (SOL). In the H-mode, as the main plasma density was raised, 
considerably less power was deduced by probes in the divertor than was expected on the basis of global 
power balance measurements, and the divertor/SOL parameters are largely consistent with the low 
measured power. Part of the difference may be attributable to charge exchange losses caused by recy
cling of neutrals from the plate which re-enter the main plasma. In a second study, two-dimensional 
modelling has been initiated for vertical plate and moderate 'slot' divertor geometries, and the results 
are compared with those for orthogonal targets. The geometry can strongly affect the recycling pattern, 
and thus the distribution of plasma parameters in the divertor. This can in turn affect the radiation and 
charge exchange distributions, reduce the peaking factor of the power deposition profile to a certain 
degree, and enhance impurity control. 

1. INTRODUCTION 

In the past two years the JET Divertor Physics program has developed into a 
multi-faceted coordinated effort comprising several elements: an expanded 
modelling effort, the planning and execution of dedicated divertor experiments, 
and the creation and continued growth of a topical edge database containing 
both experimental and computational data. This increased emphasis on divertor 
physics is appropriate to the new JET pumped divertor phase and its 
contributions to the problems facing the design of ITER. In this paper we 
summarize progress made in development of modelling tools, in model 
validation, and in the use of the codes to optimize divertor design. 

2. DIVERTOR/SOL COMPUTATIONAL TOOLS AT JET 

The principal code is the EDGE1D/2D hierarchy [1,2], which treats the 
hydrogenic ions, electrons, and all the ionization stages of either Be or C in a 

1 See Appendix to IAEA-CN-56/A-1-1, this volume. 
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fluid approximation. Neutral hydrogen and impurities are followed using a 
fully 2D Monte Carlo package (NIMBUS) coupled to the fluid equations. The 
grid is based on real equilibria, with no cuts or assumed symmetries. SOL 
currents are included, as are a full sputtering model and a radiation package. 
EDGE2D, which has been fully operational for about a year, has recently been 
modified to handle non-orthogonal target plates, allowing the study of the 
effects of geometry on divertor performance, as described in section 4. 

In addition to the EDGE hierarchy, the 2D Monte Carlo impurity code 
DIVIMP [3], which follows impurity neutrals and all ionization stages in a 
guiding center approximation, is used primarily for diagnostic simulation and 
interpretation. It runs on the same mesh as EDGE and uses a plasma 
background specified either analytically, based on experimental target data, or 
with a combination of experimental data, NIMBUS and EDGE results. 

3. MODEL VALIDATION 

3.1 Description of the Experiments 
A series of experiments was conducted with the specific objective of testing the 
edge models for SNX discharges. Scans of density, power input, X-point-
height, and gas puff rate and location were performed on both C and Be targets, 
usually at Ip = 3 MA and Bt = 2.8 T, with the ion grad B drift towards the 
divertor. An L-mode was created between 13 and 15 s with 2 MW of NI 
power, which was then raised to 10 MW for 1 to 1.5 s, taking the discharge 
into the H-mode. Principal SOL/Divertor diagnostics included target Langmuir 
probe arrays, a scanning SOL Langmuir probe (RCP), VUV and visible 
spectroscopy. 

3.2 L-mode Results 
In the L-mode, generally good agreement was found between EDGE ID 
predictions and measurements of plasma properties at the inner divertor, outer 
divertor, and SOL (RCP) locations [4]. The width of the computational layer 
(CL) corresponds to approximately one power e-folding length (0.8 cm at the 
outer mid-plane). As an example, we show in Fig. 1 the electron temperatures 
measured with Langmuir probes at the three locations mentioned above 
compared with simulations. All data shown are averaged over the width of the 
CL. The EDGE ID runs assume 1MW into the CL, which corresponds 
approximately to total SOL power of 1.6 MW, which may be compared with 
measured values of Psol of 2± 0.5 MW arising from global power balance 
(Pin-Prad.bulk-dW/dt). In these shots the probe-deduced power arriving at the 
plates is 1.5+0.5MW. In order to reproduce the large measured asymmetry in 
Te between inner and outer targets, a non-uniform poloidal power distribution 
had to be specified, as code input, which deposits three times as much power 
per unit plasma surface area on the outer half of the plasma as on the inner. 
This results in a calculated power asymmetry to the plates of approximately 3 to 
1, in agreement with experiment. 

Also plotted in Fig. 1 are the computed SOL ion temperatures and the CHI 
ion temperatures measured spectroscopically near the RCP location. The 
question of whether the C2+ ions are thermalised with the background D+ is 
complex and is still under investigation with DIVIMP, but the CIII ion 
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FIG. 1. Temperature versus outer divertor density: L-mode, SNX, Be target. Solid symbols: code 
results; open symbols: experiment. 

temperature represents a lower bound on the D+ temperature, and the similar 
functional behaviour and absolute values suggest a close link. 

The measured differences in Te between divertor and SOL are consistent 
with the EDGE ID predictions based on classical parallel transport. The electron 
channel is conduction dominated, but for the ions convection is also important. 
The correct prediction of the upstream ion temperature thus suggests that 
NIMBUS is reasonably accurate in determining the neutral source 
distribution.The assumed density and temperature radial fall-off lengths used 
for the NIMBUS calculations are taken from experiment. 

3.3 H Mode Results 
In the discharges analyzed, as PNI was raised from 2 to 10 MW causing the L to 
H transition, the measured values of PNI - Praci - dW/dt, which should appear at 
the target plates, rose to values between 3 and 5 MW (Fig. 2, triangles). 
However the power to the targets as deduced by the probe arrays (circles) was 
much less, with the discrepancy being fairly small at the lowest divertor 
densities, but increasing substantially at higher densities. Probe powers at high 
densities were often only 25% to 40% of the expected values. Since the probes 
gave good power balance measurements in the L-mode of the same shots, it is 
difficult to find reasons for them to produce major errors in the H phase. There 
is some evidence, however, from target temperature profile measurements that a 
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FIG. 2. Power to target plates: H-mode, SNX, Be target. A: global power balance, 
pT = pm — w - PIUD; O: power deduced from Langmuir probes; x : power corrected for charge 
exchange losses (see text). 

narrow high power "inner SOL" may form next to the separatrix and be missed 
by the target probe array. This is hard to quantify, and we do not believe it can 
account for a large portion of the missing power. When the low probe-
measured powers were used as input to EDGE1D, the predicted divertor and 
SOL plasma parameters were in good agreement with measurements, lending 
further credibility to the probe measurements. This suggests the existence of an 
additional power loss channel for the H-mode phase, as previously reported by 
ASDEX [5]. EDGE2D simulations have shown that the misssing power cannot 
be explained by a large ratio of ion to electron power entering the SOL, because 
with a power starved electron channel equipartition between electrons and ions 
becomes very strong. The most reasonable explanation, for at least part of the 
missing power, seems to lie in CX losses arising from the recycling neutrals. 
At the measured densities the divertor plasma is quite transparent to neutrals, 
and EDGE1D calculations indicate that typically 30% of the neutrals coming off 
the plate enter the main plasma. If 75% of these (through multiple bouncing) 
ultimately CX with the edge plasma, whose measured temperature is about 1 
keV, the losses are on the order of 1 to 2 MW. Such calculations are 
represented by the x's on Fig. 2, from which it is seen that the power to the 
plates "corrected" in this way is in reasonable agreement with the probe 
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measurements. The JET bolometer system is configured in such a way that it 
probably misses a large fraction of this CX power, clarification of this issue is 
in progress. 

In the H-mode phase, the measured SOL densities are very low, dropping 
from typically 30% of ne in the L-mode to 12 - 16% of fie in the H-mode. This 
results in low divertor densities, particularly in the outer divertor, as indicated 
on Fig. 2. We have so far been unable to produce divertor densities in our 
(ELM free) H-modes in me range which are needed for a high-recycling, "next-
step-relevant" divertor. 

3.4 Impurity Behaviour 
As reported earlier [4], measurements of the influx of impurities from the 
targets are in good agreement with code predictions for the Be targets. 
Measurement of the impurity content in the midplane SOL, however, is 
hampered by insufficient spatial resolution of the measuring systems. We thus 
have taken an indirect approach of simulating, using DIVIMP, the signal 
produced by a rotating mirror VUV spectrometer which scans the intensity of 
selected impurity lines from the inner midplane vertically upwards through the 

Poloidal angle (deg) 

FIG. 3. CII intensity versus poloidal angle. Heavy line: experiment; dashed line: DIVIMP simulations, 
with Tj = Te and no wall source; thin solid line: DIVIMP simulation, with Tt = 75 eV at both strike 
points and C wall source. The simulation and the measurements are normalized at the inner strike zone 
peak. 
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C divertor/target plate region[6]. The background plasma on which DIVIMP is 
run is in this case based on an analytical model using measured divertor electron 
temperature profiles, power inputs, and ionisation sources calculated from 
NIMBUS. Although D a Doppler temperatures indicated that Tj = 70 -120 eV 
near the targets, there are no detailed spatial measurements. The results of the 
simulation of a CD line signal vs poloidal camera angle (proportional to distance 
along the SOL) are shown in Fig. 3. As can be seen, varying Ti at the target 
from a value equal to Te (dashed line) to a value of 75 eV strongly affects the 
asymmetry of the signal, with the latter assumption providing a much better fit. 
Also indicated on the figure is the result of neglecting any wall source of C in 
the code, compared with including the CX source computed by NIMBUS. 
Neglect of the wall source fails to simulate the CII signal extending along the 
SOL away from the divertor, while including it comes closer to the signal. The 
source is still too weak, however, by about a factor of 3, indicating that either 
the NIMBUS or DIVIMP calculations are in error, or that the assumption that 
only physical sputtering is important is incorrect. 

The DIVIMP calculations show that the probability of penetration of C 
ions into the core is about five times greater for wall source impurities than for 
those coming from the target, indicating the importance of closing the divertor 
to reduce wall sources as much as possible. Such calculations are confirmed by 
EDGE1D runs, where removal of the 5% wall source reduced the SOL impurity 
content by 85% for the Be runs described above. 

4. 2-D DIVERTOR MODELLING: EFFECTS OF GEOMETRY 

The divertor in high power, long pulse tokamaks should satisfy the rather 
daunting requirements of handling the power exhaust at acceptable erosion 
rates, controlling main plasma impurity content, and pumping away He ash and 
the NI gas load. These various aspects of performance are of course coupled, 
and optimization often means finding the best tradeoff among conflicting 
factors. Traditional approaches to handling the heat load include increasing the 
wetted target area, which may be limited due to the practical difficulties of 
accommodating field incidence angles below 1 degree, using sweeping, and 
enhancing radiation [7,8] and CX losses[9] to distribute the heat load. 
Experience and modelling have shown that the best way to control impurities is 
to produce as dense and cold a divertor plasma as is possible subject to the main 
plasma constraints on edge density; the use of a large SOL flow has also been 
studied [10]. Pumping is optimized by increasing neutral pressure, for example 
by use of baffles, and maximizing conductance in ducts. 

In designing a divertor, there are certain design choices involving material 
selection, whether to use electrical biasing, and whether to seed with impurities 
to enhance radiation. In addition, the divertor geometry itself can have a major 
effect on performance, and the recent development of 2D codes capable of 
handling realistic geometries, including target plates inclined to the field lines, 
has made it possible to begin to quantify these effects. 

We have carried out preliminary studies of the three geometries shown in 
Fig. 4. The first has target plates on a grid line orthogonal to the field lines, and 
is an approximation to the completely open divertor structure used in JET in the 
91-92 campaign. The second is a vertical plate design in which recycling 
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FIG. 7. SOL midplane separatrix impurity density for the three geometries, for two values ofmidplane 
density. PS0L = 20 MW. 

neutrals are directed more into the private flux region, and thus redistributed 
more evenly in the divertor region, inducing flows further up the field lines. 
The Mark I JET pumped divertor can be operated this way, if desired, at low 
plasma currents (Ip < 3MA). The third geometry is a "moderate slot" which 
could be achieved in the Mark II JET pumped divertor. 

Code runs have been performed for three plasma input conditions (Pgoi = 
20 MW, nb = 4 x lO^nr^; Psol = 20 MW, nb = 2 x lO^nr*; Pgoi = 10 MW, nb 
= 2 x 1019nr3) for each of the three geometries, with Be as the target material. 
Matching of experimental decay lengths at the mid plane requires fairly low 
values for Deff andjfeff of .1 and .5 m2/s respectively in EDGE2D [11] 
although it must be emphasised that the SOL profiles also depend strongly on 
the source distributions. We present primarily results from the middle case, 
which in a sense is the most severe as it has high power and moderate density. 
The principal effect of changing geometry is to affect the distribution of 
ionization of recycling neutrals, which then affects the distribution of 
temperature, density, and velocities in the divertor. Figures 5(a) and (b) show 
the distribution of temperature and density along the targets, measured from the 
separatrix, for the vertical and slot geometries. The results are quite striking in 
that (a)the gradients in Ti and nj along the targets are opposed, and (b) they 
switch signs in going from the vertical plate to the slot configuration. The fact 
that the gradients are opposed means that the distribution of heat load on the 



296 JET TEAM 

plate, which is approximately proportional to njTi3/2 can be made somewhat 
more even than in an orthogonal target open geometry, even though the heat 
distribution in general is quite robust against plasma changes. The actual 
distribution of heat from the code calculations for the cases under discussion is 
shown in Fig. 6. The orthogonal case has a relatively peaked distribution 
which requires sweeping to reduce loads to an acceptable level, while the 
vertical geometry has a less peaky, lower average (due to larger wetted area) 
heat load; the slot divertor has the lowest peak loading and for the conditions 
shown here could be operated without sweeping. However, it must be 
emphasized that the distribution of plasma parameters in the divertor is very 
sensitive to the geometry of the target plates and side walls relative to the 
equilibrium poloidal flux surfaces, as well as to the choice of perpendicular 
transport models and boundary conditions in the code, so that it is difficult to 
make generalizations about the effect of geometry on the distribution of 
conducted power. 

Optimization of the divertor with respect to impurity control is quite 
complicated because it involves not only minimization of production of target 
impurities and maximization of their retention, but also minimization of 
outflowing neutrals to reduce wall impurity sources, the importance of which 
was discussed above. Figure 7 shows the SOL impurity density at the 
midplane separatrix for the three geometries for the moderate and high SOL 
density 20MW cases. One sees clearly that the most effective way to reduce 
SOL impurity content is to raise the SOL density. At fixed SOL density, 
however, there are differences due to geometry, with the slot divertor being 
clearly better for the more severe moderate density case. We note that all three 
moderate density cases have Zeff in the SOL of 1.9 or less, which is considered 
good performance. We note further that due to 2D effectsfl 1], the retention of 
impurities in the divertor occurs, for a given power, at much lower densities 
than were predicted using an earlier version of EDGE ID [10]. We have not 
studied pumping performance with EDGE2D to date, as all runs have been 
made with fully non-absorbing surfaces. However, the neutral pressure in the 
private flux region is highest for the vertical plate divertor, and the pressure 
along the bottom plate in this case can be significantly increased by the 
addition of a horizontal baffle 5 cm above the bottom plate. 

5. CONCLUSIONS 

5.1 Model Validation 
The comparison of experiment and code we have carried out so far has 
produced several interesting results. The strong inner-outer asymmetries are 
reproduced by inputting more power to the outer plasma half than the inner. 
Both DIVIMP and EDGE calculations show that relatively small wall impurity 
sources can be responsible for most of the SOL impurity content. Finally, code 
calculations suggest that CX losses caused by backstreaming neutrals may be 
responsible for a substantial fraction of the "missing power" in our H-mode 
power balance. 
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5.2 Divertor Modelling 
Geometrical effects in the divertor can significantly affect the distribution of 
divertor plasma density and temperature and thus the radiation pattern and to a 
limited degree the distribution of conducted heat. This arises from the strong 
dependence of the distribution of ionization of recycling neutrals on the target 
plate/side wall/baffle configuration. Under conditions of extreme density (ndiv 
> 1021 nr3) where the neutral mean free path becomes small compared to all 
divertor dimensions, it is expected that the geometry would play less of a role, 
but such conditions are not anticipated in JET. Impurity control is most 
sensitive to the overall levels of density and ion temperature in the divertor, and 
is less affected by geometry than by SOL density for a given power; geometry 
nevertheless can produce beneficial effects. Finally, it is again pointed out that 
these results are preliminary and much work, both numerical and experimental, 
remains to be done in the field of divertor optimization. 
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DISCUSSION 

S.I. ITOH: My question concerns scrape-off layer (SOL) transport. You have 
shown that Pi > Pe for the H-mode phase during the discharge. Is that typical for 
the H-mode phase as compared with the L-mode phase? 
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G.C. VLASES: In order for the modelled Tj and Te in the SOL to agree with 
the experimental measurements, it is necessary to assume Pj « 2Pe for the H-mode. 
In the L-mode, the assumption Pj = Pe gives the correct results. 

R.J. HAWRYLUK: In the L-mode discharge, xA and D± in the SOL seem 
relatively low. How do these values compare with the values within the last closed 
flux surface? 

G.C. VLASES: The quoted values of Xeff = 0.5 m2/s and Deff = 0.1 m2/s are 
average values over the divertor and SOL. In the calculation, xeff and Deff vary in a 
Bohm-like manner (T/B), so that the midplane separatrix values are several times 
higher and are in rough agreement with L-mode values just inside the separatrix. 
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Abstract 

ADVANCED DIVERTOR PROGRAMME RESULTS FROM DIII-D. 
A summary of DIII-D boundary and divertor experiments directed at solving the scientific and 

technical problems of high power, long pulse tokamak divertors is presented. Single null poloidal diver-
tors were studied in the standard DIII-D open divertor configuration and in interaction with the toroi-
dally symmetric ring biasing electrode and exhaust gas collection plenum. New results are reported for: 
scrape-off layer (SOL) transport; SOL density and impurity influx; SOL density and divertor bias; ELM 
particle and energy content; ELMing SOL transport; open radiative divertor; passive exhaust gas collec
tion; divertor bias and exhaust gas collection; and divertor bias and H-mode threshold. The paper con
cludes with future plans for divertor research at DIII-D. 
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1. INTRODUCTION 

Power and particle exhaust management is currently the most serious unsolved 
problem limiting the design of ITER, TPX and other long pulse, high power toka-
maks. The DIII-D advanced divertor programme (ADP) is an integrated scientific 
and technical programme to understand and develop poloidal tokamak divertors at 
reactor relevant parameters. Here we report DIII-D boundary and divertor experi
ments and discuss their implications for improved performance. 

Since late 1990, the DIII-D divertor configuration has included a toroidally 
symmetric, graphite armoured, water cooled divertor electrode above the entrance to 
an exhaust plenum, located at the lower outside corner of the divertor target [1,2] 
(Fig. 1). This new hardware does not restrict the fully open divertor operation that 
is commonly used at DIII-D [3]. Boronization was introduced in 1991. A cryocon-
densation divertor pump for active particle removal is presently being installed in the 
plenum and will become operational early in 1993 [4]. The boundary and divertor 
diagnostic set has been extensively upgraded. 

The principal effect of divertor bias with the DIII-D electrode-plenum configu
ration has been E x BT drift modification of the scrape-off layer (SOL) and diver
tor plasmas [2, 5-7]. The expected E X BT flows driven by the electrode potential 
are illustrated qualitatively in Fig. 1. A poloidal electric field along the magnetic sur
faces drives the flow normal to the surfaces. Surfaces of potential discontinuity — 
the separatrix and magnetic surfaces contacting the electrode edges — have large 
electric fields normal to the surfaces, which drive fast poloidal flows in thin boundary 
layers [5-7]. 

FIG. 1. Dlll-D divertor ring electrode (ring), exhaust plenum and special ionization pressure gauges. 
Standard magnetic field and plasma current directions are indicated. Expected E X BT flows across 
magnetic surfaces are illustrated qualitatively. 
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2. SCRAPE-OFF LAYER 

The SOL shields the confined plasma from the first wall and connects it to the 
divertor. The SOL is diagnosed at the outer midplane by charge exchange recombina
tion Doppler spectroscopy (Tj) and a fast stroke insertable Langmuir probe array 
(Te, n<., electric potential, fluctuations). The multipulse Thomson scattering system 
views the SOL along a vertical chord (R = 1.94 m). All have high spatial resolution 
in the SOL. 

During extended (0.7 s) VH-mode, which is quite like the H-mode, the plasma 
impurity levels are observed to remain unusually low [8]. The SOL density is also 
observed to be much greater than in the H-mode. Modelling shows that shielding 
against impurity atoms by the thick, dense, ionizing SOL is more important than pos
sible variations in sputtering yield and core transport in reducing impurity influx and 
explaining the experimental data [9]. However, it has not yet been determined how 
the quiescent VH-mode forms such a robust SOL, whereas the quiescent H-mode 
does not. The rapidly ELMing H-mode also forms an opaque SOL (Section 3) and 
is free from impurity buildup. 

0 1000 2000 3000 4000 5000 °-85 0 9 ° °-95 1 0 ° 1 0 ! 

TIME(n») »(m) A T * - 1 . 9 4 m 

FIG. 2. (a) Time history of plasma current, Pinj, divertor electrode-to-vessel bias voltage, D2 injection 
rate, chord average density and representative impurity line radiation intensities viewed quasi-
tangentially (arbitrary units), (b) Density profiles from Thomson scattering along a vertical chord show 
the SOL density increase during bias (t = 2400 ms). The toroidal field is 2.1 T, and its direction is 
reversed from Fig. 1. Bias shifted the plasma about 1 cm vertically. 
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Divertor biasing (Section 6) affects both SOL density and impurity influx. 
Figure 2 shows selected line radiation intensities and two edge Thomson scattering 
density profiles from a rapidly ELMing H-mode discharge. With the divertor biased 
to drive an outward E x Bj drift, the SOL density-thickness product more than 
doubled, and the impurity radiation intensities decreased. The Te profile did not 
change appreciably with bias. The Ni XVII emission, from the outer portion of the 
plasma, is indicative of Ni influx, while Ni XXV emits from the central plasma. Such 
impurity radiation reduction is most noteable during the H-mode with high power 
neutral beam heating, as in the example of Fig. 2. Opposite bias polarity yields 
decreased SOL density and increased impurity radiation. Opposite Br reverses all 
the effects. Thus, the SOL density changes depend on the E x BT direction. In 
view of the VH-mode results given in the section above, it is possible that the impu
rity effect is a direct consequence of SOL shielding rather than of the bias. 

The turbulent electrostatic flux 1"$ in the SOL was calculated from simultane
ous, correlated multiple probe measurements of hg and 4> at the outer midplane. The 
data were taken from standard lower single null diverted discharges, but, to minimize 
probe heating, the neutral beam injected power Pinj was kept low (0.6 MW in the 
L-mode, 2.4 MW in the H-mode). Near the separatrix, the L- and H-mode turbulent 
diffusion coefficients were 0.6 and 0.04 m3-s"', respectively, corresponding to 0.7 
and 0.04 times Bohm diffusivity, respectively. However, far out in the SOL the tur
bulent diffusion in the H-mode was larger than in the L-mode. 

3. EDGE LOCALIZED MODES 

Edge localized mode bursts (ELMs) increase the average particle and power 
transport relative to the quiescent H-mode. The divertor infrared television camera 
and the new multipulse Thomson scattering profile diagnostics resolved the effects 
of individual ELMs. Here we summarize recent measurements of so-called 'giant' 
or 'Type 1' ELM behaviour in DIII-D, 

Repetitive ELMs produce time average particle losses several times larger than 
the neutral beam fuelling rate. The particle loss per ELM and the ELM frequency 
vary inversely with one another to yield a nearly constant time average loss rate. 
Repetitive ELMing increases the time average SOL density and SOL profile width 
relative to a quiescent H-mode, and the ELMing SOL density is proportional to Ip 

and the neutral beam heating power, Pinj. The latter dependence helps to maintain a 
low divertor Te even when Pinj is large. 

Repetitive ELMs contribute <20% of the total non-radiative energy transport 
across the separatrix [3]. The time average spatial peak divertor heat flux <Qdiv> 
during ELMing H-mode scales as Pinj Ip

2 Bf04. The Bf04 dependence is indicative 
of a simple connection length effect, and the effective cross-field thermal conduc
tivity scales as K± « pW I"1. There is evidence that <0<iiv> is reduced by local recy
cling at the gap between the plasma and the inner wall, which might offer a power 
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management technique. There is also evidence that the radiative divertor (Section 4) 
partially shields the divertor target from the ELM burst. 

4. RADIATIVE OPEN DiyERTOR 

The peak power flux to the open DIII-D divertor target, Qdiv, was reduced 
several times by D2 gas injection [10], This is a substantial improvement over 
earlier results [3]. There was no impurity accumulation and no more than a 10% 
reduction in core plasma content in these experiments. The experiments were per
formed in D2 plasmas during rapid ELMing over the parameter range Ip = 1 ~ 
2 MA, BT = 1.4 ~ 2.1 T, Pinj < 14 MW, q95 = 3.2-5.8 and Zeff < 1.2. The 
large D2 puff increased the SOL density by 50-100%, which might help achieve the 
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FIG. 3. A discharge with 150 torr-L-s'1 D2 injection (solid) compared with a reference discharge 
with no gas injection (dashed). Shown are plasma current, neutral beam injected power, chord averaged 
density, total plasma internal energy, total (profile integrated) power to outer divertor target, peak outer 
divertor heat flux, total radiated power and radiated power from the divertor region. The first vertical 
line (2700 ms) marks the recycling transition; the second line (3150 ms) marks the return of the D2 

injected discharge to the L-mode. Both discharges are single null diverted, ELMing H-mode, BT = 
2.1 T and q95 = 4.2. 
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low observed core impurity content, as discussed in Section 3. The divertor X-point 
was about 0.2 m above the flat horizontal target, and the ion grad-B drift was toward 
the X-point. Figure 3 shows the evolution of the Qdiv at the outer target during a 
150 torr-L-s"1 D2 puff near the top of the plasma, in which the peak heat flux 
dropped by a factor of 5, and a comparison shot without gas puffing. The large reduc
tion in Qdiv follows a 'recycling transition', characterized by a pronounced increase 
in recycling at the outer divertor leg strike point and formation of a MARFE near 
the X-point [10]. The total amount of D2 needed to produce the transition increased 
in rough proportion to Pinj. 

The X-point MARFE formation is accompanied by a reduction of both n,, and 
Te at the outer divertor target. In particular, during the quiet phase between ELMs 
the divertor plasma pressure is —0.1 times the midplane SOL pressure. Therefore, 
the MARFE maintains a pressure drop between the SOL and the divertor, presum
ably by transfer of momentum to neutrals. Both electron- and ion-neutral collisions 
remove energy from the plasma. During an ELM, the divertor plasma density 
increases several times, but the temperature remains low. Therefore, the MARFE 
partially shields the target from the ELM temperature burst. Modelling indicates that 
as much as 50% of the divertor radiated power is hydrogen line radiation, with most 
of the balance from C +3 and C+2 emission. The radiative divertor regime lasted 
typically 0.5 s, after which the plasma detached from the divertor and the core 
plasma confinement dropped to the L-mode. 

These experiments show that the open radiative divertor, which does not impose 
the restrictive geometry of gaseous slot divertors, can reduce the peak divertor target 
power several times, perhaps to a manageable design level for future high power 
tokamaks. In order to achieve this goal, it is necessary to demonstrate stable, steady 
state operation with density control and active_particle exhaust. One technique of 
avoiding the density increase might be adding E X B flow, by divertor bias (Sec
tion 6) to sweep the SOL plasma actively toward the X-point MARFE. 

5. DIVERTOR EXHAUST 

Large static neutral gas pressures (up to 14 mtorr) are observed in the 
unpumped plenum. The pressure is sensitive to the divertor strike position and is 
maximum when the divertor plasma fills the exhaust aperture. This was determined 
by sweeping the divertor strike point slowly across the aperture under a variety of 
plasma conditions [5-7, 11]. The pressure increases approximately linearly with 
neutral beam heating power in the ELMing H-mode. Modelling by the coupled B2 
and DEGAS codes reproduced the gas pressure dependence on heating power and 
further showed that the large gas pressure develops from greater than normal divertor 
recycling, which is a consequence of the aperture geometry [11]. The very high recy
cling also yielded a cold (2-3 eV) divertor plasma. 
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The high plenum gas pressure and low divertor plasma temperature observed 
in the present geometry show that desirable divertor performance might be obtained 
without the restrictive geometry of fully closed divertor chambers. 

6. DIVERTOR BIAS 

Divertor electrode operation (divertor bias) was studied in Ohmic, L-mode, and 
H-mode single null diverted plasmas [5-7]. Divertor bias strongly influencesj)lenum 
gas pressure and divertor recycling (Ha light) in a manner consistent with E X BT 

plasma flow as sketched in Fig. 1, for all combinations of bias potential and BT 

signs. Notably, the DIII-D single electrode divertor bias has not, so far, significantly 
influenced either core plasma energy confinement or SOL Te. The electrode, once 
it is conditioned by a few ( — 10) high power plasma discharges, is not a significant 
source of outgassing. 

Although active pumpng is not yet installed, the bias induced plenum pressure 
rise is often accompanied by a modest decrease of core plasma density, even during 
the ELMing H-mode, an effect that bodes well for eventual H-mode density control. 
Divertor bias constitutes an E x BT plasma pump with a speed of the order of 
(A$)VB, where A<£ is the bias potential and lr the toroidal circumference. In the 
DIII-D experiments this amounts to (200 V)(10 m)/(2 T) = 1000 m3/s. As was dis
cussed in Section 2, bias influences the SOL density and impurity line radiation. 

A large plenum pressure rise is still observed, even when the separatrix strikes 
the electrode far from the aperture, during inward E X BT biasing. Figure 4 gives 
a plasma history dramatically illustrating this point for an L-mode plasma whose 
separatrix was held on the upper corner of the electrode, 7 cm above the top of the 
exhaust aperture. Initially, the plenum and X-point pressures equalized at a low pres
sure, as is typical when the strike point is not in the aperture, and the electrode poten
tial floated at —15 V. At t =? 1900 ms, a bias of - 7 0 V with respect to the vessel 
was applied to the electrode. The bias resulted in a plenum pressure increase, even 
though the separatrix remained at the upper corner of the electrode. Increasing the 
bias to — 110 V increased the plenum pressure to about 15 mtorr. Pressure under the 
X-point remained low, indicating that the plasma was directed selectively into the ple
num. This is consistent with the reversal of the E X BT flows of Fig. 1 with oppo
site bias polarity, driving plasma across the separatrix and private flux and from there 
into the plenum aperture. The sudden removal of the bias at t = 3550 ms released 
the trapped plenum gas, which appeared promptly under the X-point and then more 
slowly in the plasma as increased density. The tokamak density rise corresponded to 
about two-thirds of the plenum gas. These data show that divertor bias greatly 
reduces the sensitivity of the plenum pressure to divertor geometry so long as the 
separatrix strikes on or near the electrode. Thus, bias might even sustain good 
exhaust from an oscillating swept divertor. The same bias techniques can be adapted 
to two and four strike point configurations. 



306 SCHAFFER et al. 

1500 2500 3500 4500 
TIME (m«) 

FIG. 4. Discharge with separatrix striking the electrode far above the plenum entrance, showing time 
histories of (a) the divertor electrode-to-vessel potential, the positive charge current to the electrode 
from the external power source, the chord averaged electron density, the plenum gas pressure and the 
gas pressure under the X-point, and (b) the plasma configuration at t = 3000 ms. The plasma current 
BT and the neutral beam heating power are steady at 1.0 MA, 2.1 T and 2.4 MW, respectively. 

Warm SOL electrons convert heat (Qj « -3 .2 Te JSOL)- In the experiments 
this effect is observed as increased heat flux to the anode surface, independently of 
the sign of BT [5-7]. Similarly, heat flux to the cathode is reduced, but only if the 
current is sufficiently below the ion saturation limit to avoid a large cathode sheath 
potential and increased ion bombardment energy. Thus, the Qj effect could be used 
to balance power between the inner and outer single null divertor strike points and 
thereby use the available target surface optimally. 

Divertor bias changes the power threshold for L-mode to H-mode transition, 
P L-H [5]. PL-H increases rapidly for bias voltages greater than about 150 V, for any 
combination of bias voltage and BT signs. The available data indicate that the mini
mum PL„H occurs for zero or moderate (~ 70 V) positive bias of the electrode with 
respect to the vessel. There is little difference between L-mode and H-mode TE in 
these experiments, which is tentatively attributed to the adverse effect of low trian
gularity (needed to put the separatrix on the electrode) on H-mode confinement. 
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7. DISCUSSION AND CONCLUSIONS 

Many results from the DD1-D advanced divertor programme are reported. A 
robust, opaque SOL is shown to be important to shield the core plasma from impurity 
influx. Rapidly ELMing discharges have many favourable properties, including an 
opaque SOL, increased divertor recycling with increased Pinj, and divertor heat flux 
reduction by local recycling at the inner wall gap. A large exhaust pressure was 
demonstrated without a closed divertor chamber. Divertor bias raised the SOL den
sity for outward E x BT flow. For inward flow, bias raised the exhaust pressure. 
It was demonstrated that the biased divertor can pump divertor plasma efficiently 
across 7 cm of electrode and into the exhaust aperture. With suitable geometry both 
effects could be combined. Bias driven convective electron heat flux can shift and 
balance the heat load between two magnetically connected divertors. The bias had 
little effect on either TE or the SOL Te. Heavy D2 injection produces an X-point 
MARFE radiative divertor in open geometry that reduced peak target heat flux 
fivefold with minimal loss of plasma stored energy. Divertor bias altered the L — H 
power threshold. These results represent a substantial set of new tools with which 
improved divertors can be developed. 

In a separate paper [12], it is reported that the divertor electrode produced a 
tokamak plasma non-inductively by the DC helicity injection technique. 

DIII-D divertor and boundary plans for the near future include: installation of 
a 50 m3/s divertor cryopump, removal of deposited metal from the surfaces of the 
existing graphite tiles and tiling the rest of the plasma facing surfaces (100% graphite 
coverage). A gaseous divertor is being planned for installation in 1995. These 
projects will be co-ordinated with JET, JT-60U, ITER and TPX to achieve integrated 
reactor relevant operation, featuring good confinement, high /3, non-inductive current 
drive, and power and particle management, all in a quasi-steady state. 
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DISCUSSION 

F. WAGNER: I have a two-part question. First, in your comparison of impu
rity development in the H- and VH-modes you used the term 'impurity accumula
tion'. Was that intended to mean the overall increase of impurity concentrations or 
the preferential concentration increase in the plasma core (due to an enhanced Uin-
term)? 

Secondly, I should like to ask on what basis you concluded that there is 
preferential impurity development in the VH-mode compared with the H-mode? My 
concern is that the outcome is affected by the sequence of regimes 
( L - V H - E L M y - H ) and the short VH- but long H-phase. 

M.J. SCHAFFER: My use of the word 'accumulation' was perhaps confusing. 
I meant impurity density, nt. VH-mode plasmas are clearly cleaner than H-mode 
ones. In the first place, the measured Zeff is smaller in VH- than H-mode. In the 
second place, impurity line intensities are also lower, and they frequently even 
decrease during VH-mode, but increase during non-ELMing H-mode. The nY pro
files do not peak in either mode, but are quite similar to the n,. profiles. 

As to the second part of your question, we find that the VH-mode impurity con
finement time, 71-VH> is about twice its H-mode counterpart, 7IiH. (The TJ values are 
deduced from the evolution of Cu line emission after Cu contamination bursts.) Thus, 
the higher H-mode ni is not due to higher rIjH. In fact, because the Tt values are 
smaller than the nt evolution time, the influx and outflux of impurities should be 
more or less equal at all times. Hence it follows that the core nj is determined by the 
impurity source rate. As I have shown, the thicker, denser VH-mode SOL shields 
the plasma much better than the thinner, less dense H-mode SOL. Modelling shows 
that the wall, rather than the divertor plate, is the principal source of impurities, and 
this seems to be the conclusion from JET, too. 
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Abstract 

PLASMA EDGE COOLING BY IMPURITY RADIATION IN A TOKAMAK. 
Impurities are used to establish a cold radiative plasma boundary in high power discharges. 

Neon proves to be a promising candidate. In TEXTOR a neon injection feed-back system has been 
applied successfully to control the radiation level: up to 95% (y = 0.95) of the heating power has 
been radiated in stable and quasi-stationary discharges. Above y = 0.7 suppression of thermal conden
sation effects (MARFEs) is necessary and in principle possible. Neon cools the plasma edge and not 
the centre (radiative range at Te = 30-200 eV). The crucial limitation for radiative edge cooling is 
given by the impurity concentration in the centre. For neon 2 MW of radiation is possible 
(0.25 MW/m3) with n^/i^ « 0.7% in the centre, which is marginally acceptable for fuel dilution. 

1. INTRODUCTION 

Significant power exhaust by radiation from impurities at the plasma boundary 
could solve the main problems of plasma-wall interaction in a tokamak. A cold 
radiative plasma boundary would distribute the power uniformly onto the first 
wall. Damage of wall elements owing to peak heat loads could be avoided and 
impurity concentration of the plasma from material erosion could be suppressed. 

The concept of a cold radiative plasma mantle has already been formulated 
many years ago [1][2], but the theoretical predictions are uncertain. The radial 
ion density distribution depends on the poorly understood transport of impurities. 
Since stationary conditions are required, the thermal stability of a radiating layer 
is a critical issue. In view of these difficulties the verification of the concept by 
experiment is necessary. 

The conditions and prerequisites for radiative edge cooling are partly 
contradictory: The impurity radiation should cool mainly the plasma boundary and 
not the plasma centre. A sufficiently high impurity concentration at the boundary 
is necessary for a high radiation level, but in the plasma centre the impurity level 
must be kept below a critical value in order to restrict fuel dilution. This 
concentration level limits the application of radiative edge cooling by impurities. 
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The lining of tokamaks with low-Z materials (graphite limiters and divertor 
plates, carbonization and boronization of the wall) gave new impetus to the 
experimental studies of radiative edge cooling. Under these circumstances the main 
impurities are carbon, oxygen and boron, which radiate predominantly from the 
plasma boundary. Quasi-stationary conditions with a high radiation level 
(^^rad/^heat*1)n a v e ^ e e n found at high average electron densities and low power 
level (ohmic heating, Pheat«10kW/m3). In such discharges the plasma generally is 
"detached" from the limiters, i.e. the ionization zone for neutrals shrinks to a 
smaller plasma radius [3][4]. A reduction of the energy confinement time rE 

(typically by 30%) is the main disadvantage of a detached plasma. 

On a high power level (auxiliary heating) it is difficult to radiate a significant 
amount of the input power with the intrinsic impurities (B,C,0) alone. But on the 
other hand, the rather low impurity level provided by the modern conditioning 
methods (carbonization, boronization [5]) gives more flexibility for injecting 
additional impurities. In contrast to the intrinsic impurities, the concentration of 
injected impurities, and thus the radiation, can be well controlled. 

In TEXTOR, special experiments devoted to the control of the radiation with 
injected neon on a high power level and for quasi-stationary conditions have been 
performed successfully. This paper summarizes the results. 

2. EXPERIMENT 

TEXTOR is a medium-size tokamak with a major radius of R=1.75m and a 
minor radius of a=0.46m. The standard values for the magnetic field BT=2.25T and 
the plasma current Ip=350kA have been chosen for this experiment. The toroidal 
belt limiter ALT-II is used as a pump limiter [6]. All limiter blades are made of 
graphite and the vessel wall is boronized. The working gas is deuterium. Auxiliary 
heating with neutral beam co-injection of H (1.7 MW) together with ohmic heating 
(0.3 MW) provide a total heating power of P to t«2 MW. This corresponds to a power 
density of 0.25 MW/m3 or 70 kW/m2. 

Neon is injected by a gas puffing system with a fast piezo-electric valve. 
Because the recycling coefficient of neon is almost unity the amount of gas puffed 
in accumulates in the plasma if the pumps of ALT-II are closed. With open pumps, 
the removal time for Ne is about 0.5 s. A feed-back control of the neon level is 
necessary to provide stationary conditions, particularly close to the radiation limit 
1=1. Such a system has been developed on TEXTOR [7]. The control variable is 
a NeVIII line representing adequately the total radiation from neon. 

The radial profile of the total radiation is measured by means of bolometry. 
Emission spectroscopy measures the intensity of various lines at the limiters, e.g. 
H a , CI, OI, Nel, Nelll, thus providing information about particle fluxes emitted 
from these limiters [8]. Atomic beam diagnostics employing He-, Li- or C-atoms 
allow one to determine the profiles of electron density and temperature at the 
plasma boundary [9][10]. Information on the impurity concentration in the 
centre can be deduced from the measurements of soft X-ray emission, from charge 
exchange spectroscopy and from the electrical conductivity in the plasma centre. 
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3. RESULTS AND DISCUSSION 

Neon has been injected as an additional impurity in high power discharges in 
TEXTOR. At low and medium line averaged electron densities (ne=l .-4. 1013cm"3) 
the radiation level varies from f«0.18, provided by the intrinsic impurities carbon 
and oxygen, up to Tf«0.98 with injected neon (see Fig. la). The discharges are stable 
and quasi-stationary (flat top «ls). The edge electron temperature Te decreases 
significantly (Fig.lb) and the heat load to the limiter can be reduced to negligible 
values. 

Neon radiates at least about Erad=6 keV per injected particle. E r a d is the 
"radiation potential" representing the energy a particle radiates during its dwell 
time in the plasma [11]. This term includes excitation, ionization and transport 
processes. E r ad can significantly increase with plasma cooling. In a cold plasma 
boundary (Te(a)«10eV), E r ad can reach values of up to 30keV. In contrast, under 
the same circumstances, the radiation potential of C varies between 1 and 7 keV 
and that of O between 3 and 12 keV. Information on Era(j has been obtained from 
the measurements of impurity fluxes and radiation and also from self-consistent 
model calculations for impurity transport and radiation at the plasma boundary 
[12]. For Erad=30 keV a Ne flux of rNe=4. 1020 s"1 is needed to radiate a power of 
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FIG. 1. (a) Dependence of radiation level y = Pmt/Phau..and convective power to the limiter, 
P«mv = Phtta ~ Frai, on the amount of neon injected (represented by Ne VIII line radiation) in a 
discharge with heating by NBI. The base line y - 0.18 (dashed line) is due to C and O line radiation, 
(b) Edge electron temperature at r = 44 cm (Thomson scattering). 
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FIG. 2. (a) Electron density and temperature profiles for high power, high density discharges with 
(dashed lines) and without (full lines) neon injection (ne = 5.5 X lO13 cm'3, Pheal = 2 MW). 
(b) Corresponding radiation profile for neon injection. The radial ion density distributions for Ne'* 
to Ne7+ are indicated (model calculation [12J). 

2 MW. Note that only about 2% of TNe is injected and about 98% of the flux is due 
to recycling. 

Thermal stability is a critical issue because E r ad depends strongly on Te. The 
negative derivative 3Erad/9Te<0 can be the cause for thermal condensation effects, 
in particular at a higher radiation level (TOO.7). Such a condensation forms the so 
called "MARFE", a poloidally asymmetric toroidal belt of cold and dense plasma 
(Te<10eV, ne>1014cm"3) at the high field side [13]. Normally a MARFE cannot 
be sustained for more than 200 ms, since a major disruption follows. MARFE 
development can be suppressed by reducing the local impurity flux feeding the 
MARFE. We have demonstrated that the plasma positioning feed-back system on 
TEXTOR, based on the HCN-interferometer measurements, is sensitive to 
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asymmetries in the density profiles and can therefore suppress the MARFE 
formation [14]. But the MARFE must be "seen" by the interferometer in its 
early stage of formation and the feed-back must be sufficiently fast and stiff. 

Plasma detachment (shrinking of the ionization zone), for which rE normally 
deteriorates, is not a problem for discharges with a high power density and T<0.9, 
since in these cases the ne- and Te-profiles are steep enough to ensure short 
ionization lengths, even for strong radiative cooling and Te(a)«10eV. The 
steepening of profiles is furthermore enhanced by the general peaking of the 
electron density profile in the centre, as is generally observed with neon puffing [ 15] 
(see Fig.2a). In contrast to ne, the temperature profiles are not modified in the 
centre. Neon radiation cools the edge and not the centre, since the radiated power 
comes mainly from the Li-like ions (NeVIII) and from lower charge states being 
born in the Te range between 30 and 200eV. This is evident from the radial 
distribution of the radiated power (bolometer) and of the ion densities for the 
different charge states of neon (model calculation) shown in Fig.2b. 

The crucial limitation for the application of radiative cooling by impurities is 
given by the impurity concentration in the centre. The amount of neon necessary 
to reach a high 7 can be minimized by operation at the highest electron densities 
(ne=4.5-5.5 10iscm"3). In this case i is already about 0.4 without neon. For the case 
with 7=0.85 and 2 MW of total heating power we find nNe/ne«0.7% in the centre 
(from soft X-ray emission as well as from electrical conductivity). A concentration 
of about 1% is assumed to be acceptable with respect to fuel dilution in a reactor. 

If we assume that the shapes of the radial density profiles of nNe and ne are 
similar and then normalize the nNe distribution with the well known total number 
of neon particles in the plasma, we find a density nNe in the centre much higher 
than the measured one. Even if we consider a radially flat distribution for neon, 
the density in the centre is still a factor of 2 too high. Thus, the data indicate that 
nNe (summed over all charge states) is increasing towards the edge. This agrees 
qualitatively with the ratio of nNe/ne of about 4% at r=a derived from the flux ratio 
r N e / r D and assuming an average charge for neon of z=4. 

Efficient He removal (ash exhaust) is an important requirement for a fusion 
reactor [16]. Experiments on TEXTOR demonstrate that efficient He pumping 
with the pump limiter ALT-II is still possible in a plasma with a cold radiative 
edge, provided we operate close to the density limit (ne»5.5 1013cm"3) [17]. 

4. CONCLUSIONS 

Neon proves to be a promising candidate for controlling the power exhaust in 
a fusion reactor via impurity radiation. Experiments on TEXTOR demonstrate the 
viability of a cold radiative edge with neon for a heating power density 
(0.25 MW/m3) rather close to that of ITER. 

Thermal stability is a serious problem. Thermal condensation (MARFE 
formation) should be avoided. In principle the suppression of MARFEs is possible, 
but difficult. The underlying physics and also the technical means (detection and 
suppression) need further investigation. 



314 SAMM et al. 

The crucial limitation for the applicability of radiative cooling by impurities 
is the radial particle transport or, in particular, the ratio of concentrations 
edge/centre. The TEXTOR data indicate that the radial neon distribution is much 
flatter compared to the profile of ne and might even show a peak at the boundary, 
perhaps by an outward drift mechanism. This kind of transport would be beneficial 
for the purpose of edge cooling. Better and more detailed measurements of the 
neon density profiles (and other impurities) are necessary in order to clarify this 
important question. 

Neon looks promising, but is not necessarily the optimal impurity for these 
purposes. Other impurities have to be examined with respect to their radiation 
characteristics (radiation potential) and transport. In this context, the figure of 
merit is the permitted radiation power for a given maximum of impurity 
concentration in the centre, which is acceptable for fuel dilution. 
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DISCUSSION 

J.A. WESSON: It is perhaps a matter of concern that in some ASDEX dis
charges disruptions occur with a radiation level of 35 % of the power input. On the 
other hand, it is not altogether clear that MARFEs need to be suppressed since they 
provide a further means of radiating energy. 

U. SAMM: When we use neon the density limit coincides with a 100% radia
tion level. When silicon is the dominant impurity we also have disruptions but at a 
low radiation level. The common feature is that MARFEs occur at,the density limit. 
Perhaps local thermal instabilities are more relevant than the global radiation level. 

As yet, no stationary MARFEs have been observed in TEXTOR. The MARFE 
grows and moves in a poloidal direction and after about 100 ms a major disruption 
ensues. Furthermore, the total power radiated from a MARFE is less than that from 
a radiating layer with poloidal symmetry. 
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Abstract 

ACTIVE IMPURITY CONTROL IN TORE SUPRA. 
The ergodic divertor decontamination effect is analysed with impurity injection experiments. 

Ionization lengths, wall effects (including conditioning), and edge confinement are found to be the key 
features governing the impurity screening. This effect makes it possible to obtain a highly radiative edge 
layer by an impurity injection technique, with low plasma bulk contamination. 

l.INTRODUCTION 

Impurity control is a key issue for the next step tokamak : only a low level of 
impurity contamination is allowed in the plasma core, whereas a highly radiating 
edge layer is needed to spread uniformly the power over a large wall area. 
Therefore, an active impurity control strategy is required. In Tore Supra, an ergodic 
divertor (ED) has been implemented to shield the plasma core from the impurity 
influx. This effect is based on the creation of a new connection to the wall, and on 
the enhancement of both particle and heat transport in the plasma edge. Impurities 
are expected to be ionized in the peripheral low confinement zone, and dragged out 
by the frictional force [1]. ED induced decontamination has been obtained in ohmic 
plasmas, both for intrinsic carbon and for injected nitrogen [2,3]. The scope of this 
paper is to report experiments aimed both at determining the key features governing 
the ED screening effect (ionization lengths, wall effects including conditioning, and 
edge confinement), and taking advantage of this screening effect to maintain a 
powerfully radiating edge by an impurity injection technique. The limitations of the 
latter scenario are also discussed. 

2.KEY FEATURES OF THE SCREENING EFFECT 

In order to better understand the ED screening effect, extrinsic impurities have been 

injected in Tore Supra. These experiments are described here. The main plasma 
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characteristics are : deuterium or helium gas, a=0.76m, Bt=3T, Ip=1.45MA, 
satisfying the resonant ED conditions (qy~3). The ED is switched on during the 
plasma current plateau to its maximum value (<8Br>/B ==1.5 10"3). The outboard 
carbon limiter is set 0.03m ahead of the ED modules. Two impurity gas puffs are 
injected, before and during ED operation. Argon, nitrogen, and neon have been 
chosen because of their different neutral ionization cross-sections and recycling 
properties. When the ED is turned on, all the already reported effects [4, 5] on the 
electron temperature and density profiles are observed : a decrease in the edge; no 
modification of the bulk temperature, and a reduction of the bulk density, heat and 
particle transport in the plasma core being unaffected. The carbon (main intrinsic 
impurity) concentration in the plasma core decreases as well. 

To assess the screening properties, the experimental penetration probability is used 
as a figure of merit. It is calculated by dividing the number of impurity ions in the 
confined plasma by the number of injected impurity atoms. The former is measured 
from the increase of the total number of electrons at the time of injection, or from 
the most central impurity line brightnesses (NVII 2.48nm, NeX 1.21nm, ArXVl 
35.4nm) [2]. Figure 1 details this figure of merit for different impurities and 
experimental conditions. 

Observations are first made in limiter plasmas. In this case, a general feature is that 
the impurity penetration probability decreases with increasing mean electron 
density, likely due to a decreased ionization length. Nitrogen and argon penetration 
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FIG. 1. Nitrogen, argon and neon penetration probabilities as a junction of the mean electron density. 
Open symbols refer to limiter plasmas, closed symbols to ED plasmas. Triangles: deuterium plasmas, 
carbonized walls. Circles: helium plasmas, carbonized walls. Squares: helium plasmas, boronized 
walls. 
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probabilities are almost equal, whereas that of neon is higher. This is to be related 
to the very low ionization cross-section of neon (close to deuterium and helium). 
Different penetration probabilities are measured for nitrogen between deuterium and 
helium plasmas (lower in deuterium), and in conditions of boronized or carbonized 
walls (lower in boronized walls). Experiments also show that the penetration 
probability increases with the number of injected impurity atoms. In conclusion, 
these observations demonstrate that, in limiter plasmas, impurity penetration is 
determined by neutral ionization cross-sections, wall conditioning, and plasma edge 
parameters. 

When the ED is turned on, nitrogen and argon are screened out. The screening 
factor, i.e. the penetration probability in a limiter plasma divided by the penetration 
probability in a diverted plasma at the same <ne>, depends on plasma ions, and on 
wall conditioning. In carbonized walls, the nitrogen screening factor is close to 10 
in deuterium plasmas, and varies between 2 and 4 in helium plasmas. In boronized 
walls, and helium plasmas, the nitrogen screening factor is larger than 10, and not 
measurable, both the NVII Lya line and the increase of the number of electrons 
being below the detection limit. On the contrary, neon is not screened out. These 
observations give evidence that the purification of the bulk plasma is related to the 
three following issues: 

a)the impurity neutral penetration : it has to be minimized (argon and 
nitrogen ionization lengths are much shorter than that of neon) for impurities to be 
ionized in the edge low confinement zone. 

b)the impurity residence time in the wall. Indeed, an efficient pumping in 
the edge is required: a not 'pumped' (i.e. completely recycling) impurity like neon 
eventually contaminates the plasma core despite the ergodic region, whereas 
nitrogen or argon do not. 

c)the probability for the impurity ion to flow back to the wall. A high 
probability may be due either to an increased particle diffusion in the edge region, 
or to drag forces due to the deuterium ions outflow. For argon and nitrogen, the 
dragging effect can possibly occur since their ionization lengths are shorter than that 
of deuterium. A further experimental feature compatible with these retention effects 
is the enhancement of the edge radiation close to the location of the plasma-wall 
interaction : indeed, an increase of the most peripheral impurity lines is observed, in 
agreement with an increase of the bolometric signals on the low field side of the 
torus, close to the ED modules location. 
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t (s) 

FIG. 2. Time evolution of the highly radiating edge (with constant nitrogen injection) experiment 
(TS8541). Vertical lines show: t=3.6s: onset of the hfs marfe; t=3.8s: the ED is triggered, high radia
tion on the plasma Ifs; t=5.2s: radiation swings back to the hfs. 

3.IMPURITY SCREENING IN A HIGHLY RADIATING EDGE 
LAYER 

A few strategies have been experimented to trigger and maintain a highly radiating 
edge layer [6]. In the following series of experiments, the strategy is to inject 
nitrogen at a constant rate, and then to trigger the ED when the density limit is 
reached. Figure 2 describes the evolution of such an experiment. At the beginning of 
the injection (t=3-3.6s), the nitrogen density in the plasma core (deduced from the 
NVII Lya line brightness and impurity transport calculations) increases steadily. 
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Radiation increases slightly on the plasma low field side (lfs), before the breakout 

of a marfe located on the plasma high field side (hfs). When the ED is triggered at 

t=3.8s, this marfe disappears, and the radiation is shifted to the lfs where the 

plasma-wall interactions are localized. 80% of the ohmic power (P0hm~l-6MW) is 

radiated. Nitrogen is screened out, as well as intrinsic carbon and chlorine. 

Simultaneously, the peripheral line brightnesses (NIV 28.35nm) increase, in 

agreement with the Ifs peripheral bolometric signals. As the injection goes on, the 

screening effect weakens. At t=4.2s, the radiation pattern gradually extends to the 

hfs. The central nitrogen density increases slightly. The width of the radiating shell 

(measured from a CCD camera) grows. At t=5.2s, the radiating layer extends up to 

0.10m inside the last closed flux surface. At this time, radiation swings back to the 

hfs, and peripheral impurity signals, recorded along an equatorial line-of-sight, 

increase strongly. A marfe like radiation pattern is recovered, and a disruption 

eventually occurs. 

These observations show the limitation of this kind of scenario : the forced 

radiating edge layer is controlled as long as the radiation is located on the plasma 

lfs, close to the ED modules. As soon as the hfs marfe is recovered, the stability of 

the layer is lost. Similar observations are made in the radiative divertor experiments 

in JET, when the divertor marfe extends close to the main plasma [7]. 

4 .CONCLUSION 

Series of impurity (Ar, N, and Ne) injection experiments have been performed in 

limiter and diverted plasmas. The impurity penetration probability has been 

measured in each case. It is found that, in ED plasmas, argon and nitrogen 

penetration probabilities decrease by a large factor compared to limiter plasmas. 

This screening effect is not observed for neon. The enhanced screening of nitrogen 

during ED operation has been used to obtain a highly radiating edge layer, with low 

contamination of the plasma core. Experiments show that this forced radiating layer 

is maintained as long as radiation is located close to the ED modules. 
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DISCUSSION 

K. ITOH: It is impressive that the ED can impede the penetration of impurity 
ions. If this is due to the ergodicity of the field, you would expect to find a threshold 
amplitude of the ED current for impurity screening. Have you found this threshold? 

P. MONIER-GARBET: We have found a threshold for the ED effect on edge 
temperature. This threshold is low (IED = 5-10 kA). We have not yet looked for the 
threshold value for impurity screening. 

K. ITOH: Do you have experimental data indicating that the positive radial elec
tric field is caused by the ED and, if so, is this field effective in impeding impurity 
penetration into the core? 

P. MONIER-GARBET: We have some experimental indications that there is a 
modification of the radial electric field during ED operation, but we do not have 
experimental evidence that this electric field contributes to impurity screening. 
Theoretical work on the electric field contribution to decontamination is in progress 
(F. N'guyen et al., 3rd International Workshop on Plasma Edge Theory in Fusion, 
Bad Honnef, Germany, 22-24 June 1992). 

R.J. HAWRYLUK: Your results in Ohmic experiments with the ED are 
encouraging. Have you extended these results to high power auxiliary heating? 

P. MONIER-GARBET: Experiments combining ED operation and high power 
auxiliary heating are planned for the end of 1992 and 1993. Some preliminary 
experiments have been performed but I cannot provide any results. 
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Abstract 

DIVERTOR BIAS EXPERIMENT ON JFT-2M. 
Divertor bias experiments on JFT-2M have been performed in order to modify the tokamak 

boundries and understand the L-H transition physics. As a result, the threshold power for L-H transition 
has been reduced from 340 to 140 kW by unipolar negative divertor biasing. In this case the modifica
tions occurring in the scrape-off layer (SOL) plasma have also been clarified: (a) a steep density gradient 
is produced in SOL, which means suppression of radial particle transport; (b) accordingly, a negative 
electric field and a shear flow are observed; (c) density fluctuations at frequencies less than 100 kHz 
are also reduced in the shear flow region. 
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1. INTRODUCTION AND EXPERIMENTAL APPARATUS 

The importance of the edge electric field has been pointed out by the research 
on the L-H mode transition [1-3] and also by limiter bias experiments [4-6]. This 
work shows that a radial electric field may improve particle and energy confinement. 
For the impurity problem, divertor biasing presents advantages over limiter biasing, 
in which an electrode is heavily loaded by heat. 

JFT-2M is a medium size tokamak (major radius 1.31 m, horizontal minor 
radius 0.3 m) with a non-circular plasma shape and an open divertor. The divertor 
bias system is schematically shown in Fig. 1(a). The bottom divertor plates are insu
lated from the vacuum vessel and are segmented both poloidally and toroidally (16 
inside and 18 outside). Two types of biasing scheme have been investigated: (1) 
unipolar bias, where the inside and the outside plates together are biased with respect 
to me vacuum vessel; (2) differential bias, where the inside plates are biased with 
respect to the outside plates. These potential gradients are produced at the boundary 
between inner and outer flux surfaces, i.e. where the field lines emerging from the 
outside plates are separated into those reaching the inside plates and those reaching 
the vacuum vessel, about 2 cm outside the separatrix; see also Fig. 1(a). A movable 
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FIG. 1. (a) Divertor bias system in JFT-2M and (fej time evolution of plasma parameters without and 

with unipolar negative bias (PNB, = 300 kW). 
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Langmuir probe array biased in triple probe configurations was used to measure the 
radial profiles of floating potential, electron density and electron temperature in the 
scrape-off layer (SOL) of the JFT-2M plasma. The flow velocity was derived from 
the ion saturation current collected at the opposite side of another rotating probe. 

The major issues of this paper are the modification of the SOL structure by 
divertor biasing and the consequent change in L-H transition behaviour. 

2. EFFECTS ON L- AND H-MODES 

The time evolution of plasma parameters without and with negative bias is 
shown in Fig. 1(b). A neutral beam power of 300 kW is injected from 650 to 800 ms. 
Without bias the discharge is in the L-mode. When negative bias is applied, the Ha 

emission decreases strongly and L-H mode transition occurs. This fact indicates that 
the divertor bias is responsible for the L-H transition. Also the edge ECE tempera
ture increases smoothly during the L-mode phase. 

We investigated the dependences of the threshold power for the L-H transition 
on the bias voltage for both negative and positive bias, which produce opposite elec
tric fields in SOL. Figure 2(a) shows the L-H transition power versus the negative 
bias voltage. We see that the threshold power decreases from 340 to 140 kW with 
increasing negative bias voltage. The input power of the biasing is about 16 kW, less 
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than one-tenth of the threshold power decrease. On the other hand, when a positive 
bias is applied, the threshold power increases slightly as is shown in Fig. 2(b). This 
implies that a negative (positive) radial field, even outside the separatrix, can facili
tate (impede) the L-H transition. It is also observed that unipolar negative (differen
tial positive) bias tends to suppress (enhance) the edge localized modes (ELMs). 

3. SOL PLASMA MODIFICATIONS 

SOL plasma modifications due to negative bias have been measured by a mova
ble Langmuir probe array, in particular during the L-mode phase, because in this 
mode the differences introduced by the biasing may be related to the L-H transition. 
Figures 3(a) and (b) show the space potential and charge density profiles in the L-
mode with and without negative bias. A negative potential gradient is produced 2 cm 
outside the separatrix and, at the same position, a steep density gradient is formed, 
which suggests the suppression of radial particle outflux. This is consistent with the 
observation that the electron density inside the gradient is increased by biasing. 

Separatrix. Separatrix 

Distance from separatrix (cm) Distance from separatrix (cm) 

FIG. 3. SOL plasma modifications induced by unipolar negative bias during L-mode: (a) space 
potential; (b) electron density; (c) electric fields; (d) plasma flow; (e) fluctuations of ion saturation 
current. 
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During the L-mode phase, modifications of the electric field, the plasma flow 
and the fluctuations in the ion saturation current due to the negative bias have been 
measured as is shown in Figs 3(c), (d) and (e). Plasma flows were calculated from 
the ion sound velocity and the Mach number. We used Hutchinson's theory [7] to 
obtain the Mach number from the ratio of the up- to the down-stream ion saturation 
currents. We saw that a strongly localized electric field, with a peak value of about 
-110 V/cm, was produced by negative biasing. This electric field creates a shear 
flow, as is shown in Fig. 3(d), and probably suppresses the fluctuations of the ion 
saturation current (i.e. the density fluctuation), as is shown in Fig. 3(e). As a result, 
a steep density gradient appears in SOL. 

4. CONCLUSIONS 

(1) The threshold power for L-H transition is reduced from 340 to 140 kW by the 
application of a unipolar negative bias of - 8 0 V. 

(2) The modifications of SOL plasmas due to divertor biasing indicate the existence 
of the following mechanisms: 
(a) A unipolar negative divertor bias produces a steep density gradient. 
(b) At the same time, a negative electric field and a shear flow appear. 
(c) Density fluctuations at frequencies less than 100 kHz are reduced in the 

shear flow region. 
(3) The relationship between threshold power reduction and modifications of the 

SOL plasma is still under investigation. 
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DISCUSSION 

T.R. JARBOE: In the positive bias case, is the injected current parallel or 
antiparallel to the plasma current? 

T. SHOJI: In the positive bias case the injected current is antiparallel to the 
plasma current. 
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Abstract 

COMPARISON OF PLASMA PERFORMANCE WITH BERYLLIUM AND CARBON DIVERTOR 
TARGETS IN JET. 

Single null X-point discharges having exactly the same main plasma parameters were performed 
on the C and on the Be target tiles in order to compare the two materials under similar conditions. Low 
power L-mode, H-mode and hot-ion H-mode pulses were used in this comparison. The impurity produc
tion when using a Be target is a factor of 3 higher than at the C target under similar plasma conditions. 
The power handling capability of Be is approximately a factor of 1.5 lower than that of C. In radiative 
divertor (gas target) experiments, however, Be seems to be superior to C. This may be due to the fact 
that the maximum Be radiation occurs at a plasma temperature of 1.5 eV compared with 7 eV in the 
case of C. 

1. INTRODUCTION 

The control of the heat flux to plasma facing components and the suppression of 
the consequent impurity influxes is one of the major problems for the design of a 
next step machine. Recently experiments have been performed on JET to 
investigate the most suitable first wall materials and to study techniques for 
reducing the power loading on divertor targets [1,2]. During the 1991/92 JET 
experimental campaign carbon (bottom belt limiter, upper divertor target) and 
beryllium (top belt limiter, lower divertor target) were used as first wall materials. 
The properties of these two materials in terms of impurity production and retention, 
as well as in terms of power handling capability, could therefore be tested under 
comparable conditions. 

2. X-POINT TILE DESIGN 

The continuous divertor targets consisted of 48 separate flat inconel support 
structures mounted on bosses, which were welded to the vessel wall. The 
maximum step between adjacent support structures, due to misalignment, was 1.2 
mm at room temperature. How much this changes when the vessel is at 300°C and 
under vacuum is unknown. Eight toroidal rings of tiles were bolted through the 
front face to these structures. On the bottom divertor target Be tiles were used while 
the upper target was equipped with C tiles (CFC). 

1 See Appendix to IAEA-CN-56/A-1-I, this volume. 
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Two different design concepts for the divertor target tiles were implemented. 
The first (Mk I) utilises tiles of varying thickness and slope with flat surfaces in 
order to give the best approximation to the toroidal geometry [3]. Each tile had 
rounded edges of 8mm radius in order to allow for some misalignment. This 
design was only used for the C tiles on the top divertor during the initial phase of 
the experimental campaign. Due to the exposed tile edges low density high power 
discharges suffered from early carbon blooms limiting the neutron yield [3]. 

In the second design concept (Mk II), which was used for both the Be and C 
targets, four bands of tiles, in the strike zone, were sloped by 3.5 degrees towards 
the joints of the support structure, in order to shadow any edges exposed by 
misalignment [3]. The sloped tiles receive approximately four times the power 
density when compared to the flat sections of tire target because of the steeper field 
line incidence (4 degrees). The ratio of wetted area on the sloped tiles to the total 
target area is of order of ten. Taking into account that a fraction of the target is 
shadowed yields 10% of the total target area is receiving 45% of the conducted 
power. All the results presented in this paper were obtained when both targets were 
equipped with Mk II tiles. 

The diagnostic methods used in this study should ideally be described here. 
However, the limitations on the length of this paper mean that they must be 
reported elsewhere. 

3. EXPERIMENTAL RESULTS 

3.1 Impurity production and retention 
The type of discharge ("type 1") used for this comparison is a 3.0 MA, 2.8 T SN 
X-point discharge with the ion grad B drift towards the target and an X-point to 
target separation of 8.0 cm. 2 MW of NBI heating is applied at 12.0s, and this is 
stepped up to 11 MW at 15.0s for 1.0s (Be) or 1.2s (C), respectively. 

Four "type 1" discharges with different densities were performed on each 
target. The density was varied by pre-programmed gas puffs, which were applied 
throughout the additional heating phase in order to prevent a depletion of particles 
from the divertor during H-modes [4,5]. The Be discharges display somewhat 
higher densities due to their greater resilience against marfing and therefore slightly 
higher gas puff rates could be applied. Nevertheless, a sufficient density overlap 
exists between the four discharges performed on each target in order to allow a 
proper comparison. 

Fig. 1 compares the plasma parameters in front of the C and Be divertor 
targets, for three different time points in each discharge. The first time point is 
during the low power L-mode phase, the second is 0.5s into the high power H-
mode phase (early H-mode) and the third is at the end (after 1.0s) of the high 
power H-mode phase (late H-mode) [6]. 

During the L-mode phase, the low density discharges on the C tiles yield 
much higher temperatures and lower densities than the discharges on the Be target, 
which is expected from the different gas puffing rates applied (Fig. la,lb). 
However, during all three phases of the four different discharges on the Be and on 
the C targets, comparable volume averaged densities in the main plasma were 
found and differences in the plasma parameters in front of the two targets were 
insignificant. The conducted power to the target tiles (Fig. lc), obtained by 
subtracting the radiated power from the main plasma and divertor, as well as the 
main plasma rate of energy increase from the total input power, gives slightly 
higher values for the discharges on the carbon tiles. Considering the much bigger 
error in assessing the divertor radiation in front of the Be target (no bolometer 
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viewing the target plasma directly) compared to the C target, the agreement is quite 
satisfactory. 

Since the plasma parameters in front of the two divertor targets are quite 
similar for similar discharges the impurity production on the C and on the Be target 
can be compared. This comparison is shown in Fig. 2a for the four discharges 
described above, together with the sputtering yields for C and Be. It can be seen 
from Fig.2a that throughout the L-mode, as well as the early H-mode phase, the Be 
influxes are approximately a factor of three higher than the C influxes. This is in 
good agreement with the sputtering yields for electron temperatures in the range 
10 eV to 40 eV (Fig. 1). At the end of the high power phase (late H-mode) the Be 
influxes are considerably higher (up to a factor of 30 in the low density discharge) 
than the C influxes. This behaviour can be explained by the onset of Be 
evaporation due to target tile temperatures in excess of 1200 °C (Fig. 3). No 
significant increase of die C production during the late H-mode can be observed 
compared to the early H-mode phase, regardless of the fact that the C tile 
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temperature at this time is between 1600 °C and 1800 °C. When considering RES, 
which is predicted to be important at these temperatures [7,8,9,10], one must keep 
in mind that only 10% of the target area (sloped tiles) reaches high temperatures, 
while the rest of the target stays well below 1200 °C. Since C atoms can travel 
considerable distances from their point of birth, it is very unlikely that RES 
produced C atoms hit a hot surface. Therefore a significant amount of RES self 
sputtering on hot surfaces can be excluded [3]. When taking this kind of approach, 
calculated impurity influxes, with and without RES, differ only by a factor of 1.5 
to 2. This difference is much to small, when considering the accuracy of our 
measurements, to make a final decision about the importance of RES, which also 
has not been observed in dedicated experiments on TEXTOR [9]. 

The similar target plasma parameters mean that significant differences in the 
impurity retention properties between the C and the Be target are not expected. This 
comparison is shown in Fig. 2b where the C and the Be contents in the main 
plasma, measured by charge exchange spectroscopy, are shown. The difference 
between the C and the Be contents is somewhat lower than one would expect from 
the difference in the production rate. However, Be is practically exclusively 
produced at the divertor target whilst a considerable part of the C content in the 
plasma (up to 50%) can be related to C atoms sputtered at the inner wall of the JET 
main chamber [4]. When this contribution is taken into account no difference in 
impurity retention can be inferred. 

3.2 Power Handling Capability 
As already mentioned in the previous section, Be evaporation is observed at the end 
of the 1.0s long 11 MW NBI heated H-mode phase ("type 1" discharge) and 
unacceptable Be influxes result. This suggests that the power handling limit of the 
Be target for this kind of discharge has been reached. Fig. 3a shows the measured 
and the calculated (sputtering + Be evaporation) impurity influxes, as well as the 
contribution of Be evaporation to the total Be influx in the late phase of such a low 
density H-mode discharge. It can be seen that the influx due to evaporation 
accounts for almost 50% of the total Be flux, regardless of the fact that it originates 
only from the sloped tiles. The second half of the flux can be well explained by 
using the sputtering model [4] (including Be self sputtering) and the measured 
plasma parameters in front of the target. Fig.3b displays the tile temperature at the 
outer strike zone at one of the sloped areas measured by a CCD camera with a 
844.5 nm filter. This tile temperature measurement is used to calculate the Be 
evaporation rate displayed in Fig. 3a. One can see that the temperature briefly 
exceeds 1300 °C, which is well above the melting temperature of 1285 °C. After 
opening the machine at the end of the experimental campaign, melted Be tiles were 
found at exactly the sloped areas viewed by the CCD and on all other geometrically 
similar positions, confirming the observed temperatures. The discharges with 
higher densities did not quite reach melting temperature but also suffered from 
substantial evaporation rates. This underlines the attainment of the power handling 
limit for the Be target in this type of discharges. 

As described in the previous section, no such limit could be observed for the 
"type 1" discharges on die C tiles regardless of the high tile temperatures observed. 

The second type of discharge used to assess the power handling capability of 
the two target materials is a 3.1 MA, 2.8 T, Single Null hot ion H-mode discharge 
with the ion grad B drift away from die target The X-point formation takes place at 
11.5s, 6 MW of NBI heating is applied at 10.5s (C), (12.5 (Be)), which is stepped 
up to 16.0 MW at 12.0s (C), (13.5 (Be)) for 2s (C) and 1.5s (Be). The X-point to 
target separations were 12 cm for the C target and 8 cm for Be. 
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In this type of discharge, the power handling limit was also reached for the C 
tiles. However, two different kinds of limit could be observed in such discharges. 
The first is a relatively slow event and occurs when tile temperatures exceed 2000 
°C. This is the carbon bloom and is observed when target tile edges were exposed 
in cases when the plasma was not optimally positioned or at lower heating powers 
(12 MW) applied for more than 1.5s. 

The second kind of power handling limit is reached when a so called X-event 
occurs in a high performance discharge. An example of such a discharge is 
displayed in Fig. 4 where the ion temperature, the central and the total neutron yield 
all start to roll over well before the X-event, suggesting a loss of energy 
confinement. This moderate loss of energy confinement (see ion temperature, 
central neutron yield) well before the X-event is confirmed by TRANSP 
calculations [11]. In order to explain this early loss of energy confinement as well 
as the violent nature of the X-event itself, a MHD limit (beta) is a possibility. Fig. 4 
shows three different signals from the magnetic diagnostics representing the MHD 
activity observed. The first trace shows the n = 1 activity which is seen to grow 
slowly in amplitude several 100 ms before the X-event in most high performance 
pulses. This MHD activity can be tentatively identified as fishbones (see expanded 
signal in Fig. 4) [12]. The increase in the n = 1 amplitude may be associated with 
the high beta in these discharges [12,13] which is in the order of 80% of the 
Troyon limit for the best pulses. The n = 1 activity is seen to exceed a certain 
threshold in these discharges at a time varying from 100 to 300ms before the X-
event At this point the central plasma parameters start to show saturated behaviour. 
The P at which this occurs is systematically higher for the more pure plasmas 
(lower Zeff) which might indicate some resistive instability. For the discharge 
shown an increased power loading can be observed on the divertor target (see tile 
temperature) when the central ion temperature and the neutron yield rolls over. This 
increased power loading is associated with an increasing impurity influx (Fig. 4), 
which is, however, not large enough to explain the observed changes in neutron 
yield by dilution. On the other hand this increased impurity production might be 
sufficient to trigger a resistive ballooning instability [14] in an already marginally 
stable plasma [13]. Also before the X-event, high frequency MHD activity can be 
observed (Fig. 4) in some high beta discharges, which might be associated with 
(resistive) ballooning modes [13]. The X-event itself represents a sudden 
degradation of confinement causing a rapid loss of energy from the plasma on a 
very short time scale (< 100 |is). This explanation of the X-event is admittedly 
somewhat speculative. Unfortunately, the accuracy and temporal resolution of our 
diagnostics is not sufficient to confirm or deny the speculation. 

Due to the rapid deposition of a large amount of energy during a X-event, the 
target tile temperature at the outer strike zone is driven from approximately 1700°C 
just before the crash to 2500°C (Fig. 4). At this temperature a breakdown of the 
sheath potential in front of the target due to thermal electron emission occurs 
[15,16]. The tile temperature where thermal electron emission becomes important 
depends weakly on the electron temperature in front of the target and varies from 
2200°C for Te = 100 eV to 2600°C for Te = 30 eV [16]. The loss of the sheath 
potential could further increase the conducted power to the already overheated tiles. 
Visual inspection of recorded C II - CCD images, as well as tomographic 
evaluation of spatially resolved VUV spectroscopy, suggest that neutral impurities 
(CII) can reach the main plasma scrape off layer during this phase. The impurity 
production at the hot areas of the target (outer strike zone, sloped tiles) seems to be 
high enough to cool the divertor plasma at the outer strike zone to Te values below 
5 eV (probe measurements) and thus increases the ionisation length dramatically. 
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This break down of the divertor impurity retention (no ionisation in the divertor) 
together with the high impurity production at the target pollutes the plasma severely 
and causes the irreversible loss of the high performance phase. 

The high performance phase of similar discharges on the Be target was 
terminated by a giant ELM approximately 500ms after the onset of the high power 
NBI. The neutron yield is one third of the best discharges using the C target. 
However, this discharge was already close to the power handling limit for the Be 
tiles at the inner strike zone immediately after the high heating power (16 MW) was 
applied. The tile temperature at this time quickly approaches 1100°C and 
evaporation of Be can be observed. During the next 500 ms the target tile 
temperature slowly rises to 1250°C causing increasing Be evaporation at the inner 
strike zone. It is suggested that this impurity influx might be responsible for the 
occurrence of the giant ELM [14], which terminated the high performance phase by 
dramatically overheating the outer strike zone. 

In Fig. 5 the observed tile temperatures of all of the above described 
discharges are plotted against the energy accumulated on the target tiles 
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summarising the power handling capability of the two different target materials. 
The accumulated energy (Pdeposited - Pcooling-loss) on the target at any time is 
calculated by the following integral: 

t (t^t) 

Ediv(t)=Jp^v
nd(t ,)e T d f 

V 
x was inferred from the decay of the tile temperature after the heating power was 
turned off yielding x = 1.3s for Be and x = 2.1s for the C tiles. Due to the fact that 
the tile temperature does not decay exactly exponentially this approach can only 
give an approximation to the accumulated energy. However it enables to present aU 
the different types of discharges on one graph. 

As can be seen from Fig. 5 all of the Be discharges are close to, or exceed the 
power handling capability represented by the melting/ evaporation limit at 1200 °C. 
The discharges on the C target have accumulated higher energies resulting in higher 
tile temperatures. The higher energy loads in case of the C tiles is due to their lower 
thermal conductivity compared to Be (about a factor 2) which is represented by the 
longer temperature decay time in the above integral. Fig 5 also shows that none of 
the discharges on the carbon tiles is limited by the tile temperature (if RES is not 
important) except after an X-event. 

4. CONCLUSIONS 

From the experimental results presented above, one can conclude that Be has 
disadvantages in impurity production and power handling when compared to C. 
The impurity production on the Be target is by a factor of 3 higher than the one on 
the C target under similar main plasma conditions, while the power handling 
capability of Be is by approximately a factor of 1.5 lower than that of C. The latter 
statement is only valid if RES is less important than the laboratory experiments and 
models suggest. So far no hard evidence for RES has been found in JET, which 
confirms findings in TEXTOR [9]. 

In radiative divertor (gas target) experiments [1,2], Be seems to be superior 
to C due the fact that the maximum Be radiation occurs at 1.5eV compared to 7eV 
in the case of C. In high density low temperature divertor plasmas Be will therefore 
tend to pull the divertor temperature down to this point of maximum radiation 
allowing the formation of a gas target, while C would tend to stabilise the 
temperature at 7eV which represents a more fully ionised plasma. 

The choice of material for future machines therefore will depend on the kind 
of plasma conditions envisaged for its divertor and on other considerations such as 
hardness to neutron irradiation or tritium retention. 
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DISCUSSION 

L. LAURENT: During 11 MW neutral beam injection there is a strong sudden 
increase in the surface temperature of the beryllium target tiles. Can you provide an 
explanation for this? 

G. JANESCHITZ: The CCD camera used for the tile temperature measure
ments has a lower detection threshold of 850°C. Therefore the constant temperature 
before the sudden rise is an artefact. The target tile temperature probably rises 
throughout the heating pulse, but as long as it stays below 850°C it remains 
undetected by the CCD. 

C.W. BARNES: Your claim that the catastrophic failure of the carbon tiles is 
not due to radiation enhanced sublimation seems to be based primarily on the 
observed temperature of the tiles at failure being significantly greater than 
1600-1800°C. Can you comment on what you think the physical mechanism is that 
causes the failure above 2000°C? 

G. JANESCHITZ: When the tile temperature exceeds 2200°C, model calcula
tions lead us to expect thermal electron emission to become significant. This would 
cause the sheath potential to break down and would result in a further increase of the 
power loading on the hot areas of the target tiles. In this case the heat flux is limited 
only by the magnitude of the perpendicular transport into the flux tube leading to 
these hot areas. At the observed temperatures of 2500°C sublimation will already 
play a dominant role. 
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Abstract 

PARTICLE CONTROL IN TORE SUPRA WITH PUMP LIMITERS FOR LONG PULSE 
OPERATION. 

Significant exhaust efficiencies (5%) and density control are achieved on Tore Supra with a 
modular pump limiter. Moderately large plasma density ((4-5) x 1019 m~3) and sufficient separation 
between the plasma boundary and the inner wall are required. Conditions with little effect on core 
density, in spite of a substantial particle exhaust, are discussed in the light of particle balance modelling. 

1. INTRODUCTION 

Low helium concentration in burning fusion plasmas over long time scales 

requires the development of quasi continuous particle exhaust capabilities to control 5-

10% of the recycling flux. Since these devices receive the convected flux, they have to 

sustain permanently large power fluxes (10MW/m2). The electron temperature at their 

surface must remain low (<20eV) to avoid excessive erosion and impurity release. 

Compensation for particle exhaust must be provided by a permanent source with good 

fuelling efficiency for density profile control and minimum tritium inventory. 

It is one of the aims of Tore Supra to achieve steady state particle control over 

several tens of seconds. Lower hybrid waves (LHCD) are used to drive the plasma 

current. 
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Seven modular pump limiters (six bottom, one outboard) have been installed 

and the outboard one (provided by SNLA, USA) has been equipped with a set of 

diagnostics (Langmuir probes in the throats, pressure gauges in the plenum and in the 

duct, [1]) in order to thoroughly study the particle collection and exhaust in different 

plasma situations. Significant particle exhaust, up to 5% of the recycled flux, has been 

obtained with the outboard limiter for the following conditions: (i) high plasma density 

(after boronization) leading to large pressures in the limiter plenum, (ii) small enough 

plasma radius for magnetic surfaces crossing the limiter throats to be detached from 

the inner wall. The coupling between particle exhaust and plasma density has been 

modelled with the 2D DEGAS code [2], accounting for reionization in the SOL of 

recycled neutrals. Global particle balance has been treated by coupling a 11/2D radial 

transport code, a 3D Monte Carlo neutrals code and a ID code describing the diffusion 

of hydrogen in the wall [3]. 

Ergodic divertor operation shields die main plasma from hydrogenic species 

(puffed or recycled particles) and thus requires pellet injection toensure high fuelling 

efficiency [4,5]. Repetitive centrifuge pellet injection is used (100 pellets, 600m/s). 

This choice must be proved.consistent with other means to achieve long pulse steady 

state operation: pellet penetration and therefore fuelling efficiency are much reduced by 

fast electrons created during LHCD experiments except for notched operation [4]. A 

high speed pneumatic single pellet injector [6] has been installed to extend the present 

data base on penetration, ablation and matter deposition physics. 

At low density, boronized inner wall pumping is effective and permits steady 

state density profiles even after one minute operation. 

Hereafter are presented the results of particle exhaust studies with the test 

pump limiter and the features of the one minute shot 

2. PUMP LIMITER EXPERIMENTS 

2.1 Effect of the density 

The volume averaged plasma density <ne> has been increased up to values as 

large as 5-1019nr3 after wall boronization. Therefore the plasma characteristics in the 
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FIG. 1. Electron density ne, and temperature Te, in the outboard pump limiter throat as Junctions of 
the volume average density {ne} of the plasma. 

limiter throats have been established over a large density range (figure 1). The throat 
density n^ increases slowly when the volume average density <ne> goes from 1 to 
2.5-10l9m-3 

and much more rapidly above that value, reaching 1.2-1019irr3 for 
<ne>=4.5-1019nr3. Correspondingly, the electron temperature Tet in the throats 
decays rapidly from 60eV down to 30eV and then slowly from 30 to 20-25eV over the 
same two Tanges of <ne>. 

The more than linear increase of me parallel ion influx r=netTet
1'2 (Tet=T}t) in 

the limiter throats with <ne> (figure 2) is explained primarily by the local density 
increase. The even steeper dependence of the neutral pressure p in the limiter plenum 
is displayed on the same plot (for unpumped conditions). At low density, the ion 
influx T is dominated by carbon atoms sputtered from the limiter front face which do 
not contribute to the pressure build-up in the plenum, yielding large values of r/p [7]. 
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volume average density (ne) (pump off). Dotted line: ratio of ion influx to pressure. 

This is consistent with impurity measurements in the plasma. For larger densities, 
smaller values of I7p can be attributed to the smaller contribution of impurity ions, but 
also to the fact that the mean free path for ionization of the molecular backflow 
becomes much shorter than the throat length, so that escaping neutrals can be 
reionized within the throat (plugging effect). 

2.2 Effect of the geometry 

When the plasma minor radius is slowly reduced during shots (da/dt=0.01m/s, 
<ne>=3.3.1019nr3) down to values a<0.7m, the magnetic surfaces crossing the 
throats no longer strike the inner wall. Figure 3 shows the increase of the ion influx T 
to the throats when the plasma radius decreases (the pressure behaviour is rather 
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similar). The horizontal scale is the distance between the plasma boundary and the 
inner wall position. The values of T and p are maximum when the magnetic surfaces 
crossing the throats are sufficiently "detached" from the inboard wall corresponding 
to a large separation (0.12 to 0.14m) between the plasma boundary and the inner wall 
due to the shifting of the flux surfaces. The ratio of the saturation currents on the long 
to the short Langmuir probes in the throats provides estimates for the scrape-off decay 
length of the particle flux Xr in the throats which increases progressively from 1 to at 
least 3cm when the plasma boundary is removed further from the inner wall, 
suggesting a progressive reduction of throats shadowing by the inner wall. 

2.3 Particle exhaust experiment 

Experiments with active pumping by the outboard pump limiter alone have 
been carried out in ohmic conditions on the basis of the previous experience: high 
density conditions (boronized walls) and small plasma minor radius (a=72cm). 
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Recycling coefficients R and exhaust efficiencies e are deduced from apparent particle 

confinement time estimates ip* shown in figure 4a for the pumped and non pumped 

experiments (ip*=N/(S-dN/dt)=Xp/(l-R+e)) where N is the number of particles in the 

plasma, S the particle source and Tp the particle confinement time). Assuming a 

standard value tp=0.2s, the exhaust efficiency is found to increase with <ne> and 

reaches 5% at the largest density achieved (4-5-10^"m"3) as shown in figure 4b. 

3. PARTICLE BALANCE MODELLING 

A series of experiments with pump limiters has been carried out at relatively 

low density with carbonized walls, the plasma leaning on the outboard pump limiter 

with a minor radius a=72cm [1]. Under these conditions, in spite of a substantial 

particle removal (lPa.m3.s_1) over more than 6 seconds flat top time, the plasma core 

density was hardly affected by the pump limiter (O.OSPa.nAs*1) in contrast with 

previous experiments on smaller machines [8] and with the results in §2.3. This was 

explained by the fact that die carbonized wall behaved as a large particle reservoir 

which dominates the particle balance [9,10] and the primary effect of the pump limiter 

was a depletion of the wall inventory. A dedicated modelling effort has been 

undertaken to understand the physics reasons for this phenomenon. 

Based on the experimental knowledge of temperature and density profiles and 

of the particle flux in the limiter throats, the effects of ionization in the SOL on the 

coupling between particle exhaust and plasma density have been modelled with the 

DEGAS neutrals transport code [2]. A global particle balance between plasma core 

and wall has been calculated, using the experimental constraints, by coupling a 1V2 D 

radial transport code [11], a 3D Monte Carlo neutrals code and a new ID code 

(WDIFFUSE) [3], describing the diffusion of hydrogen in the graphite layer near the 

limiter. The 1V2D code permits an estimate of the energy spectrum (and hence 

implantation depth) of the charge exchange efflux. An agreement between the neutral 

source from the wall needed to match the Thomson scattering and the Langmuir probe 

data and the neutral source predicted from a saturated C:H layer is obtained if a particle 

source can be provided (e.g. local overheating or induced desorption from near the 

limiter or the inboard wall). 

The following picture emerges for ohmic discharge (L,=1.2MA, Bx=4T) with 

active pumping at low density (2-3.1019nr3). Due to the high electron temperature in 



348 CHATELIER 

the SOL, ionization takes place there and the plasma efflux from the core is amplified 

by =2. The parallel ion flux in the SOL is neutralized at the limiter and a fraction of it 

is subsequently ionized in the plasma to balance the efflux, while die odier fraction 

undergoes charge exchange (ex) processes causing cx-fluxes around die limiter. This 

cx-flux causes die interaction with die wall and produces die excess particle flux 

exhausted by die pump limiter and leads to die eventual depletion of the wall 

inventory. 

With inactive pumps, the approximate constancy of the observed density 

suggests tiiat the net wall efflux is redistributed and reimplanted (over perhaps less 

saturated regions) in die wall, leaving die core density relatively unaffected. Since the 

particle reservoir has been estimated from glow discharges to be approximately 75 

Pa.m3, and die exhaust fluxes are in the order of lPa.m^.s"1, time constants for 

plasma-wall equilibration of several tens of seconds are expected. 

4. LONG PULSE OPERATION 

Efficient wall pumping is routinely used for short time scale experiments 

(some seconds). Long pulse discharges (30s to more than one minute) have been 

achieved widi die plasma leaning on die actively cooled inboard wall, with pumping 

wall conditions obtained by a conventional He glow discharge procedure after 

boronization. In these conditions, steady state control of the plasma density and 

temperature is obtained by puffing 0.6Pa.m3.s_1 of deuterium continuously to avoid 

density decrease. The overall number of particles injected over a one minute shot 

(2.10 2 2D atoms) is less tiian die.usual figures obtained for the wall capacity 

(>100Pa.m3 for a boronized wall). Plasma characteristics were: plasma current IMA, 

volume averaged density 1.8.1019nr3, LHCD power 2.5MW, central electron (ion) 

temperature 5.5keV (2keV), Zeff=2, ne(0)/<ne>=1.8. Long pulse operation with 

pump limiters requires improvement of carbon-metal brazing techniques to allow for 

actively cooled multilimiter operation to support large amounts of power fluxes. 

5. CONCLUSION 

Significant exhaust efficiencies, e=5%, have been obtained on Tore Supra with 

a test pump limiter. A high plasma density is required for this. A sufficient separation 
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between plasma boundary and inner wall is favourable. Boronization which lowers 

the wall recycling coefficient probably also plays a role in this result which contrasts 

with previous carbonized wall, low density experiments where the wall behaved as a 

large particle reservoir which could feed directly into the pump limiter. Particle balance 

modelling underlines the role of the high edge electron temperature in this process, 

which favours SOL ionization and subsequent parallel transport (and eventually 

charge exchange) of particles desorbed from the far wall or from the limiter. 
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DISCUSSION 

K. ITOH: It is impressive that the pump limiter can reduce T£ by a factor of 
two. In the time traces of the density which show the difference of rjf in the decay 
phase (Fig. 4(a)), the density in the stationary state does not change in proportion to 
T*. Is that because you changed the source in order to keep the density constant? Or 
is the density response in the stationary state different from that in the decay phase? 

M. CHATELIER: When the pumps in the limiter are on, the gas puff is 
strongly increased during the steady state phase to reproduce the density of the 
unpumped case consistent with the T* results of the density decay. The remaining 
difference between the two density values is attributed to the slow convergence of 
the density feedback system. 
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Abstract 

BEAM-INJECTED AND FUSION-PRODUCED PARTICLE STUDIES IN JT-60U. 
The behavior of fast ions injected by neutral beams or produced by fusion reactions 

has been investigated in the D-D plasma of JT-60U to predict alpha particle physics in the D-T 
burning plasma. The toroidal ripple loss has been evaluated experimentally for the first time by 
the measurement of the heat load onto the first wall in JT-60U. The spatial distribution of die 
heat load due to the toroidal ripple loss of beam-injected fast ions was measured with infrared 
thermography. The heat load was localized in both poloidal and toroidal directions, and it 
increased with bom the ripple magnitude and the safety factor. The measured heat load 
distribution was found to be in good agreement with the Orbit-Following Monte Carlo 
calculations. By taking the radial electric field into account, the position of the maximum of 
the heat load can be reproduced. The confinement and slowing down of 1 MeV tritons produced 
by d(d,p)t reactions have been investigated through the burnup of the 1 MeV tritons in the D-D 
plasma. The slowing down process was found to be classical. The triton bumup ratio was 
measured to be in the range 0.2-1.0 % which was 20-30 % smaller than the calculated values 
by the classical slowing model. The discrepancy does not contradict the orbit loss and the ripple 
loss of die tritons predicted by the Orbit-Following Monte Carlo calculations. 

1. INTRODUCTION 

The toroidal field ripple produced by the finite number of toroidal field 
coils can lead to enhancement of fast ion excursions in a tokamak. The ripple-
induced fast ion loss has an impact on the realization of a fusion tokamak reactor 
because of its serious heat deposition on the first wall. In order to predict the 
local heat load due to fast ion ripple loss, several simulation codes have been 
developed [1]. The heat load to the first wall was one-dimensionally measured 
in JT-60U using toroidal/poloidal thermocouple arrays[2]. Recently, ripple-
induced fast ion loss has been investigated two-dimensionally by introducing 
infrared thermography. The experimental results have been compared with the 
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Orbit-Following Monte Carlo (OFMC) code [3], and they showed good 
agreement [2,4]. This suggests that the understanding of single particle behavior 
of fast ions in a non-axisymmetric field is reasonably good and that the OFMC 
code is useful for predicting ripple-induced alpha loss in a burning plasma. The 
latest results on the two-dimensional measurements of the heat deposition on the 
first wall due to ripple loss and a comparison between the experiment and the 
OFMC computation are reported in this paper. 

The behavior of 1 MeV tritons produced in the d(d,p)t reaction is 
important to predict the properties of D-T produced 3.5 MeV alphas because 1 
MeV tritons and 3.5 MeV alphas have similar kinematic properties such as 
Larmor radius and precession frequency. The confinement and slowing down of 
the fast tritons were investigated by measuring the ratio of the 14 MeV and the 
2.5 MeV neutron production rates. Tritons of 1.0 MeV are produced in the 
d(d,p)t reaction at the same rate as the 2.5 MeV neutrons from the d(d,n)3He 
reaction. The majority of these tritons will remain confined in the plasma and 
slow down and a small fraction will undergo the fusion reaction t(d,n)4He, in 
which 14 MeV neutrons are produced. Experiments in TFTR[5] and JET[6,7] 
indicated that the confinement and slowing down of tritons were consistent with 
the classical predictions. In JT-60U, the loss of tritons is expected to be larger 
than in TFTR and JET because of its large toroidal field ripple and the orientation 
of the neutral beam injection systems which is nearly perpendicular to the 
toroidal magnetic field. Time resolved triton burnup measurements were carried 
out by a 14 MeV neutron detector and they are compared with classical slowing 
down calculations. 

2. RIPPLE LOSS OF BEAM-INJECTED IONS 

The heat load on the first wall was measured by a fast infrared TV 
(IRTV) camera. The IRTV provides a standard television image with a time 
resolution of 16.7 ms. The IRTV views the first wall between two toroidal 
field (TF) coils. Since fast ions injected by neutral beam injection (NBI) 
circumnavigate the torus at least several times before they become ripple-
trapped, heat spots due to ripple loss periodically appear between every TF coil. 
The heat flux to the wall is deduced from the one-dimensional heat diffusion 
equation for the temperature rise of the wall surface. The surface temperature 
measurement by the IRTV has several advantages such as a fast response, a 
good sensitivity, a wide viewing angle and a good spatial resolution. The only 
disadvantage is that the measurements give no information on the physical origin 
of the heat deposition on the wall. However some experimental observations 
indicated that the heat flux is caused by the ripple-induced fast ion loss as will be 
described below. 
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FIG. 1. (a) Poloidal position number on the first wall and the toroidal ripple distribution in JT-60U. 
(b) Heat flux to the wall in an NBI-heated shot (E14791). 

JT-60U is a tokamak with a major radius Rp = 3.4 m, and a typical minor 
radius ap = 1.0 m. Its toroidal field is produced by 18 circular coils and the 
toroidal ripple (8) goes up to 2.2% at the outer edge of a full-size plasma. The 
toroidal ripple in JT-60U is illustrated in Fig.l (a). The experiments were 
performed for IP = 1.5-4.0 MA and BT = 4.0 T. The NBI system was operated 
with approximately 15 MW nearly perpendicular injection (D°, 85-95 keV). The 
power fraction of NBI was E : E1/2 : E1/3 = 78% : 15% : 7%. Throughout the 
experiments, Bj and IP were directed clockwise and hence the direction of the 
ion VB-drift was downwards. 
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Heat flux deduced from the IRTV measurements agreed well with that 
from the thermocouple. Figure 1 (b) shows the two-dimensional profile of heat 
flux to the first wall. The TF coils were located at toroidal angles of 0° and 20°, 
and the toroidal angle is taken in the same direction as Ip and B j . The poloidal 
position number (PP No.) shown in the figure is illustrated in Fig. 1 (a). In this 
shot, the NBI power P^g was 13.9 MW and the effective safety factor qeff [8] is 
2.94. Figure 1 (b) indicates that the heat load on the first wall is localized in both 
toroidal and poloidal directions, and the heat flux is peaked between TF coils on 
the ion VB-drift side. 

In addition, a parameter scan showed that the heat load increased with 
the magnitude of the ripple 8 and/or the safety factor qeff. The reason for this 
increase is that the ripple trapping region increases with 8 and/or q. These 
experimental characteristics definitely indicate that the observed heat load is due 
to ripple-induced fast ion loss. 

It is well known that the ripple trapping region increases with q, 8 and N 
(N being the number of TF coils) in the poloidal cross section of the plasma [9]. 
As well as in the poloidal cross section, the ripple trapping region is expected to 
increase in the toroidal direction with these parameters. Figure 2 (a) shows the 
measured toroidal distribution of the heat flux as a function of o^g. The q^scan 
was performed by changing Ip. The full width at half maximum (FWHM) of the 
observed heat flux in the toroidal direction increases monotonically with qeff (see 
Fig. 2 (b)), which confirms that the ripple trapping region increases with qeff. 

By changing the plasma position, the relation between the ripple size and 
the ripple loss fraction PRL/PNB

 w a s obtained, where PR L stands for the total 
ripple loss power deposited to the whole first wall, and the ripple size means the 
toroidal ripple on the outermost magnetic surface on the midplane. As shown in 
Fig.2(c), the fast ion ripple loss increased with the ripple size. Radiation and 
charge exchange (CX) losses can be a part of the heat deposition on the first 
wall. The loss power due to these processes was estimated from the temperature 
rise of the wall near the TF coils and corrected for the contribution of radiation 
and CX. The error bars are mainly determined from ambiguity in the estimation 
of radiation and GX loss power. 

The measured heat flux Was compared with results of the OFMC [3] 
computation for a specific shot shown in Fig. 1 (b). In the version of the OFMC 
code that was used, the radial electric field in the plasma was not taken into 
account. The computed heat flux distribution is shown in Fig. 3. In the 
calculation, the number of test particles was 36000. A ripple-trapped loss of 8 % 
of the injected NBI power was calculated, which shows good agreement with 
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FIG. 2. (a) Toroidal distribution of the heat flux, (b) Dependence of toroidal FWHM on qeJp 
(c) Dependence of-Pgj/Pfn on the ripple size. 

the experimental value of (7±1) %. However, there is a small difference between 
the experiment and the calculation in the position of the heat spot. The 
experimental heat deposition profile (Fig.l (b)) is shifted towards the outside of 
the first wall (lower PP No.) in comparison with the calculated profile (Fig. 3). 
If the radial electric field (Er) which is negative for all shots with perpendicular 
NBI is taken into account, the calculated heat spot is expected to approach the 
position of the experimental heat spot, because the orbits of ripple-trapped ions 
will be shifted more outwards in the R-direction by ErxBT drift[10]. Figure 4 
shows the contour plots of the heat flux distribution calculated by the OFMC 
with and without taking the radial electric field into account compared with the 
measured one. The measured heat spot agrees well with the calculated one when 
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FIG. 3. Heat deposition profile on the wall computed by the OFMC. 

the potential is chosen to be <|>(r) = -3Te(r). Therefore, the difference in the 
position of the heat spot is probably caused by the radial electric field in the 
plasma. 

3. TRITON BURNUP 

The time-resolved 14 MeV emission rate was measured with the silicon 
surface barrier diode (SBD) [11]. The 14 MeV neutrons entering a silicon diode 
may undergo the following nuclear reactions:28Si (n,p) 28A1 and 28Si (n,a) 
2^Mg, which have effective thresholds of about 7 MeV. Thus, the above 
reactions do not occur for the far more abundant 2.5 MeV neutrons. The SBD is 
mounted in the 20 cm-thick lead cylinder to shield gamma-rays from neutron 
capture events in the surrounding structure. The detector was installed just 
outside the JT-60U vacuum vessel on themidplane but inside the toroidal field 
coils, as close to the plasma as possible. The SBD used in this work has an area 
of 300 mm2, and a nominal depletion depth of 1500 Jim, which is sufficient to 
stop the 10 MeV protons and alphas produced in the nuclear reactions mentioned 
above. A thin disk with a 241 Am alpha particle source is mounted in front of the 
SBD to make an energy calibration of the detector possible using 5.486 MeV 
alphas. The 14 MeV neutron yield integrated over several weeks was measured 
by the activation foils using the 93Nb(n,2n)92mNb reaction, which has a 
threshold energy of 9 MeV, a flat response function around 14 MeV, and a large 
cross-section. Because a pneumatic foil transfer system was not available, a half-
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FIG. 4. Contour plots of the measured heat flux distribution compared with that calculated by the 
OFMC with and without taking the radial electric field into account. 

life time of 10.15 days is suitable for one week of irradiation. The foil was 
irradiated in the re-entry port only 16 cm outside the typical plasma surface [11]. 
The foil activation for the total 14 MeV yield was calibrated by a Monte Carlo 
simulation using the Monte Carlo Neutron and Photon transport code 
(MCNP)[12]. The absolute error in the 14 MeV emission rate was estimated to 
be ±30% including the calibration uncertainty of ±20%. The 2.5 MeV neutrons 
were measured with a set of fission chambers which were absolutely calibrated 
in situ by a moving radioisotope neutron source in the JT-60U vacuum vessel. 
The uncertainty in the measurement was ±11 % [ 13]. 

The time-dependent 14 MeV neutron emissivity was simulated by a 
simple classical slowing down model. The plasma was divided into 11 annular 
shells in the calculation. In each shell, the nitons were divided into 400 groups 
according to their birth time, with 10 ms time bins. The number of tritons in a 
group is proportional to the 2.5 MeV neutron emissivity at the birth time of the 
tritons. Tritons were allowed to slow down in each shell according to the 
classical energy loss theory. The loss of confined tritons was taken into account 
assuming an exponential decay of the number of tritons of the form e_t^ where t 
and x are the time since the birth and the confinement time of the tritons, 
respectively. The diffusivity, D, was estimated by using the relation for the 
confinement time T = ap

2 / 5.8D to reproduce the experimental triton burnup 
ratio. The time history of the 14 MeV neutron emission rate was calculated by 
using the electron temperature profile from ECE measurement, the ion 
temperature profile from charge exchange recombination spectroscopy, and the 
electron density profile from the FIR interferometers as the time dependent 
plasma parameters. The triton birth profile was calculated using the steady state 
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tokamak code TOPICS[14] for a typical time and the shape of the profile was 
assumed to be constant during the period of the triton burnup. The angular 
distribution of the tritons was assumed to be isotropic. 

Figure 5 shows the temporal evolution of the 2.5 MeV and 14 MeV 
neutron emission rates in a plasma with NBI heating of 18.7 MW. The peak of 
14 MeV neutron emission was delayed due to the slowing down of the tritons 
from 1 MeV to the peak of d(t,n)a reactions at 170 keV of the triton energy. The 
calculated 14 MeV emission rate is also shown in Fig. 5. There is good 
agreement between the measured and the calculated temporal evolution of the 14 
MeV emission rate, indicating that the slowing down process of the 1 MeV 
tritons is classical. 

The measured and calculated triton bumup ratios are plotted against the 
plasma current in Fig. 6(a). The triton burnup ratio is in the range 0.2-1.0 % 
which is 20-30% less than calculated. This difference is as large as the 30% 
uncertainty of the measurement. It was expected that the orbit loss of the 1 MeV 
tritons was enhanced by the large anisotropy of the birth tritons in near 
perpendicular NB injection due to the large anisotropy of d(d, p)t reactions. 
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Figure 6(b) shows the fractional loss of the 1 MeV tritons predicted by the 
OFMC calculations. The prompt loss and the orbit loss in the slowing down 
process go up to 40 % in the Ip of 1.5 MA. The ripple loss is 10T12 % in the 
range of Ip = 1.5-2.5 MA. The total loss of the 1 MeV tritons does not contradict 
the discrepancy between the measured and calculated triton burnup ratios. If we 
explain the discrepancy by the triton diffusivity, D-0.2 m2/s is needed to 
reproduce the experimental triton burnup ratios. 

4. CONCLUSIONS 

From the surface temperature measurement of die first wall, the fast ion 
loss caused by the toroidal ripple was investigated in JT-60U. Heat deposition 
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on the wall due to the ripple loss was localized in both toroidal and poloidal 
directions and increased with q and/or the ripple size. The toroidal FWHM of the 
heat flux due to the ripple-induced fast ion loss increases monotonically with 
qeff, indicating that the ripple trapping region increases with the safety factor in 
the toroidal direction. The measured heat flux was compared with the OFMC 
calculation without inclusion of the radial electric field in the plasma and 
quantitative agreement between them was obtained in the overall heat flux. The 
position of the heat spot was, however, slightly different between the 
experiment and the OFMC calculation. The difference is thought to be due to the 
drift of ripple-trapped fast ions caused by the radial electric field. 

The confinement and slowing down of the 1 MeV tritons was 
investigated through the burnup of the 1 MeV tritons in the D-D plasma. The 
slowing down process of the 1 MeV tritons was found to be classical. The triton 
burnup ratio was measured to be in the range 0.2 - 1.0 % which was 20 -30 % 
smaller than the calculated values using the classical slowing down model. The 
discrepancy does not contradict the toroidal ripple loss and the orbit loss of the 
tritons predicted by the OFMC calculation. 
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DISCUSSION 

F.B. MARCUS: I don't understand the self-consistency of your data for triton 
burnup. You have ±30% errors on your 14 MeV calibration. You calculate that 
fractional losses become small, ~ 10% at high current, but your triton burnup 
disagrees with calculation by a factor of two at high current. Can you account for 
this? 

T. NISHITANI: We have some data points for the triton burnup ratio which are 
much lower than the calculated value. We need to make our measurements more pre
cise before we can draw any conclusions about the discrepancy between calculation 
and experiment. 

Ya.I. KOLESNICHENKO: Your results indicate that the fast ion losses 
increase continuously with the ripple value. Does it follow, therefore, that there is 
no ripple threshold value? 

T. NISHITANI: It appears not. 
R.J. HAWRYLUK: What fraction of power was lost through ripple loss in the 

high /3p and H mode experiments presented by the JT-60U group? Was the ripple 
loss taken into account in evaluating TE and QDD? 

T. NISHITANI: The ripple loss was estimated to be 2.5% and ~ 15% in the 
high /Sp and the H mode plasmas, respectively. We did not take the ripple loss into 
account when evaluating TE and QDD. 
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Abstract 

CHARGED FUSION PRODUCT AND FAST ION LOSS IN TFTR. 

Several different fusion product and fast ion loss processes have been observed in 
TFTR using an array of pitch angle, energy and time resolved scintillator detectors located 
near the vessel wall. For D-D fusion products (3 MeV protons and 1 MeV tritons) the 
observed loss is generally consistent with expected first-orbit loss for Ip < 1.4 MA, except 
near the outer midplane where stochastic TF ripple loss dominates when Ip > 1 MA. 
However, at higher currents, Ip = 1.4-2.5 MA, an MHD induced D-D fusion product loss can 
be up to 3-4 times larger than the first-orbit loss, particularly at high beam powers, P S 25 
MW. The MHD induced loss of 100 keV neutral beam ions and <= 0.5 MeV ICRF minority 
tail ions has also been measured < 45° below the outer midplane. The potential implications 
of these results for D-T alpha particle experiments in TFTR and ITER are described. 
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1. Introduction; 

Good confinement of the D-T alpha particles born at 3.5 MeV in D-T is 
essential for efficient and predictable alpha heating of future tokamak reactors. 
In addition, an unanticipated loss of only a few percent of the fast alpha 
population could potentially damage the first wall or divertor structure, since the 
fast alphas will contain =10-30% of the total stored plasma energy, and since 
this energy loss might be highly localized or might occur on a faster timescale 
than the thermal plasma loss. 

This paper describes measurements of the loss of D-D fusion products 
and other fast ions in TFTR, and discusses the implications of these results for 
the TFTR D-T experiment and for an ITER-sized D-T tokamak. Since the D-D 
fusion product population is very small (<10-4 of the total ion density), the 
present measurements mainly concern "single-particle" loss mechanisms, which 
will most likely persist in future tokamaks, even widiout collective fast particle 
instabilities!!]. Previous studies in TFTR have shown that classical first-orbit 
loss is the dominant D-D fusion product loss mechanism in MHD-quiescent 
plasmas at R = 2.6 m, and that diffusion of D-D fusion products across the 
passing/trapped boundary is small [2]. Here we concentrate on other loss 
mechanisms which may be more relevant for high current plasmas like ITER, 
such as those caused by toroidal field ripple, MHD activity, and ICRF heating. 

Most of the experimental results are obtained from the "lost alpha" 
diagnostic, which measures escaping fast ions with gyroradii in the range 11 
cm > p > 2 cm, e.g. D-D fusion product protons and tritons with p ~ 5 cm at 
5 T. Three detectors are fixed at poloidal angles of 452, 609 and 902 below the 
outer midplane of the vacuum vessel a few centimeters outside the geometrical 
shadow of toroidally displaced "RF limiters" (note that the plasmas may be 
displaced in major radius with respect to the vessel center). A fourth detector is 
mounted on a movable probe 209 below the outer midplane. Experimental 
details and calibrations are described elsewhere[2-4]. 

2. Stochastic TF Ripple Loss of D-D Fusion Products: 

The radially movable detector located 20s below the outer midplane was 
designed to measure stochastic toroidal field (TF) ripple induced loss of D-D 
fusion products. In theory[5,6], this mechanism causes the banana tips of fast 
trapped ions to diffuse vertically, such that they should be lost to the wall just 
below the outer midplane[7]. In TFTR, the stochastic threshold for D-D fusion 
products occurs outside a poloidal circle of radius r = 0.5m centered at R = 2.2 
m, where the ripple strength is 6 > 0.02% [3]. Note that this mechanism does 
not involve trapping inside the local TF ripple wells, but rather the diffusion of 
normal banana trapped ions. 

The first experimental indication of stochastic TF ripple diffusion came 
from the pitch angle distribution measured when the probe aperture was = 4.5 
cm behind the geometrical shadow of the RF limiter radii (1202 and 170s 
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counter toroidally). Two well-resolved peaks were observed for an R = 2.6 m 
plasma at Ip = 1.4 MA, as shown in Fig. 1(a). The location of the lower peak 
at a pitch angle of X~ 55s (with respect to the co-toroidal direction) matches the 
expected first-orbit loss, while the location of the larger peak at 
X= 62s cannot be explained by first-orbit loss, but agrees fairly well with the 
expected location of stochastic TF ripple loss having banana tips below the 
plasma center, as calculated by hybrid mapping/guiding center Monte Carlo 
codeMAPLOS[3]. 

The ratio between the observed peak heights does not quite agree with 
the model, and a better fit to the data can be obtained with an ad hoc coefficient 
of ~2 multiplying the original stochastic threshold[3]. However, there are also 
uncertainties of this order due to the modeling of the limiter geometry and the 
q(r) profile, which are not yet fully taken into account. At higher currents the 
high-pitch angle peak increases with respect to the first-orbit loss peak, as 
expected from the ripple loss model, since first-orbit loss decreases more 
rapidly with current. At lower currents (<1 MA) the high-pitch angle peak is 
smaller than the first-orbit loss peak as expected, since most D-D fusion 
products are then lost on their first orbit. 

In a second experiment the detector was scanned radially in an Ip = 1.6 
MA plasma with R = 2.45 m to measure the "scrape-off width of D-D fusion 
products in the shadow of the RF limiter, with the result shown in Fig. 1(b). A 
simple random walk model was used to interpret this data in terms of the radial 
step size per bounce, Ar, for these confined trapped ions measured in the 
shadow of the RF limiters, resulting in the model curves shown in Fig. 1(b). 
The best fit to the data is for Ar = 0.65 cm, which is in good agreement with 
the expected TF stochastic ripple step size of Ar = 0.75±0.2 cm for D-D fusion 
product ions in the region of these banana tips. Separate measurements of 
radial diffusion in the shadow of a second movable probe also imply a vertical 
step size Ar~0.5 cm/bounce, roughly consistent with the Goldston-White-
Boozer model[3,5]. 

The escaping ion energy determined from the measured gyroradius 
distributions for these cases was very near to the birth energy of these D-D 
fusion products. This is also consistent with the MAPLOS calculation for TF 
stochastic ripple loss, which shows a mean loss time of only ~3 msec, which is 
small compared to the thermalization time of ~ 0.2 sec. Note that the results of 
Fig. 1 were taken at relatively low beam power (11 MW and 19 MW, 
respectively) in discharges without strong coherent MHD activity (see Sec. 3). 

3. Anomalous Loss Processes: 

One measure of the MHD induced D-D fusion product loss can be 
determined by comparing the total loss to the 902 detector (integrated over pitch 
angle and gyroradius and normalized to the neutron rate) with the expected first-
orbit loss, as done in Fig. 2(a) for a set of about 200 TFTR discharges. These 
plasmas had a major radius of R = 2.45 m, a minor radius of a = 0.8 m, a 
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Fig. 1 — Part (a) shows the pitch angle distribution of D-D fusion product loss 
to the 202 (midplane) probe in a plasma with Ip = 1.4 MA, R = 2.6 m, a = 0.95 
m, and B = 4 T. The location of the peak at X=62s is approximately consistent 
with the stochastic TF ripple diffusion model. Part (b) shows the D-D fusion 
product loss to the 202 detector at X^^O2 vs. the major radius of the probe 
aperture in a plasma with Ip =1.6 MA, R = 2.45 m, a = 0.8 m, and B = 5 T. 
The shape of the radial profile behind the projected position of the RF limiter is 
also consistent with the stochastic TF ripple model, which predicts a step size 
of Ar = 0.75 cm for these orbits. 
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toroidal field of B = 5.010.2 T, and a neutral beam injection (NBI) power of P 
= 5-32 MW. There are evidently many cases in which the total loss at 902 is 
significantly larger than that expected from the first-orbit loss model (TF ripple 
loss is not expected at 909). The first-orbit loss curve is normalized to the data 
at Ip = 0.7 MA where the first-orbit loss is expected to be dominant since the 
banana widths are larger than the plasma radius[2]. 

Figure 2(b) shows this same fusion product loss rate plotted vs. NBI 
power for the Ip = 1.80-1.85 MA cases of Fig. 2(a). There are apparently two 
types of anomalies: one in which the loss gradually increases by a factor of =2 
between 20-32 MW (corresponding to 0.5-3.3x10'6 neutrons/sec), and the 
other in which it can increase to up to a factor of 3-5 above the first-orbit loss 
even at relatively low beam power. For the latter cases the increased loss is 
clearly modulated by strong coherent MHD activity (Sec. 3.1), while it is not 
for the former cases (Sec. 3.3). 

The global loss corresponding to these anomalies can not be easily 
determined, since these detectors measure only four points on a large and 
complex limiter/wall surface, and since their absolute calibration is uncertain to 
within a factor of 2-3. However, rough estimates can be made based on the 
observed increase above the first-orbit level at 90s, assuming that the spatial 
distribution of the anomalous loss is similar to that of the first-orbit loss. Since 
the total loss to the bottom detector during strong MHD activity at 1.8 MA can 
rise up to the first-orbit loss level at = 0.8 MA, which is « 20% globally[3], 
then the maximum MHD-induced loss can be estimated to be ~ 10-30% 
globally. For the other type of anomaly the total loss at the bottom is about 
twice the first-orbit loss level at 1.8 MA, which is in the range of a few percent; 
therefore this loss can be estimated to be = 1-10% globally. 

3.1 Coherent MHD-induced Loss 

A typical case of coherent MHD induced D-D fusion product loss is 
illustrated in Fig. 3(a), which shows the loss vs. time at the 909 detector for an 
Ip = 1.4 MA discharge with P = 24 MW, as monitored by a photomultiplier 
(PM) tube with a frequency response of up to =20 kHz. Here the D-D fusion 
product signal is normalized to the neutron rate vs. time for another discharge in 
the same sequence without MHD activity (at P = 20 MW). Thus the MHD 
activity after 3.5 sec increases the fusion product loss by about a factor of 2 
above the MHD-quiescent case. Qualitatively similar MHD induced loss is 
observed over the range Ip = 1.0-2.5 MA in TFTR. 

This increased fusion product loss is modulated at the frequency of the 
«0.5 kHz MHD activity, as shown in Fig. 3(b). In this discharge there was 
strong m = 2, n = 1 and m = 1, n = 1 MHD activity starting at« 3.5 sec, with a 
typical (2,1) level estimated from the Mirnov signals to beBy/B-p^xlO-4 near 

the q » 2 surface at 3.6 sec. This type of MHD induced fusion product loss has 
previously been observed for other types of coherent modes over a wide 
frequency range (=1 Hz-10 kHz)[8], e.g. during fishbone-like m=l, n=l MHD 
activity, in which the loss increases along with bursts of MHD activity, and 



368 ZWEBEN et al. 

30 

£ 25 

1 20 

•° 15 

o 
10 - -

O 

.(a) 
R=2.45 m. 

3.5-4.0 sec. 
(#53094-55216) ' 

Fi rs t -o rb i t 
loss model 

0.5 1 1.5 2 2.5 

Plasma Current (MA) 

T 30 

2 5 - -

g 20 + 
•o 

o 

1 5 - -

1 0 - -

« 5 
« 
o 

J 0 

+ 
(b) 
- t -

lp=1.80-1.85 MA 
R=2.45 m 

strong MHD 
ac t iv i ty " 

+ + + — h -
15 19 23 27 31 

Neutral beam power (MW) 
3 5 

Fig. 2 ~ Part (a) shows the D-D fusion product loss to the 90s detector 
(normalized to the neutron source rate) vs. plasma current for a set of =200 
TFTR discharges with P = 5-32 MW of NBI. The loss is integrated over 3.5-
4.0 sec (with NBI from 3-4 sec). The curve represents the calculated first-orbit 
loss, which was normalized to the data at the lowest current point where the 
first-orbit loss is expected to dominate. Part (b) shows the same loss for the Ip 
= 1.80-1.85 MA cases of part (a) vs. the NBI power. The normalized loss is 
largest for the discharges in which strong coherent MHD activity modulates the 
loss, but it also increases gradually with increasing NBI power (and neutron 
rate) due to the anomalous delayed loss. 
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Fig. 3 - An example of MHD induced loss of D-D fusion products in the 90s 

detector for a discharge with Ip = 1.4 MA, R = 2.45 m, a = 0.8 m, and P = 24 
MW of NBI from 3-4 sec (#48367). Part (a) shows that the fusion product 
loss increases at = 3.5 sec, which coincides with the onset of strong MHD 
activity and a drop in the neutron rate. Note that the D-D fusion product signal 
is normalized to match the neutron rate in a similar discharge without MHD at P 
= 20 MW. Part (b) is a 5 msec portion of the discharge in (a) showing the 
modulation of the D-D fusion product loss at the frequency of the Mirnov 
oscillations. During this time there are (1,1) and (2,1) modes with Sr/Br ~ 
3x10-4-
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Fig. 4 - Other examples of MHD induced and ICRF induced loss of D-D 
fusion products and other fast ions, as monitored by PM tubes viewing the total 
scintillator light emission vs. time for each detector. Part (a) shows a rapid 
increase in the D-D fusion product loss rate to the 902 detector during sawtooth 
crashes (#66218), typically observed over Ip = 1-2 MA. Part (b) shows a x50 
increase in the D-D fusion product loss to the 902 detector during pre-disruptive 
MHD activity (#66088), including a locked mode at 2.81-2.84 sec. Part (c) 
shows the loss of 100 keV neutral beam ions to the 20s detector coincident with 
ABM activity in a low-field discharge (#58625). Part (d) shows an apparent 
ICRF induced loss of D-D fusion products to the 902 detector, which occurred 
during an ICRF electron heating experiment with NBI, but without any 
minority species present (#66341). 

during H-modes[9], when the loss often shows rapid spikes correlated with 
ELMS. Similar MHD induced loss is seen in the other escaping fusion product 
detectors. 

3.2 Other MHD and ICRF Induced Loss 

Sawtooth crashes are often accompanied by sudden bursts of D-D 
fusion product loss lasting ~ 0.1-1 msec which are briefly up to 2-4 times 
higher than the first-orbit loss level, such as shown for the 902 detector in Fig. 
4(a). These bursts are localized near the pitch angle of the passing/trapped 
boundary (as if passing ions near q = 1 were being radially transported at the 
crash), and can be seen on all detectors. Fusion product loss can also increase 
dramatically prior to a major disruption, as shown in Fig. 4(b), where the 
instantaneous loss rate increases by over a factor of 50 during the pre-disruptive 
period (2.80-2.84 sec). This is most likely due to the large pre-disruptive MHD 
activity, which in this case involves an m = 2, n = 1 locked mode[10]. 

The global loss fraction for confined fusion products during these two 
types of events can be estimated from the instantaneous loss rate (normalized by 
the expected first-orbit loss rate of = 5%) times the ratio of the duration of the 
increased loss divided by the fusion product slowing-down time (= 0.2 sec). 
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Thus at each sawtooth crash during which the loss rate increases by a factor of 
2 over ~ 100 |J.sec, the loss fraction is only = (2x5%)x(0.1 msec/200 msec) ~ 
104; however, for the pre-disruptive loss in Fig. 4(b) the corresponding loss 
fraction is « 1-10%. Note that these rough estimates make the oversimplified 
assumption that the poloidal loss distribution during these events is the same as 
it is for the first-orbit loss, which is not necessarily the case. 

MHD induced loss of neutral beam and ICRH minority tail has also 
been observed using the same detectors. In these cases the MHD activity might 
be driven by the fast ions themselves, since their population is >100 times 
larger than die D-D fusion product populations described above. For example, 
bursts of 100 keV beam ion loss have been observed in the outer midplane 
detector during high frequency magnetic fluctuations identified with TAE 
modes, as described elsewhere[ll]. Also, during the Axisymmetric Beam-
Driven Mode (ABM)[12], which is thought to be another beam-driven MHD 
mode, a loss of 100 keV beam ions has been observed at similar fields (B=1.5 
T, Ip = 0.5 MA), but at even lower NBI power (P= 2 MW), as shown in Fig. 
4(c). This type of beam ion loss coincides with magnetic fluctuations at 30 and 
50 kHz, i.e. much lower than the expected TAE frequency. The detected beam 
ions have a pitch angle of %~ 509, corresponding to loss of trapped ions near 
the passing/trapped boundary. Since most of the beam ions are injected on 
passing orbits, the implication is that the MHD activity transports some of these 
ions until they are trapped and lost. 

Various types of ICRF induced MeV ion loss have been observed on 
TFTR. During H minority heating above =2-3 MW (without NBI) a clear H 
tail loss is observed, mainly in the detectors at 45e and 202 below the outer 
midplane at an energy of E ~ 0.5+0.2 MeV and a pitch angle corresponding to 
trapped ion orbits with banana tips ~ 0.8 m below the plasma center. The 
estimated tail ion power loss is =0.1 MW at an ICRF power of 4 MW, i.e. =1-
10% of the ICRH power (assuming that loss is uniform <45a below the outer 
midplane). This anomalous loss can be strongly modulated by MHD activity ; 
for example, it often has a large decrease in phase with the central soft x-ray 
signal, and can be modulated by m=2 modes and sawtooth crashes (which can 
produce a spike similar to that for D-D fusion products). Some of this loss may 
also be related to high frequency instabilities observed recently in similar 
ICRH-only discharges[13]. 

During 3He minority heating an anomalously large loss is also observed 
in the 459 detector, along with the first-orbit loss of D-3He alphas in all 
detectors[14]. However, this anomalous signal is at a gyroradius just below 
that of the D-D or D-3He fusion products, leading to the suspicion that it is not 
due to tail ion loss, but rather to ICRF induced deconfinement of fusion 
products. Additional evidence for the latter process is shown in Fig. 4(d), 
which shows the 902 detector signal for an ICRF electron heating experiment 
with NBI but without any minority tail species. This increased loss observed 
with ICRF can (so far) only be understood as ICRF induced deconfinement of 
one of the D-D fusion products, possibly the 1 MeV triton (due to its second 
harmonic resonance). Note that in this case the other PM detectors did not 
show increased loss, thus eliminating the possibility of RF pickup. 
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The present uncertainty concerning the mechanisms of these ICRF 
induced ion losses leaves open the possibility that D-T alphas could be 
deconfined by ICRH in TFTR or ITER. However, these processes might 
eventually be useful as a means for alpha particle burn control or ash removal. 

3.3 New Anomalous Delayed Loss of Trapped Fusion Products 

A new feature of D-D fusion product loss has been observed at plasma 
currents Ip = 1.4 -2.5 MA and NBI powers of P = 7-32 MW in discharges with 
relatively small plasma major radii of R = 2.40-2.50 m[15]. The scintillator 
patterns in this range show a persistent high-X loss feature, as illustrated in 
Fig. 5(b), which increasingly dominates the 909 detector signal as the plasma 
current and beam power are increased. This feature appears to be 
superimposed on the usual first-orbit loss, which dominates the signal at low 
currents, as shown in Fig. 5(a). The anomalous loss feature remains near 
X^O9 in this current range, whereas the first-orbit feature shifts to lower X 
with increased current, as expected and observed for Ip<1.4 MA in R=2.45 m 
plasmas[8] and for Ip<2 MA in R=2.6 m plasmas[2]. 

This new feature caused the gradual increase in the total loss with 
increasing NBI power shown in Fig. 2(b), and was largely responsible for the 
higher than expected normalized fusion product loss in the range Ip = 1.6-2.5 
MA (in the absence of strong MHD activity) shown in Fig. 2(a). This type of 
anomalous loss increased relative to the first-orbit loss with increasing plasma 
current, and was about equal to the first orbit loss at Ip=2 MA. Note that this 
feature was noi accompanied by observable MHD induced modulation of the D-
D fusion product loss signal. 

At Ip=2 MA the gyroradius distribution of the total loss to the bottom 
detector corresponded to an average ion energy of E/E0 = 55%±15% compared 
to the birth energy E0 of D-D fusion products, as shown in Fig. 5(c). This 
surprisingly low energy was correlated with the observed time dependence of 
the anomalous feature at high pitch angles, which was delayed by =0.2 sec with 
respect to the prompt first-orbit loss at the beginning of NBI, and which 
persisted =0.2 sec after the first-orbit loss feature disappeared at the end of 
NBI. This corresponds to the time needed for D-D fusion products to 
collisionally thermalize to about half of their birth energy. 

This combination of anomalously high X and low E/E0 for D-D fusion 
products lost at 902 implies that the last confined orbit was deeply trapped, with 
its banana tip = 0.8 m below the plasma center (i.e. not near the passing/trapped 
boundary). In order for such an orbit to have missed the outer limiter, its 
banana tip must have had a vertical displacement of > 10 cm over its last 
bounce, which is larger than the ~ 3 cm vertical step expected from stochastic 
TF ripple diffusion for a banana tip located at the plasma edge (see Sec. 2). The 
mechanism for this large last step size is not known. 

This new anomalous delayed loss feature could also be modulated 
during strong MHD activity, sometimes increasing with MHD as in Fig. 3(a), 
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Fig. 5 - Pitch angle distributions of D-D fusion product loss to the 902 

detector inferred from the scintillator images, averaged over 3.5-4.0 sec (with 
NBI from 3-4 sec). In (a) is an Ip = 0.8 MA case (#54454) and in (b) is a 2.0 
MA case (#55050), both for R = 2.45 m plasmas at B = 4.8 T. At Ip = 2.0 MA 
there is an anomalous loss feature at % ~ 70s, while at Ip = 0.8 MA the data is 
consistent with first-orbit loss. At intermediate currents the first-orbit loss peak 
moves to lower pitch angles while the anomalous feature remains at j( = 70s. 
The gyroradius distributions for (a) and (b) are shown in Fig. 5(c). The 
distribution at 0.8 MA is consistent with the model curve for p ~ 6 cm, about 
as expected for first-orbit loss of D-D fusion products at their birth energy. 
However, the distribution at 2.0 MA is better fit by p = 4-5 cm, implying loss 
at an energy E/EQ = 55±15% times the birth energy. 
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but occasionally disappearing at a certain phase of the MHD, leaving only the 
first-orbit loss feature. This suggests that this new feature might be due to 
some magnetic perturbation which is outside the frequency range of detection 
for escaping fusion products (which is =1 Hz-20 kHz), but which is very 
reproducible shot-to-shot (in contrast with the normal low-m MHD activity). 
Another possibility is that this delayed loss might be due (in part) to TF ripple, 
perhaps enhanced by slightly misaligned TF coils; however, in that case the 
disappearance of delayed loss in the 909 detector for large-R, large TF ripple 
plasmas is difficult to understand. 

3.4 Modeling of MHD-Induced Fusion Product Loss 

The MHD-induced fusion product losses described in Sees. 3.1-3.2 are 
presumably caused by internal plasma-driven magnetic perturbations, which 
can be considered static with respect to the fusion product transit frequency of ~ 
1 MHz. This mechanism has been modeled using a fast and accurate guiding-
center Monte-Carlo orbit code[16] which includes the effects of stationary low-
n helical magnetic islands. It has recently been shown analytically that a 
stochastic threshold for both trapped and passing ions exists when the shift of 
the high energy orbits from the magnetic flux surfaces is comparable to the 
perpendicular wavelength of the mode[17]. 

A test case for TFTR was chosen with Ip = 2 MA and B = 5 T in a 
plasma with R = 2.45 m, a = 0.8 m and a limiter centered at R = 2.61 m and a 
= 0.99 m. For each run of the code 300 alpha particles (with orbits very similar 
to D-D fusion products) were started at random positions and magnetic 
moments with a radial source profile c*(l-[(r/a)2]8), and were followed for 
3000 poloidal transits at a fixed energy and magnetic moment, corresponding to 
a real time of »10 msec for 3.5 MeV alphas. A zero-beta equilibrium with a 
parabolic q(r) profile was used with q(0)=l [except for the (1,1) case when 
q(0) = 0.8], assuming a parabolic q(r) profile (probably somewhat broader than 
that in TFTR). No toroidal field ripple was present, and the alphas were 
assumed to be collisionless. 

The total loss fractions for alphas at E0 = 3.5 MeV for various assumed 
perturbations are shown in Fig. 6(a), where the perturbation is specified by the 
maximum B~r/BT near the mode rational surface. For single-helicity modes with 

(m,n)=(l,l), (2,1), and (3,2) the MHD-induced loss becomes comparable to 
the first-orbit loss level (-5% at Br/BT=0) at a perturbed field strength of Br/BT 

- 3xl0~3, and the loss fraction rises approximately linearly withB"f/BT above 
this threshold. This level of perturbation corresponds to a rather large (2,1) 
island half-width of Sr/a ~ 0.15, which scales as 8r/a o<( Br/BT)1/2. Note that 
for the (2,l)+(3,2) case the horizontal axis refers only to the (2,1) mode 
strength, to which was added a (3,2) mode with a maximum amplitude = 1.6 
times that of the (2,1). These results are at least qualitatively similar to previous 
Monte Carlo calculations for TAE modes in CIT[18] and single (m,n) modes in 
NET[19], 
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Fie. 6 — Modeling of the global alpha particle loss fraction for a TFTR plasma 
with Ip = 2 MA and B = 5 T. In (a) the amplitude and mode number are varied 
for 3.5 MeV alphas, while in (b) the assumed alpha energy is varied for two of 
the amplitudes of (a). The calculated MHD-induced loss becomes comparable 
to the first-orbit loss at S"r/BT ~ 2-3x1 o-3 for single-helicity modes. Note that 
the horizontal scale for the (3,2)+(2,l) case refers to the (2,1) amplitude only, 
not including the 1.6 times larger (3,2) amplitude. The loss of 3.5 MeV alphas 
in an ITER sized (but circular) machine is roughly equivalent to the loss of = 
0.6 MeV alphas (or D-D fusion products) in TFTR. 

Examination of the orbit trajectories for these runs shows that there are 
three basic MHD-induced loss processes[20]: (a) trapped particle diffusion with 
loss just below the outer midplane, (b) co-going passing ion diffusion with loss 
just below the outer midplane, and (c) counter-going passing ion diffusion with 
loss either near the inner midplane, or across the passing-trapped boundary to 
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the bottom of the vessel. For runs with a moderate level of total loss (<30%), 
almost all of the calculated loss occurs within -302 of the outer midplane, with 
<10% of the total loss occurring near the vessel bottom at 90s. 

The effect of varying the assumed alpha energy for this Ip = 2 MA case 
is shown in Fig. 6(b). The calculated MHD-induced loss fraction decreased 
with decreasing ion energy for all cases examined. For example, the (2,1) case 
which had =16% loss for E0=3.5 MeV alphas had only =1% loss for E = 0.6 
MeV alphas. Note that for E/E0<0.5 there is very little first-orbit loss (<1%), 
and so most of the loss at the lower energies is due to the MHD effect. 

The connection between these calculations and the observed MHD-
induced losses is not yet clear. The observed MHD induced loss at 909 is 
comparable to the local first-orbit loss at an estimated Bf/BT about 5-10 times 
lower than expected from this global loss modeling (assuming a single mode), 
and the calculated loss is mainly near the outer midplane, not at 909[20]. Also, 
the calculations do not show any increased loss near E/E0=:0.5, which might 
have explained the delayed loss feature of Sec. 3.3. However, it is possible 
that a combination of various (m,n) modes can reduce the peak B~r/BT needed 

for a given amount of loss, as suggested recently[21], and as seen for the 
(2,l)+(3,2) case in Fig. 6(b). Note that the present model does not yet include 
the VB terms in the alpha drifts, but only the vn B"r/BT terms. These two 

effects can be comparable for MeV ions near the magnetic islands; therefore 
including the new terms could significantly increase the local diffusion rate, and 
may improve the comparison with experiment. 

4. Implications for D-T Alpha Particle Experiments: 

These D-D fusion product and fast ion loss measurements form a 
baseline data set which can be used to evaluate the alpha particle loss to be 
observed during the TFTR D-T experiment. The D-T fuel will increase the 
fusion product populations by a factor of ~ 100[22], thereby allowing several 
new possibilities which should contribute to an assessment of alpha physics in 
ITER, such as direct measurements of the confined alpha populations and a 
search for collective alpha instabilities. 

4.1 Confined Alpha Measurements 

The expected D-T alpha particle distributions inside the plasma have 
been calculated using a new alpha simulation code MIDD[23], which includes 
the radial birth profile and creation rate vs. time, the classical mermalization 
process, and a variable ad hoc radial diffusion coefficient D (assumed to be 
independent of alpha energy). Typical results for a standard supershot case [as 
in Ref. 22] show that: (a) the central density of partially thermalized alphas 
(100-400 keV) reaches a maximum only at the end of the 1 sec NBI pulse, due 
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to the =0.5 sec time-to-peak of the D-T reaction rate and the = 0.5 sec 
thermalization time for alphas (assuming D=0), (b) a relatively small D=0.1 
m2/sec causes the central density of 100-400 keV alphas to decrease by a factor 
of =3 after 1 sec (compared with D = 0), and (c) a D = 0.5 m2/sec is sufficient 
to cause inversion of the on-axis alpha energy distribution below = 2.5 MeV. 

Simulations such as these will be used to interpret the results from the 
confined alpha particle diagnostics which are being planned for the TFTR D-T 
run. These measurements should include: (a) the alpha source profile, as 
determined by a 10-channel vertical neutron profile monitor[24], (b) the 
partially thermalized alpha energy spectrum up to =0.5-1 MeV, as determined 
by a 5-channel alpha CHERS system[25], (c) the alpha energy spectrum up to 
=3.5 MeV, as determined by charge exchange neutral measurements made in a 
Li pellet ablation cloud[26], and (d) the alpha spectrum up to >3.5 MeV vs. 
radius using a 60 GHz gyrotron scattering technique[27]. These confined alpha 
diagnostics will be supplemented by the escaping alpha diagnostic (essentially 
as described above), and extensive fluctuation diagnostics for alpha instability 
studies. 

4.2 Search for Collective Alpha Instabilities 

A major goal of the TFTR D-T run is to identify potential collective 
alpha instabilities such as the toroidal Alfven eigenmode (TAE), the kinetic 
ballooning mode (KBM), alpha fishbones, and/or alpha driven sawteeth or 
sawtooth stabilization. These D-T experiments should ideally be performed 
during periods with high alpha populations but without large plasma-driven 
MHD activity, since such MHD activity can also cause alpha loss and/or change 
the confined alpha distribution (Sec. 3). The alpha transport effects of any 
collective modes can then be evaluated from the measurements of the alpha 
source profile and the confined and lost alpha populations. 

The most recent calculations of TAE stability in TFTR D-T discharges 
show that the expected alpha populations in high power supershots are about a 
factor of 2-5 below the estimated 0^ threshold for n = 1 TAE 

instability[22,28,29]. Ion Landau damping is the dominant stabilizing effect in 
these cases, which suggests that TAE modes may be more unstable shortly after 
NBI begins and ends (due to the lower plasma ion beta), or during the steady 
state of lower power supershot discharges[28]. The most recent calculations of 
KBM stability for TFTR D-T discharges show that the p^ in high power 

supershots is about a factor of 5 below the expected threshold for n = 3-5 KBM 
excitation, even though these discharges are near the first stability 
boundary [30]. 

It should be noted that the presence of ICRH minority tail ions will 
probably affect the collective alpha stability, since these ions have a similar 
energy spectrum and an even higher fast particle beta than the D-T alphas. In 
fact, there is recent evidence of an ICRH tail ion-driven collective instability in 
D-D discharges[13]. 
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4.3 Possible Implications for ITER 

Rough estimates of alpha loss in ITER can be made from these TFTR 
results after correcting for the expected changes in the dimensionless alpha 
parameters such as JS^ and p ^ a (alpha gyroradius/minor radius). Note that the 
allowable alpha energy loss fraction in ITER may be as low as -1%, due to the 
possibility of localized alpha heat loads on first wall components[31]. 

The measurements of midplane D-D fusion product loss (Sec. 2) are so 
far consistent with the stochastic TF ripple diffusion theory [5,6], at least to 
within a factor of two in the threshold ripple strength[3]. Thus the alpha loss 
rate of < 1% calculated for ITER using this theory should be correct[31]. 
However, the vertical elongation in ITER causes the escaping alphas to be 
trapped in the local ripple wells, a process which has not been evaluated in 
TFTR. 

The MHD-induced losses described in Sec. 3.1 should be equivalent in 
devices which have the same p^a, which determines the alpha particle orbit 

structure for a fixed Sr/a (island width), q(r) and R/a[17]. Thus the loss of 
E0=3.5 MeV alphas for a 5 T (circular) machine with a=2 m should be 
equivalent to that for alphas in TFTR at E ~ (0.8/2.0)2E0= 0.6 MeV. Since the 
MHD-induced loss fraction of near-birth energy D-D fusion product ions in 
TFTR can be up to = 10-30% (i.e. four times the expected first-orbit loss of 
=5% at 1.8 MA), and the calculated alpha loss at = 0.6 MeV is * 5-10% that of 
3.5 MeV alphas [Fig. 6(b)], then the inferred loss for 3.5 MeV alphas in ITER 
is only = 1-3% for a similar MHD mode. Obviously this is only a very crude 
estimate, particularly since this model has not yet explained the observed loss. 
However, alpha loss in ITER might be larger for MHD modes with a wide 
spectrum of (m,n) values, or modes which resonate with the alphas[18,28]. 

The pre-disruptive and delayed D-D fusion product losses measured at 
909, as shown in Figs. 4 and 5, suggest that added protection for the wall 
and/or divertor plates may be needed in ITER in the ion VB drift direction. 
Note that the total loss at 909 for MHD-quiescent R = 2.45 m plasmas does not 
significandy decrease between Ip = 1.4 MA and 2.5 MA (Fig. 2), mainly due to 
the delayed loss component at the higher currents. If this trend persists to even 
higher currents there may be up to a few-% delayed alpha loss in ITER. 
However, if this process could be understood and controlled, it might 
eventually prove useful for epithermal ash removal. 

5. Summary and Conclusion: 

Several D-D fusion product loss mechanisms have been examined in 
TFTR using an array of escaping fast ion detectors. Near the outer midplane a 
loss of trapped fusion product ions has been observed which is consistent with 
the theoretically-predicted stochastic TF ripple loss. At the vessel bottom the 
loss can increase to up to a factor of ~4 above the expected first-orbit loss level 
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First-orbit 
Stochastic TF Ripple 
Plasma Turbulence 
Plasma-driven MHD 
Sawtooth crash 
Pre-disruptive MHD 
Delayed loss 
ICRF induced 

*5-50%[2] 
«l-5%[3] 
<1%[2] 
< 10-30% 
« 1 % 
=1-10% 
«1-10% 
«1-10% 

Table 1: Single particle loss mechanisms observed for alpha-like D-D fusion 
products (and other fast ions) in TFTR, along with rough estimates for their 
effects on global alpha loss in TFTR D-T and ITER. The values for TFTR 
come from a mixture of experiment, modeling, and theory, and are uncertain by 
at least a factor of 2-3. The MHD induced loss estimates for ITER are based on 
the TFTR estimates plus modeling of MHD-induced losses vs. pj&. 

Alpha Loss Alpha Loss Fraction Alpha Loss Fraction 
Mechanism in TFTR D-T (est.) in ITER (rough est.) 

<1% 
=1%[31] 
<1% 
=1-3% 
« 1 % 
<1% 
= M0%(?) 

=1%(?) 

during large coherent plasma-driven MHD activity. Other non-classical loss 
processes which have been observed include a new delayed loss of trapped D-D 
fusion products at about half their birth energy, and an ICRF induced loss of 
minority tail ions and possibly fusion products. 

Table 1 gives a list of these "single-particle" loss mechanisms along 
with rough estimates for the global alpha loss expected for them during the 
TFTR D-T experiment and for ITER, based on these experimental results 
supplemented by the modeling and theory described above. Although presently 
only order-of-magnitude estimates, these results do suggest that global alpha 
heating in a high-current tokamak like ITER will probably not be seriously 
degraded by single particle loss processes. This is consistent with the generally 
good heating efficiency observed with high energy ions, and with previous fast 
ion confinement measurements in TFTR[32] and JET[33,34]. 

However, several of these mechanisms could result in =1% alpha 
energy loss, which is potentially enough to cause localized damage to the first 
wall or divertor plate of ITER (i.e. >2 MW). Therefore, more work needs to 
be done to evaluate the physical mechanisms and spatial distribution of these 
losses (poloidally, toroidally and radially). If this can be accomplished, along 
with the avoidance of collective alpha instabilities in D-T, then efficient and 
predictable alpha heating is likely to be obtained in ITER. 
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DISCUSSION 

D. MOREAU: Did you quantify the relative importance of stochastic diffusion 
and pitch angle diffusion inducing direct ripple well losses? Do you think that the 
delayed feature you observed could be explained by the combination of these two 
effects, namely that central ions first diffuse slowly into the bad confinement region 
and are then trapped in the ripple wells? 

S.J. ZWEBEN: Our detectors cannot measure ions lost through ripple well trap
ping with pitch angles —90°, but only ions with a parallel velocity corresponding 
to a pitch angle ;S80°. However, it is possible that pitch angle scattering could con
tribute to this delayed loss process, and the combined effect of slow internal diffusion 
plus stochastic TF ripple loss might explain this result. 

F.B. MARCUS: Concerning your delayed loss of lower energy fusion products, 
can you put an upper limit on the diffusion coefficient, taking into account the fact 
that only a fraction of the products reach the edge? 

S.J. ZWEBEN: We have not yet made this calculation. However, a simple 
upper limit for the diffusion rate would be D ~ a2/4r ~(1 m)2/4(0.1 s) = 2 m2/s. 
The actual diffusion rate will be lower since only ~5-10% of fusion products are 
lost in this way. 

Ya.I. KOLESNICHENKO: My question is about the influence of sawtooth 
oscillations on fast ions. Have you observed any differences in the effect of sawteeth 
on ions produced by NBI, ICRH and fusion reactions? 

S.J. ZWEBEN: For D-D fusion products the loss is increased only at the 
sawtooth crash (—100 fis). There may also be internal rearrangement of these 
particles, which is not measured for D-D fusion products, but which has been 
observed for NBI ions (through the neutron profile changes). For ICRH there is a 
burst of minority tail ion loss at the crash, but also a modulation of the loss with the 
central electron temperature sawtooth cycle. 
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Abstract 

IMPROVED DIVERTOR PERFORMANCE WITH BIASING ON THE TdeV TOKAMAK. 
Divertor plate biasing is used to increase the ExB flux in the scrape-off layer. This augments 
significantly the pressure in the divertor chamber and improves impurity retention, as demonstrated 
with injected impurities (Ne and He). Using modest cryosorption pumping in the divertor, He and 
Ne removal is also demonstrated, taking advantage of the higher throughput provided by biasing. 

1. Introduction 

Divertor heat removal, He ash exhaust, impurity retention, and higher 
pumping efficiencies are problems that must be solved for next step devices. 
Solutions to these problems all point in the direction of higher divertor plasma 
densities [1] leading to high recycling in front of the neutralizing plate with 
better divertor retention and the possibility of a radiative divertor. However, 
very high core plasma densities required for high divertor densities and 
pressures have yet to be demonstrated as acceptable fusion reactor scenarios. 
An alternative could be to work at lower main plasma densities and use 
plasma biasing to increase the divertor pressure and retention. Biasing would 
then be used as a knob to decouple the divertor requirements from those of the 
main plasma. 

Biasing on TdeV has been shown elsewhere to decrease the plasma-^wall 
interaction [2], reduce the plasma intrinsic impurity content [3], and affect the 

* The Centre canadien de fusion magn&ique is a joint venture of Atomic Energy of Canada Ltd, 
Hydro-Quebec and Institut national de la recherche scientifique in which MPB Technologies 
and Canatom Inc. also participate. It is principally funded by AECL, Hydro-Quebec and INRS. 

1 Hydro-Qu£bec, Varennes, Quebec, Canada. 
2 INRS-Energie et MatSriaux, Varennes, Quebec, Canada. 
3 MPB Technologies, Dorval, Quebec, Canada. 
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plasma rotation and stabilize the turbulence inside the separatrix [4]. This 
paper demonstrates rather significant improvements in divertor retention 
efficiencies with only modest biasing voltages applied to the divertor plates. 

2. Improved divertor efficiency 

The experiments are done on a boronized [5] machine with a low level 
of intrinsic impurities. Biasing is applied to the outer divertor plates 
connected to the separatrix in a double null configuration [6], as shown 
schematically in Fig. 1. The inner plates are electrically floated and used to 
ascertain that the separatrix is indeed at the desired potential with respect to 
the chamber first wall at ground potential. Biasing the separatrix sets up a 
radial electric field and the ensuing ExB flow to either the upper or the lower 
divertor depending on the field polarities. The separatrix position on the 
divertor plates is not critical for the results presented here. It is also to be 
noted that differential biasing, a form of current injection used on DIII-D [7], 
involves both radial and poloidal electric fields with large currents circulating 
in the SOL between two divertor plates. 

Figure 2 is a composite of 6 discharges to illustrate various effects of 
biasing on the divertor performance. Ne or He is injected in a short and very 
reproducible puff early in the discharge to assess the divertor retention of 
medium and light impurities [8]. Biasing is applied continuously between 310 

FIG. 1. Schematic of TdeV's double null and biasing geometry. 
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FIG. 2. Improved retention and pumping with the biasable divertor. Six reproducible discharges are 

shown. 1: 210 kA, BT: 1.5 T, R: 0.86 m, a: 0.27 m. 

and 900 ms, as indicated at the bottom of the figure. The discharges are very-
reproducible (Fig. 2 a) with line average densities controlled through H2 gas 
puffing. Figure 2 (b) shows the pressure increase in the upper divertor, in 
agreement with the preferential direction of the ExB flow. Similar increases 
were also observed on DIII-D [7]. Pressure gauges and mass spectrometers 
in the divertors are conductance limited, with long response times. Visible 
spectroscopy in the divertor, as well as VUV spectroscopy and soft X-rays 
from the core, are all consistent with a rapid pressure increase in the divertor 
when biasing is applied. 

A prototype cryosorption pumping station (2.5 m3/s for H2) was also used 
on some discharges in the upper divertor to assess divertor pumping 
enhancement with biasing. Figures 2 (b) and (c) demonstrate that pumping 
increases the H2 gas fuelling required to maintain the density but does not 
affect the divertor pressure obtained with biasing. Higher divertor partial 
pressures provided by biasing improve proportionally the pump throughput and 
the impurity removal capability of the divertor, as shown in Figs. 2 (d) and 
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FIG. 3. Divertor pressures versus biasing voltages for both polarities. Double null geometry, 
BT: 1.5 T, lp: 210 kA. 

(e). Figure 2 (d) indicates at least a 15% reduction (response time limited) 
of the He partial pressure (0.9 m3/s pumping speed for He) in the upper 
divertor when biasing is applied. This reduction is only about 7% (not 
shown) without biasing. Figure 2 (e) shows the soft X-ray emission from the 
central plasma when Ne is injected for four different biasing and pumping 
scenarios. The Ne contribution to the emission is reduced by half when 
biasing is applied, without pumping. Pumping (1 m3/s for Ne) reduces the 
emission by another half with biasing, but only by 25% for the case without 
biasing, in agreement with lower Ne partial pressures in the divertor without 
biasing. 

3. Higher divertor pressures with biasing 

Biasing allows for variation of the divertor operating pressure 
independently of the plasma density. Figure 3 shows the divertor pressure as 
a function of the biasing voltage for both polarities. Negative biasing 
produces a shorter density gradient scalelength in the scrape-off layer than 
positive biasing [2], possibly explaining some of the asymmetry between 
negative and positive biasing for the closed divertor geometry of TdeV. 
Single null operation, with negative biasing and the plasma moved upwards 
by 2 cm, further increases the upper divertor pressure by 30%. This is 
roughly consistent with the increased area of the SOL plasma now connected 
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FIG. 4. Divertor pressure versus plasma density. Double null geometry, BT: 1.5 T, Ip: 210 kA. 

to the outer divertor plate in a single null geometry. It was also verified that 
the ExB flow reverses symmetrically between the upper and the lower divertor 
when the toroidal field is reversed in a double null geometry. 

Negative biasing increases the upper divertor pressure almost linearly over 
the voltage range available (limited by arcing problems). This pressure 
increase is maintained over the entire density range covered on TdeV, as 
shown on Fig. 4 for a given biasing voltage. The upper divertor pressure 
increases very rapidly at higher densities, but a similar behaviour is also found 
without biasing. The power laws displayed in Fig. 4 are used as a guide and 
could obviously be replaced by a different functional form. The highest line 
average densities (-6x1019 m"3) can only be obtained with boronization and 
biasing. 

4. Improved impurity retention in the divertor 

Figure 5 shows the improvement in the divertor retention [8] with biasing 
for intrinsic (CO) [3] and injected (Ne, He) impurities, as well as for the H2 

fuel. Divertor retention for a given species is inferred, at equilibrium, from: 

dt xD xp xp Np 

where ND and NP are the total numbers of a given particle species in the 
divertors and the main plasma respectively, and xDP are the respective 

8. 
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VA no 

r\ r\A 
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FIG. 5. Impurities and H2fiiel retention in the divertors versus plasma density. Double null geometry, 
BT: 1.5 T, Ip:210kA. 

characteristic retention times. Partial pressures of Ne in the divertor chambers 
are measured with mass analysers and complemented with visible spectroscopy 
for a better response time. Ne levels in the plasma are inferred from the Ne 
missing in the divertors, knowing precisely the amount injected, and are 
verified to be consistent with UV line spectroscopic measurements coupled 
with the impurity transport code MIST [9]. He retention is also studied, 
although the particle balance for He is more difficult than for Ne, since He is 
affected by wall trapping. With proper wall conditioning and alternate 
discharges with and without He injection, one can demonstrate significant 
improvement in He retention in the upper divertor with biasing. Cryopumping 
is not used during the density scan in order to maintain good particle 
accounting. 

Since there is no evidence, from gas puffing or H„ measurements on H 
and transport experiments with Ne, that the particle confinement time was 
affected by biasing, most of the increases in x̂ /Tp can be associated with an 
increase of the retention time zD. As expected, Ne and H2 retention in the 
divertors improves with biasing and higher plasma densities. Interestingly, the 
amount of Ne or H2 retained in the upper divertor with biasing at a density of 
1.7xl019m"3 is as good as the retention for both divertors combined at 5.5xl019 

m'3 without biasing. Retention of He in the divertor is comparable to ref. [10] 
with biasing. However, higher divertor partial pressures allow for more 
efficient He pumping. 
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5. Conclusions 

The most important application for biasing may very well be its capability 
to increase significantly the divertor throughput and retention through the ExB 
flow in the scrape-off layer. The H2 retention increased almost linearly with 
the biasing voltage for the range covered so far on TdeV and, in some cases, 
modest biasing provided the same retention as central densities almost twice 
as high without biasing. This indicates that improved retention is not simply 
related to the total pressure increase, but is rather a direct effect of the electric 
field in the SOL. Modelling of the SOL with radial electric fields will be 
required for a better understanding. Data on divertor plate heat loadings with 
radial electric field, and experiments at higher biasing voltages and with 
auxiliary heating are also required for a better assessment of the biasing 
approach to a radiative, high recycling divertor. 
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DISCUSSION 

F. WAGNER: Could you please characterize the effects of biasing on the edge 
parameters inside the separatrix, in particular on density gradient and electron 
temperature. 

R. DECOSTE: Density gradients are similar inside the separatrix, although the 
density is higher with negative biasing. Ion and electron temperature measurements 
just inside the separatrix are not yet available. Poloidal rotation velocity based on 
impurities indicates that the electric field is reversed inside the separatrix. Toroidal 
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rotation velocity is consistent with neoclassical effects. Strong damping on fluctua
tions is consistent with shear inside the separatrix. 

H.L. BERK: Why is it that the density in the SOL increases when biasing 
improves the pumping? 

R. DECOSTE: Density may not be the most important criterion. It is the much 
higher flow velocity in the SOL to the divertor that becomes a very important factor 
for impurity removal. 
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Abstract 

HEAT TRANSPORT AND ELECTRIC CURRENT IN TOKAMAK BOUNDARY PLASMAS OF 
JT-60U. 

Particle transport, heat transport and current in the scrape-off layer and divertor plasmas under 
intense heating by neutral beam injection (NBI) are investigated in JT-60U. A significant broadening 
of the heat flux to the divertor is observed during the continuous ELM activity in H-mode discharges 
with IP = 3 MA and BT = 4 T. The PHEAT Se~°'45 leff67 scaling of the peaking factor of the heat 
flux Y = 2xRfqmax/PHEAT for beam heated discharges in JT-60U is extended to PNB = 25 MW. 
A Langmuir probe measurement has shown that current flows along the scrape-off layer from the outer 
divertor (higher T^) to the inner divertor (lower T^,) in high density discharges. The measured scrape-
off layer current was explained by a theory which includes the asymmetry of the electric pressure within 
a factor of two. 

1. INTRODUCTION 

In order to estimate impurity generation and material performance of the first 
wall in fusion reactors, it is necessary to predict the temperature of the divertor and 
the heat flux to the divertor. The divertor system for ITER represents one of the most 
difficult design tasks for ITER. The peak power loads on the divertor plates of 
< 15 MW/m2 are acceptable for steady state operation. Hence, the maximum value 
of the heat flux density at the divertor is an important parameter, and experimental 
scaling is required to predict the first wall behaviour in high density and high power 
beam heated discharges. It is expected that divertor conditions close to the conditions 
of fusion reactors will be realized under the full performance of JT-60U [1]. The 
study of heat and particle transport in JT-60U will provide a basis for prediction in 
these devices. 

Although an in-out asymmetry of the heat and particle fluxes between the inner 
and outer divertors has been observed experimentally, its theoretical understanding 
is not very deep [2]. This asymmetry depends strongly on the direction of the ion 
grad-B drift direction and drives the scrape-off layer current from the high electron 
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FIG. 1. Schematic view of IRTV system. 

temperature ( T ^ ) side to the low Tediv side [3]. Theoretical efforts have been made 
to investigate the mechanism of this scrape-off layer current [4]. Up to now no con
clusive picture of the scrape-off layer current has been obtained. We have measured 
the profiles of electron temperature, electron density and scrape-off layer current and 
carried out a direct comparison of experiment and theory. 

The profile of temperature at the divertor is obtained by an infrared thermogra
phy system viewing the divertor plates. Then, the heat flux density QHEATCR. 0 is 
calculated from the time evolution of the surface temperature (Fig. 1). The particle 
recycling profile at the divertor is obtained by 38-channel visible spectroscopy. 
The electron temperature and density in the divertor plasma are measured by a 
Langmuir probe array [5]. 

2. CHARACTERISTICS OF STEADY STATE HEAT FLUX IN H-
L-MODES 

AND 

In the H-mode, the steady state heat flux (steady state for - TE) is obtained 
during high Ti operation. Typical heat flux profiles in the high T; H-mode and the 
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FIG. 2. (a) Heat flux profiles in L- and H-modes; (b) heat flux profiles in the beam heated discharges 
and discharges with qeff = 3.8, with qeff = 6.5. 

L-mode are shown in Fig. 2(a). In the H-mode phase, the heat flux profile is symmet
ric or the maximum heat flux at the inner divertor is larger than that at the outer diver-
tor. In the L-mode, the heat flux profile exhibits asymmetry. The maximum heat flux 
density at the outer divertor is two to three times larger than that in the inner divertor. 
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When the effective safety factor increases, the peak heat flux density decreases. In 
Fig. 2(b), the heat flux profile at L-mode timing and the heat flux profile in another 
L-mode discharge with qeff = 6 . 5 are compared. The main plasma density and the 
total heat load to the divertor and the configuration are almost the same in these cases. 
The heat flux broadening is due to the longer connection length in the discharges with 
qeff = 6.5. 
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FIG. 3. Time evolution of typical H-mode discharge with continuous ELM activity. With the onset of 
the continuous ELM activity with a frequency of ~80 Hz, the heat and particle fluxes due to ELMs reach 
far out from the separatrix. 
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FIG. 4. Heat and particle flux profiles before and during continuous ELMs. The heat flux profile 
broadens, and the peak heat flux density is significantly reduced at both inner divertor and outer diver-
tors during continuous ELMs. 

3. BROADENING OF HEAT FLUX PROFILE DUE TO CONTINUOUS 
ELM ACTIVITY 

Since the frequencies of ELMs are higher than the sampling frequency (40 Hz) 
of the temperature profile measured by an infrared television (IRTV) camera, the 
heat flux during the ELM activity is the time averaged heat flux over the ELMs 
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period. In the case where the heat fluxes due to ELMs are deposited to the divertor 
regularly and the heat flux is not too large, the time averaged heat flux over the ELMs 
period can be measured. When the particle recycling level is relatively high, the 
pulsed heat flux at each ELM is mainly deposited to the inner divertor. As the particle 
recycling is reduced by wall conditioning, the fraction of the pulsed heat flux 
deposited to the outer divertor increases along with the improvement in H-mode con
finement [6]. 

Significant heat flux broadening due to continuous ELM activity is observed in 
ELMy H-mode discharges with IP = 3 MA, BT = 4 T and PNB > 20 MW, when 
the particle recycling level is low. Figure 3 shows the time evolution of a typical 
H-mode discharge with continuous ELM activity. With the onset of the continuous 
ELM activity with a frequency of ~ 80 Hz, the peak heat flux is reduced by about 
30% compared to that prevailing before the onset of the ELM activity. The heat and 
particle flux profiles before and during continuous ELMs are shown in Fig. 4. The 
heat flux profile broadens, and the peak heat flux density is significantly reduced at 
both the inner and outer divertors. The particle flux doubles over the divertor. The 
H-factor estimated at t = 7.2 s is 1.4. The broad heat flux profile is maintained until 
the end of neutral beam injection while no serious degradation of H-mode confine
ment is observed. 

Low particle recycling and regular ELMs are a prerequisite to achieving heat 
flux broadening. A low recycling level is required to obtain an H-mode plasma with 
good confinement and in-out symmetry of the pulsed heat flux. Although the higher 
ELM frequency is conducive to smoothing the pulsed heat flux during the ELMy 
phase, it degrades H-mode confinement [7]. The observed ELM frequency of 
~ 80 Hz seems to be compatible with improved H-mode confinement. The heat flux 
broadening due to the continuous ELM points out the importance of ELMs control 
and demonstrates the advantage of the ELMy H-mode over the L-mode, from the 
point of heat flux control. 

4. SCALING OF HEAT FLUX IN NB HEATED PLASMAS 

To investigate the transport in the scrape-off layer, the power scaling of the 
decay length in the scrape-off layer and the decay length at the divertor have been 
studied [8-10]. To predict the boundary plasma parameters in the fusion device, we 
note the peakedness of the heat flux at the divertor and investigate the transport of 
heat flux as a function of the global parameters in JT-60U. 

The peakedness of heat flux (in other words, the inverse width of the heat chan
nel) is determined by the competing processes of transport along the magnetic field 
and perpendicular diffusion of particles and heat. The heat and particle fluxes to the 
divertor and the connection length dominate the scaling by determining the electron 
temperature and density in the scrape-off layer and the divertor plasma. Then, the 
peaking factor of the heat flux at the outer strike point of the separatrix (the outer 
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divertor) Y is described by the total heat flux to the outer divertor, PHEAT, the line 
averaged density, lie, and the effective safety factor, qeff. The peaking factor Y, 
defined by Y = 27rRfqmax/PHEAT> is effectively the inverse of the scrape-off layer 
width. Here, 2irR is the toroidal circumference, and fqmax is the product of the 
expansion of the magnetic flux tube and the maximum heat flux density at the diver
tor. From a statistical analysis of the database, we have obtained the scaling of the 
peaking factor [11]: 

Y = 6.09PHEAT [kW]049 5. [xl019nr3]-0-45 q£61 

A steady state heat flux database was assembled from discharges with 
1.2 MA < IP < 3 MA (plasma current), 1 x 1019 m"3 < n̂  < 7 X 1019 nr 3 

(averaged density of the main plasma), 4 MW < PNB ^ 16 MW (NBI heating 
power), and 2.5 < qeff < 13 (effective safety factor). 

In addition to the original database, discharges with high power beam heating 
data are plotted in the scaling of Fig. 5. The neutral beam power is extended up to 
PNB = 25 MW and n,, = 8 X 1019m"3. The new data points are indicated by the 
larger symbols in the figure. As is shown in the figure, the scaling is still valid. The 
reduction of the peaking factor of the heat flux due to continuous ELMs is up to 
- 4 0 % . 

0 5 10 15 20 
PHEAT [kW]0-49 n e [x 1019 rrr3]-0-4 5 q^67 

FIG. 5. Scaling law of heat flux peaking factor for NB heated discharges. In addition to the original 
database, discharges with up to PNB = 25 MW and nt = 8 x I019 m~3 are plotted. 
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5. SCRAPE-OFF LAYER CURRENT 

The in-out asymmetry in the divertor plasma became significant as the main 
plasma density exceeded 2 x 1019 m~3 in OH plasmas. The electron temperature at 
the outer divertor (near the outer strike point of the separatrix in the lower X-point 
configuration) became higher than that at the inner divertor (near the inner strike 
point of the separatrix). The heat flux, particle flux and plasma pressure also 
exhibited an in-out asymmetry. Langmuir probe measurement has shown that current 
flows along the scrape-off layer from the outer divertor (higher T^y) to the inner 
divertor (lower Tediv) in these discharges. The scrape-off layer current density at 
each probe position is obtained by the probe current when the applied voltage van
ishes, Iprobe (Vbias = 0). The characteristics of the probes are given by 

Iprcbe (Vbias) = - I s
+ ( 1 - eXP ' V b ^ ~ V f 1probe 

Here, T ^ is electron temperature at the divertor, Vf is the floating potential and Is
+ 

is the ion saturation current. The profiles of the scrape-off layer current and the elec
tron temperature are obtained by an array of Langmuir probes which consists of 
15 probes, spaced 2-3 cm apart. When the direction of the toroidal field is reversed, 
the asymmetry of the electron temperature and also the direction of the current are 
reversed (Fig. 6). 
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On each flux tube, we have compared the scrape-off layer current with the theo
retical prediction, which is obtained by substituting the electron temperature and the 
electron density at both ends into the equation. The result is shown in Fig. 7. The 
scrape-off current model is applicable when a pre-sheath is formed. Pre-sheath for
mation is confirmed by the simulation code, which will be described in the next sec
tion. Since the current along the magnetic field follows 

J,/e = neTei Xn { — V, Pe - eV, V ) + X12 V| Te 

the electron pressure asymmetry observed in the experiment (up to 50%) invalidates 
the model [4] in which Vj Pe = 0 is assumed. Here, Tei is the Coulomb collision 
time and Xn and X12 are Spitzer-Harm coefficients. A modification to Stabler's 
equation reduced the discrepancy between Jjheory and J f , and we found that Jfp is 
explained within a factor of two. We have assumed Zeff = 1 and Tj = Te. The 
discrepancy between J{heoiy and Jfxp suggests that Zeff > 2 in the scrape-off layer. 

6. SIMULATION OF ENERGY AND PARTICLE TRANSPORT 

A transport simulation is carried out to clarify energy and particle transport in 
the scrape-off layer and the divertor plasmas [12]. In the simulation, neutral particle 
transport is simulated in a real divertor geometry by a two-dimensional Monte Carlo 
code. The fluid equation along the magnetic field is solved in the MHD equilibrium 
configuration, which is divided into 8 to 9 flux tubes with boundary conditions. Neu
tral particles are traced through the ionization and charge exchange processes and the 
wall reflection. By using this code, the radial profiles of electron temperature and 
density at the scrape-off layer are calculated, and the thermal diffusivity coefficient 
is estimated in L-mode beam heated discharges. The electron temperature measured 
by a Langmuir probe array and the heat flux profile measured by the IRTV system 
are used as boundary conditions. Figure 8 shows a simulation result from a beam 
heated discharge at PNB = 17 MW. The thermal diffusivity coefficient Xi is calcu
lated from the profiles of electron temperature and density in the scrape-off layer. 
The value of Xj. near the separatrix is about 2-3 m2/s; it increases in the outward 
direction. The measured particle recycling profile (Da intensity) at the spectroscopy 
chord is reproduced well by this simulation. 

7. DISCUSSIONS 

Here, we apply the scaling of the peaking factor of heat flux to the plasmas with 
the different major radius R and minor radius a. From the heat conduction along the 
magnetic field, 

P = q„ - ^ - 2irRA 2N 
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is obtained. Here, P is the total power to the scrape-off layer, qi is heat flux along 
the magnetic field, given by qi = (Ks/Ly) [Ts

7/2 - Tj/v], L| is the connection length 
to the divertor, given by Ly = 7rRqeff/N, where N is the number of null points, 
i.e. N = 1 is single null and N = 2 is double null. The subscripts s and div denote 
the scrape-off layer and the divertor, respectively. The power flow from the main 
plasma is given by 

P = Xx — S/2N 
A 

Here, x± is the thermal diffusivity coefficient and S the surface area. From these 
two equations, 

A"1 oe xl1'9 (NP/S)5'9 n"7'9 (qeff R/N)^ /9 

is obtained. On the assumption of ns <x n,., for simplicity, the right hand side can be 
replaced by (NP/S)0'49 n;0-45 (qeff R/N)"067. Then the generalized form of the scaling 
is given by 

y = 28PHEAT [kW]049 He [X 1019 n r V ' 4 S q # « R [m]"165 

x / _ 2 ^ Y ' 4 9
 Ni.3« 

where A and K are the aspect ratio and the ellipticity of the plasma cross-section. 
The main interest in this scaling lies in its application to the design of 

fusion reactors. The plasma parameters in the ITER ignition phase (P = 40 MW, 
n,. = 1.4 X 1020 m~3, R = 6 m, qeff = 3) give a heat channel width of A = 9 mm 
if P = PHEAT is assumed. The A = 5 mm estimate in Ref. [13] seems to be pes
simistic since a value larger than A = 8 mm is expected because of the reduction of 
PHEAT by radiation loss at the divertor. 

8. CONCLUSIONS 

The characteristics of heat flux to the divertor are investigated in H- and L-mode 
discharges. Significant heat flux profile broadening is observed during continuous 
ELM activity in H-mode discharges with IP = 3 MA, BT = 4 T and 
PNB > 20 MW. Without serious degradation in the H-mode confinement of the 
main plasma, the broad flux profile is maintained until the end of neutral beam injec
tion. A database analysis has shown that the scaling of the heat flux peaking factor 
on PHEAT it0A5 q $ 6 7 for NB heated discharges in JT-60U is extended to discharges 
with up to PNB = 25 MW and Re = 8 x 1019 m~3. The transport analysis in the 
scrape-off layer using neutral particle Monte Carlo simulation has shown that Xx is 
in the range of 2-5 m2/s in L-mode plasmas. 
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We have observed a scrape-off layer current increasing with the asymmetry of 
the plasma temperature. The observed asymmetry of the electron pressure may be 
attributed to the effect of Zeff > 2 in the framework of the scrape-off layer current 
model. 
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DISCUSSION 

M.G. HAINES: I would like to draw your attention to the paper I presented 
at the 1991 EPS Conference in Berlin, in which the large asymmetry in heat flux was 
found to be caused by asymmetric Child-Langmuir sheaths when current flows in the 
SOL between the two collecting surfaces1. Your results might support this model, 
since you found reversal of the asymmetry when you reversed the toroidal magnetic 
field (and hence poloidal current direction). Did you have the two collecting plates 
connected electrically or were they isolated? If the former, did you measure the cur
rent flow between the plates? 

1 HAINES, M.G., in Controlled Fusion and Plasma Physics (Proc. 18th Eur. Conf. Berlin, 
1991), Vol. 15C, Part in , European Physical Society (1991) 185. 



404 ITAMI et al. 

K. ITAMI: Our divertor is not isolated and so the scrape-off layer can flow. 
We estimate the effect of the scrape-off layer current on the heat flux to be ~20% 
at the separatrix, on the assumption that the contribution is ~ 3 JsTe. This contribu
tion is even smaller some distance away from the separatrix. Thus, our result appears 
not to be strongly affected by the existence of the scrape-off layer current. 

R.J. HAWRYLUK: There have been two recurrent themes at this meeting. 
First, in order to attain high performance there is a need to control wall and divertor 
recycling, as shown by the JT-60U group and others. Second, in order to decrease 
the heat flux in diverted discharges, there is a need to operate with high density dis
charge and high recycling. Indeed, P.H. Rebut has proposed for ITER a high recy
cling radiating divertor. The question, therefore, is this: is there an effective 
operating regime which optimizes plasma performance and decreases the heat load 
to the divertor? 

K. ITAMI: In our experiment, high density and low temperature are obtained 
only in high power L-mode discharges. A combination of ELMy H-mode and a 
closed divertor with gas puffing at the divertor chamber may be a solution. 

C.S. CHANG: In your study of heat load peakedness within the divertor plate, 
it seems to me that the ELM is reducing the power to the divertor plate instead of 
broadening it. It is important to verify that ELM activity does not cause the heat to 
go to the other vacuum wall. Have you verified this? 

K. ITAMI: Yes, we have. The total heat load to the divertor is larger during 
the ELMy phase. We have also checked the power balance and are confident that no 
power is missing. 
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Abstract 

INVESTIGATION OF IMPURITY INJECTION INDUCED MHD ACTIVITIES. 
MHD activities caused by impurity injection are investigated. Different perturbations of the toka-

mak plasma are observed, depending on the amount of material injected. The oscillations are identified 
as a set of rotating helical perturbations. 

It is well recognized that MHD activities play an important role in a wide 
variety of instabilities in toroidal devices. The controlled excitation of MHD modes 
allows a systematic study of their behaviour. In the past decades several experiments 
have been performed to induce MHD activities by external magnetic fields. In this 
paper the results of an investigation of MHD activities induced by impurity injection 
are presented. 

The experiments were performed on the MT-1M tokamak (R = 40 cm, 
a = 12.5 cm). All results were obtained with hydrogen gas filling, a toroidal 
magnetic field of BT = 1 T, a plasma current of Ip = 17 kA, a limiter radius of 
90 mm, qlim « 6 and a line averaged electron density of 2 x 1013 cm"3. Sodium 
impurities were injected into the plateau phase of the tokamak discharge in vertical 
direction, from the downside of the tokamak, by using the blowoff technique [1]. 
The target thickness was 4 nm, the typical spot size a few mm2 and the laser 
energy on the target a few hundred mJ. The blowoff beam lasted for a few hundred 
microseconds and contained a mixture of atoms and clusters/pellets. The line aver
aged electron density was increased by a few tens of per cent by the injection. The 
phenomena were examined by using the following equipment: 

— A monochromator with multiple spatial channels in the radial direction (along 
the injection line) to measure the line radiation of the sodium atoms. 

— Two VUV soft X ray cameras equipped with a series of filters in order to 
achieve wavelength selection [2]. The two cameras were mounted in the same 
toroidal cross-section vertically and horizontally, 60° apart in toroidal direction 
from the place of injection. 

— A set of Mirnov coils. 

405 
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By changing the parameters of the blowoff beam (spot size and laser energy) 
different perturbations could be observed in the target plasma. Depending on the 
amount of injected material one can distinguish three regimes: 

(i) On injecting a small amount of sodium no effect was observed on the global 
plasma parameters, and only the line radiation of the injected atoms could be 
detected, 

(ii) In case a high amount of sodium was injected oscillations with increasing 
amplitude could be observed on all diagnostics starting a few hundred ^s after 
the front of the blowoff beam had entered the plasma (Figs 1 and 2). As the 
injection lasted for several hundred /*s, the oscillations could also be observed 
on the line radiation of the sodium atoms. After another few hundred /*s a 
disruption preceded by one or more predisruptions appeared, 

(iii) Between the above two regimes only oscillations without disruptions appear. 
These oscillations can last for more than one ms with approximately constant 
amplitude. The time period of the oscillations did not change during one shot, 
but for different shots varied between 30 and 50 fis. 

In the experiments the cameras were equipped either with 10 fim beryllium or 
2 fim aluminium filters, setting the energy sensitivity range to 400 eV-10 keV and 
30 eV-80 eV, respectively. Because of the peaked electron temperature profile the 
cameras with 10 nm Be foil are only sensitive to the soft X ray radiation originating 
inside r = 50 mm (Fig. 1(a)), while, with the 2 fim Al foil, they can detect the 
radiation over the whole cross-section (Fig. 1(b)). Oscillations are clearly visible 
inside a radius of 60 mm, but also appear, with a small amplitude, at the plasma 
edge. 

FIG. I. Oscillations with increasing amplitude originating inside r = 5 cm (a) and over the whole 
cross-section (b). 
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Time (ms) 

FIG. 2. Intensity of oscillations versus time. 

Oscillations with the same frequency were detected in the edge plasma region 
by a visible monochromator tuned to the 5890 A resonance line of the sodium atoms. 
This line radiation was measured in the minor radius range of 50-110 mm. The 
oscillations on this signal appeared only at the edge of the plasma, r > 70 mm 
(Fig. 2). 

The relative phase shift of the oscillations on different channels of the cameras 
were determined by calculating the cross-correlation functions of the channels to a 
fixed channel of the horizontal camera. The results for the case of the Be foil are 
presented in Fig. 3(a). Similar phase shifts were observed in all shots; they did not 
change in time during the oscillations. 

The above results can be explained by the following model: The blowoff 
injection increases the electron density. At the q = 1, 2, 3 rational surfaces, pertur
bations of m/n = 3/1, 2/1 and 1/1 mode numbers appear. This structure rotates in 
toroidal direction with uniform angular speed, and the observed oscillations originate 
from this rotation. A simple calculation was carried out by using a perturbation 
described in a toroidal cross-section by 

I(r, 9) = I0 • w' sin (wt + m9 + A<£) 
(r - r0)2 + w2 

where r and 0 are poloidal co-ordinates and I0, r0, w and m are the amplitude, 
radial position, width and poloidal mode number of the perturbation, respectively. 
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FIG. 3. Phase versus radius for shot 43677 (a) and the simulation (b). 

In this model it is assumed that all perturbations rotate with the same angular speed 
and have the toroidal mode number n = 1. To simulate the phase shifts obtained with 
the Be foil two perturbations of the above form were superposed, with the parameters 
m = 1, w = 5 mm, r0 = 20 mm, A0 = 0 and m = 2, w = 10 mm, r0 = 35 mm, 
A<£ = 0. For the intensity ratio, Im = 2/Im = i = 1 was taken. In the measurement 
with the Be foil the m = 3 perturbation was not taken into account because the 
energy of the radiation coming from the estimated position of the q = 3 surface lies 
outside the sensitivity range of the camera. The calculated phase shifts with the 
measured ones can be seen in Fig. 3. Such phase locked m = 2 and m = 1 perturba
tions have also been reported before disruptions [3]. 

By using phase shift data obtained from the measurements with the Al foil at 
the edge of the plasma the oscillations in the line radiation of the injected sodium 
atoms are supposed to be an m/n = 3/1 perturbation. As the phase shifts measured 
with the Al foil are always the same, this mode is also locked to the inner m = 2 
and m = 1 modes. The radial distribution of the perturbation is determined from the 
oscillations in the line radiation of the sodium atoms (Fig. 2). As this signal is not 
chord integrated, but local it is evident that no oscillations are present around 
r = 70 mm. From this fact we can conclude that the m = 3 mode exists spatially 
separated from the m = 2 and m = 1 modes. 
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Abstract 

HEAT TRANSPORT AND TURBULENCE IN TORE SUPRA OHMIC DISCHARGES. 
Transport analyses and fluctuation measurements have been made in TORE SUPRA Ohmic dis

charges to investigate the origin of energy confinement time saturation. No major changes in ion heat 
transport nor any onset of an ion turbulence are observed to appear at the saturation point of the confine
ment time, which then seems to be governed by the electrons. With the hypothesis of pure electronic 
turbulence, the persistent ion feature observed in the turbulence spectra may be due to a Doppler shift 
linked to an inversion of the radial electric field near the edge of the plasma. 

1. INTRODUCTION 

As in many other tokamak devices, the Ohmic energy confinement time 
increases on TORE SUPRA with the average density and saturates above a critical 
density. The cause of this saturation may be attributed, among many candidates, to 
an impurity effect on drift trapped electron modes, to a @ effect on »?e turbulence or 
to the onset of an ionic turbulence; this last possibility has been investigated in detail 
in this paper. 

For this purpose, experiments have been performed in a set of stationary 
deuterium Ohmic discharges in TORE SUPRA with Ip = 1.65 MA, B = 4.0 T, 
R = 2.35 m, a = 0.78 m, q^ = 3.5, and the density varying from 0.9 to 
4.2 x 1019 m~3 on a shot to shot basis. Transport analysis and fluctuation measure
ments for these shots have been made and will now be described. 
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2. CONFINEMENT AND TRANSPORT ANALYSIS 

The energy confinement time found by magnetic measurements (Fig. 1(a)) 
agrees well with the Alcator law up to a critical density of 2.5 x 10" m - 3 where 
saturation occurs. The electron energy content, Wthe, calculated from the density 
and temperature profiles (Fig. 1(b), black triangles), presents a saturation for 
<ne>„ ~ 2 x 10" m~3, before confinement time saturation. The total ion energy 
content, Wthi, which has been calculated by including impurities (Fig. 1(b), white 
triangles), shows a change of slope but no saturation. Therefore, the ion behaviour 
seems to be governed by dilution and equipartition effects. The total energy content 
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(W,,, = W,],,, + Wthj) is comparable to the diamagnetic energy, Wdia, and increases 
linearly with the density up to <n,.>cr, where smooth saturation occurs. 

The electron thermal diffusivity, xe>
 n as been obtained by a local transport 

analysis code LOCO [1]; it decreases when the density increases and also attains 
saturation at ~ 2 x 1019 m~3 (Fig. 2(a), black circles). An independent analysis 
made by heat pulse analysis following the sawtooth crash gives a XHP (Fig- 2(a), 
crosses) that shows the same behaviour, except for the usual scale factor between 
these two methods. Finally, the ion heat difmsivity in the confinement region 
(Fig. 2(a), open circles) is well above the neoclassical value, even at low densities, 
and there is no evidence of degradation of the ion energy confinement at the critical 
density. 
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No contradiction lies in the fact that confinement time saturation occurs for 
average densities higher than n<.r. At this density, no equipartition between electrons 
and ions is achieved; thus, although the electron energy content saturates, the total 
energy content goes on increasing with density until T; = Te is reached. 

3. FLUCTUATION SPECTRA 

Density fluctuation measurements have been performed on the same discharges 
with a C02 laser scattering experiment [2]. This diagnostic was arranged along a 
central vertical observation chord in order to analyse the turbulence stemming from 
the lower edge of the plasma, with wavenumber kx = 600 m_ 1 and Ak = 70 m _ l . 
The turbulence level, integrated over the frequency range 10 kHz-1.5 MHz, is found 
to be correlated with the electron heat diffusivity variation with the average density 
(Fig. 2(b)). 

The measured frequency spectra often present a particular feature with two 
asymmetric humps, with shifts of different amounts towards positive and negative 
frequencies. For the experiments presented above, this feature exists at all densities 
(Fig. 3). The spatial resolution provided by the diagnostic and the heterodyne detec
tion technique allows us to associate the positive and negative spectral shifts (in the 
laboratory frame of observation) with the electron and ion diamagnetic directions, 
respectively. As the diagnostic is intended to analyse the turbulence originating from 
the lower edge of the plasma, the higher hump corresponds to a rotation in the elec
tron drift direction. The lower hump definitely cannot come from the upper part of 
the plasma (i.e. lack of localization), for several different reasons: first, this second 
peak decreases when the analysed volume is moved towards the plasma centre; 
secondly, the absolute frequency values of the two peaks are different; and, finally, 
their shapes are often different (Gaussian versus Lorentzian). Therefore, waves 
propagating in the ion drift direction in the laboratory frame exist at all densities. 
When the density decreases, the difference between the two peaks increases, and they 
are separated more distinctly. Since this ion feature exists at all densities, confine
ment time saturation cannot be explained by the onset of an ion turbulence. 

In addition to the transport analysis presented above, a comparison of the actual 
ion temperature and density gradients with the theoretical thresholds [3] indicates that 
the ion temperature profiles remain in the stable region at all densities. The existence 
of an ionic turbulence existing at all densities is therefore unlikely. Nevertheless, this 
shape with two humps can be explained by the existence of a velocity shear layer with 
an inversion point of the radial electric field near the edge. 

As a first simple model, a Doppler shift frequency profile is taken with a nega
tive and constant frequency shift between the plasma centre and the inversion point, 
and a positive shift at the edge. This profile is then convoluted with a Gaussian (or 
Lorentzian) turbulence frequency spectrum, and with the instrument function, which 
is related to the spatial resolution [4]. A best fit with the observed frequency spectra 
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4.2 x 10'9 m'3. 

is made, giving the position of the inversion point as well as the frequency shift and 
width of the local spectrum. For all the densities considered, the inversion point has 
been calculated to be at r/a = 0.92 ± 0.05. The turbulence propagates in the electron 
diamagnetic direction in the inner part of the plasma, corresponding to a radial elec
tric field pointing inward. Outside this inversion point near the edge, where the turbu
lence level is higher, the propagation of the turbulence is in the ion diamagnetic 
direction, with an electric Field pointing outward. 
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FIG. 4. Best fit of an experimental spectrum by Gaussian and Lorentzian Junctions. 

An extension of the model, with a smoother transition between the two zones, 
does not yield a better fit. Good agreement between calculated and experimental 
spectra therefore requires a very sharp change around the shear layer. Finally, the 
frequency spectrum seems to be Gaussian in the bulk and Lorentzian near the edge 
(Fig. 4). A more complete analysis and interpretation are now under investigation. 

CONCLUSIONS 

In TORE SUPRA, neither the onset of an ion turbulence nor any major changes 
of ion heat transport are observed to appear at the saturation point of the energy con
finement time, which then seems to be governed by the electrons. With the hypothesis 
of pure electronic turbulence, the persistent ion feature observed in the turbulence 
spectra may be due to a Doppler shift linked to an inversion of the radial electric field 
near the edge of the plasma. 
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A b s t r a c t 

OHMIC H-MODES IN THE STOR-M TOKAMAK. 

H-mode like discharges are induced in the STOR-M tokamak by turbu
lent heating (TH) pulses and by plasma biasing. Both TH and biasing induced 
Ohmic H-modes are characterized by increases in the electron density and global 
energy confinement time, and by reduced Ha radiation. TH induced H-modes 
are accompanied by reduced edge density/magnetic fluctuations, steeper edge 
electron density profiles, suppression of sawtooth oscillations, and lower plasma 
potentials. 

1. Introduction 

In a prototype small tokamak, ST0R-1M, it has been observed that a 
short current pulse superimposed on a quasi-steady Ohmic current induces 
a higher density Ohmic phase with improved global energy confinement 
time [1]. Application of a short current pulse was intended for turbulent 
edge heating through the formation of a transient skin current profile. For 
a sufficiently large current ramp-up rate, the qa = 2 MHD barrier can be 
crossed without disruption, and MHD stable discharges with qa ~ 1.7 have 
been achieved [2]. The improved Ohmic phase in ST0R-1M was character
ized by a reduced H a radiation level and reduced edge density/magnetic 
fluctuations. 

Similar experiments have since been performed in a larger tokamak, 
STOR-M. Improved confinement induced by a current pulse has been re
produced in STOR-M, and characteristics of the improved Ohmic phase 
will be presented in this paper. One of the findings made for the current 
pulse induced Ohmic H-mode is that the main discharge automatically 

1 Permanent address: Kumamoto Institute of Technology, Ikeda, Kumamoto, Japan. 
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lowers the edge plasma potential relative to the limiter which, in STOR-
M, is electrically connected to the vacuum chamber. This observation has 
prompted external biasing experiments in STOR-M, similar to those re
cently conducted on other tokamaks [3,4]. Biasing of either polarity (posi
tive or negative) has been observed to induce improved confinement with 
a higher electron density and a reduced H 0 radiation level. However, in 
contrast to the current pulse induced H-mode, no significant reduction in 
edge density/magnetic fluctuations has been detected. 

2. Experimental Results 

2.1 . S T O R - M Tokamak and Diagnostics 

STOR-M is an Ohmically heated iron-core tokamak with R/a = 46/12 
cm. The nominal toroidal magnetic field is 0.7 T. Experiments reported 
in this paper were performed with IOH = 20 — 30 kA, Vj ~ 3 V. The 
tokamak is equipped with a feedback position controller, a gas puffer, and 
a set of poloidal coils to induce a current pulse (20 kA, 100 /xsec duration) 
superimposed on the quasi-steady Ohmic current. An electrode having an 
area of 2 cm X 10 cm and thickness of 0.2 cm located at r = 10 cm, 6 = 0, 
is used for biasing experiments. 

Plasma properties are measured by the following diagnostic tools. 
The line averaged plasma density is routinely monitored by a 4 mm mi
crowave interferometer. A visible spectrometer is employed to monitor the 
H a and impurity emissions along a horizontal chord through the plasma 
centre or along a vertical chord at the plasma edge. A soft X-ray imaging 
system equipped with surface barrier diodes monitors the electron tem
perature and sawtooth activities. Movable Langmuir and magnetic probe 
pairs are used to detect the edge density and magnetic fluctuations and 
their propagation properties. The Langmuir probes are also used to mea
sure the plasma space potential, floating potential, electron temperature 
and density in the scrape off layer (SOL) as well as in the edge region. 
The edge density fluctuations are also monitored by a 17 GHz microwave 
reflectometer. 

2.2. Ohmic H-Mode Induced by Current Pulse 

Figure 1 shows the waveforms of plasma current, loop voltage, H a 

radiation level, electron density and soft X-ray emission from a centre chord 
when a 20 kA (100 //sec duration) current pulse is applied at t = 16 msec on 
an Ohmic discharge (25 kA). After the current pulse, the electron density 
starts increasing and becomes saturated at 1.5 times the Ohmic level. The 
density increment occurs when the input power associated with the current 
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FIG. I. Characteristics of an Ohmic H-mode induced by a current pulse, (a) Discharge current, 
(b) loop voltage, (c) line averaged electron density, (d) Ha radiation, (e) floating potential measured 
at r — 12 cm, and (f) soft X-ray signal (centre chord). 

pulse exceeds a threshold of ~ 180 kW which is approximately 3 times 
the nominal Ohmic power. No significant increase has been observed in 
various impurity radiation levels during the improved confinement phase. 
Also, experiments with artificial contamination by puffing CO2 gas into 
the tokamak are unable to recover the fast density increase as achieved by 
the current pulse. The density increase following the current pulse thus 
appears to be the result of improved particle confinement. The reduced HQ 

radiation level from the plasma edge also supports this conclusion. Other 
characteristics accompanying the improved Ohmic phase are: (a) a steeper 
edge density profile, (b) enhanced negative radial electric field at the edge, 
(c) reduced edge density/magnetic fluctuations, and (d) almost complete 
suppression of sawtooth oscillations for several msec after the current pulse. 

The duration of the current pulse is shorter than the magnetic 
diffusion time and the formation of a skin current is thus expected during 
the current rising phase. Ohmic energy associated with the current pulse 
is preferentially deposited at the plasma edge which may be responsible 
for the changes in the edge parameters and consequent confinement im
provement. Correlation analyses of density and magnetic fluctuations in 
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the plasma edge reveal linear dispersion relations for ne and BT for fre
quencies below 350 kHz. In the edge (r < a), the propagation direction 
of the fluctuations is in the electron diamagnetic drift direction, while in 
the SOL (r > a) , they propagate in the ion diamagnetic direction. In both 
regions, the propagation velocity is close to the local E X B drift. High fre
quency components (50 kHz to 500 kHz) of both density and magnetic edge 
fluctuations are strongly suppressed during the Ohmic H-mode following 
the current pulse. Low frequency components ( / < 50 kHz) largely remain 
intact, however. The dominant high frequency components ( / « 250 kHz) 
are characterized by a poloidal wavenumber of the order of the inverse skin 
depth kg « Wpe/c. 

The mechanism of sawtooth suppression is not clearly understood. 
Attempts to detect radially inward heat pulse propagation following the 
edge heating were not conclusive. The suppression of sawtooth oscillations 
occurs within a few tens of /xsec after the pulse, which is shorter than any 
transport t ime scales envisaged in STOR-M. 

2.3. Effects of P lasma Biasing 

As shown in fig. 1, the plasma floating potential is significantly low
ered during the improved confinement phase following the current pulse. 
Corresponding density profile steepening and a more negative radial elec
tric field at the plasma edge are closely correlated with the autobiasing. In 
order to see if artificial external biasing can cause similar changes in the 
edge discharge conditions, a stainless steel plate electrode (2 cm x 10 cm 
X 0.2 cm) was inserted at r = 10 cm, 6=0 and biased either negatively 
or positively relative to the vacuum chamber. The bias voltage is varied in 
the range —400 V < Vb < 160 V. No significant change in the discharge 
parameters is observed for -150 V < H < 0 V. For Vb < - 1 5 0 V (H_ 
mode) and Vb > 0 V (H + mode), an increase in the line averaged electron 
density is observed. Figure 2 shows the waveforms of discharge parameters 
for positive (A) and negative (B) bias. The reduction in H a radiation is also 
seen. The following empirical relationship describes the density increment 
with the bias voltage, 

An e = 2.9 x 1010 x Vb(V) cm"3 for Vb > 0 V 
= 1.8 x 1010 x (|1*|(V) - 150V) cm"3 for Vb < - 150 V. 

The global energy confinement improves by up to 60% depending on the 
bias voltage. 

The electrode draws a maximum radial current of Ib ~ 20 A with 
either positive or negative bias. The heating power associated with the 
bias is less than 8 kW. The amplitude of Ib remains roughly constant 
throughout the density increment for the H + mode, but decays during the 
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density flat-top and ramp-down phase for the H_ mode. In both cases, the 
H a emission drops immediately after biasing, and slowly increases to the 
unbiased level. Impurity emission (Oil and CHI) behaves similarly to H a 

for the H_ mode, but increases for the H + mode. 
The plasma floating potential monitored by a Langmuir probe at 

r = 11.5 cm remains negative even for positive biasing. In contrast to the 
improved Ohmic phase induced by a current pulse, no changes in the edge 
density /magnetic fluctuations have been observed during bias induced im
proved confinement. 

3. Conclusions 

In the STOR-M tokamak, Ohmic H-modes can be induced by applying 
a short current pulse (edge heating) and also by external plasma biasing. 
Both types of Ohmic H-modes are characterized by a density increase, and 
a reduction in H a radiation. An enhanced negative radial electric field at 
the plasma edge has been observed in the H-modes induced by the cur
rent pulse and negative biasing. The H-mode induced by the current pulse 
exhibits reduced edge density/magnetic fluctuations and sawtooth sup
pression, and occurs when the additional heating power exceeds 3-4 times 
the Ohmic power. In the bias induced H-modes, no significant changes in 
fluctuations are observed. 
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Abstract 

MEASUREMENT OF HELIUM TRANSPORT IN JET. 
A perturbative measurement of helium confinement in deuterium plasmas was made 

using neutral helium beams as a central source. Evolution of the helium ion density profile 
was measured using charge exchange spectroscopy. It was found that the influence of delayed 
photon emission from hydrogen-like helium, the plume effect, must be included in the 
deduction of helium densities. Central fuelling into L-mode discharges was found to produce 
peaked helium ion density profiles. This peaking disappeared within 50 ms of termination of 
central fuelling. Simulation using 1%~D impurity transport code reproduces the central 
peaking during fuelling with a core diffusion coefficient of 0.3±0.1 m2/s. On the other hand, 
the rapid loss of peaking can only be simulated with a diffusion coefficient four to five times 
greater. This discrepancy is not understood. Iron ablation into the same discharge was used 
to compare low- and medium-Z impurity transport. Again using the transport code, the core 
diffusion coefficient is found to be 0.125 m2/s. In H-mode experiments, it has not been 
possible to produce peaked helium density profiles. As in the L-mode discharges, this 
suggests rapid loss of helium from the plasma core. 

1. INTRODUCTION 

Measurements in JET have shown that particles are intrinsically much better 
confined than energy [1,2], The recognition that the consequent helium ash 
accumulation threatens long pulse operation of D-T tokamak plasma 
experiments has made investigation of helium confinement and removal an 
important R&D issue for ITER [3]. Exploration of these questions has been 
undertaken in JET [4] and elsewhere [5,6]. Using neutral beams of 130 keV 
helium atoms as a known central source of helium in the plasma, we have 
measured the evolution of the resulting fully-ionised helium ion density 
profiles in 2.8 T, 3.5 MA deuterium discharges. L- and H-mode plasmas were 
compared at similar input power levels by comparing elongated limiter 
discharges (L-mode) with double null X-point discharges (H-mode). These 
experiments were performed in sawtooth-free discharges so that differences 
due to diffusive, local transport could be more easily distinguished. In order 
to compare helium transport with transport of medium-Z impurities in JET, 
iron was injected into the same sequence of discharges using the laser ablation 
technique. 

423 



424 HORTON et al. 

2. THE PLUME EFFECT IN JET 

The main diagnostic for the determination of helium ion density profiles on 
JET is the charge exchange spectroscopy (CXS) system. The details of the 
system and its application to impurity ion density measurements have been 
published elsewhere [7]. Reliable determination of helium density profiles 
and gradients is required, placing great demands on the accuracy and 
precision of the charge exchange measurements. In situ calibration was carried 
out in order to verify the absolute calibration of our CXS diagnostic and the 
exact geometry of the interaction volume between the diagnostic lines-of-sight 
and the deuterium beams. Another known influence on CXS measurements of 
helium is the so-called plume effect [8]. Since beam attenuation causes the 
desired prompt signal to vary by up to an order of magnitude, the relative 
contribution of the plume is found to change over the spatial extent of the 
measurements, thus directly influencing the determination of the gradients. 
This effect depends critically on the neutral beam and diagnostic geometry. 

The JET CXS profile diagnostic consists of a fan of 12 nearly horizontal 
chords which cross one of the two neutral beam heating systems on JET. The 
radial extent of the interaction volume is of the order of 5 cm, which 
determines the optimum spatial resolution of the measurement. The viewing 
mirror is above the mid-plane with the view being slightly downwards so that, 
for normal toroidal field and plasma current, the magnetic field lines outside 
the magnetic axis have the opposite tilt to the viewing lines. 

When a neutral beam is injected into a plasma such as that of JET, it is 
attenuated primarily by a combination of ion impact ionisation and charge 
transfer with target ions. Since the target ions in the JET plasma core are fully 
ionised, the result of the charge transfer collisions is a population of excited 
hydrogen-like ions. The radiation from these ions as they relax back to their 
ground state is the basis for CXS (the prompt signal). The hydrogen-like ions 
are far out of their ionisation balance and thus reionise quickly. However, at 
the ion temperatures typical of JET, their ionisation length is several metres. 
Since there is a significant probability of reexcitation and emission before 
ionisation, these hydrogen-like ions contribute to corruption of both the 
absolute level and spatial localisation of the impurity density measurement. 
Following [8], we have calculated the expected plume contribution to our 
measured signal for the geometry and plasma conditions specific to our 
helium experiments. This involves calculating a source term for the 
hydrogen-like ions and solving for their transport along magnetic field lines 
assuming free streaming at thermal velocities: 

v,—^- = nbnlqcx —f-

where n\ and «*-1 are the densities of the fully stripped and hydrogen-like 
impurity ions, respectively, v„ is the parallel velocity of the hydrogen-like 
impurity ions, nb is the neutral beam density, q*°l is the total rate for charge 
transfer from the beam to the target impurity ion, and x^ is the hydrogen-like 
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impurity ionisation time. Solving this equation numerically for each point 
along the viewing line, the simulated plume signal can then be constructed by 
integration. Differences as large as 50% are found between our deduced 
helium densities and those one would find if the plume effect were ignored. In 
fact, in view of the uncertainties of the correction, we have adopted the policy 
of disregarding points with predicted plume corrections of more than 30%. 
These points are in any case the ones with the largest fitting errors. It is worth 
noting, as a demonstration of the calculation's sensitivity to geometry, that the 
plume correction is twice as large for JET discharges with reversed toroidal 
field or current so that the magnetic field lines tend to follow the viewing line 
tilt. 

3. EXPERIMENTAL RESULTS AND INTERPRETATION 

The helium ion density profiles are shown in Fig. 1 for an L-mode discharge. 
In this shot the helium fuelling beams were on for one second until 45.5 s after 
which time the helium profile was relaxed to its equilibrium profile. The 
central peak in the helium density has approximately the same width as the 
calculated beam particle deposition profile. This peak disappears within 50 
ms of the termination of central fuelling. Modelling of the evolution of the 
helium density has been performed using a 1 ^ - D transport code. During 
fuelling, the density gradient in the plasma core can be reproduced using a 
central helium diffusion coefficient of 0.3±0.1 m2/s. In contrast, simulating 
the rapid loss of density peaking requires a core diffusion 4-5 times larger. 
This large discrepancy is not understood. However, these discharges were 
specifically designed to be sawtooth-free and had a continually evolving 
current profile. The requirement, in the simulations, of an explicitly time-
dependent diffusion coefficient may be related to the nonstationary target 
plasma conditions. 

In the sequence of discharges used for the helium transport experiments, 
iron was injected into the plasma using the laser ablation technique. Using 
measurements of soft X-ray, VUV, and XUV emission, it is possible to 
deduce the diffusive and convective transport coefficients for iron [9]. For the 
same L-mode discharge as described above, the data can be satisfactorily 
reproduced with a diffusion coefficient which increases from 0.125 m2/s in the 
plasma centre to 1.9 m2/s at the edge. This hollow diffusion coefficient 
profile is typical of those seen on JET [9]. In addition, the VUV spectroscopic 
data can only be reproduced by including a region of reduced particle 
transport at the edge. Despite the uncertainty in the interpretation of the 
helium data, it appears that the central helium confinement is rather worse 
than that of iron. Differences between helium and iron transport have also 
been reported in TFTR [10]. 

It was not possible to produce any measurable peaking of the helium 
density profile in H-mode pulses. The measured profiles are shown in Fig. 2 
for an H-mode which was at low enough density to still have the helium 
particle fuelling strongly peaked on axis. It thus appears that the fluxes of 
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helium in the plasma core must be quite large. Exhaust of helium from such an 
H-mode discharge is then likely to be limited by the size of any reduced 
particle flux at the plasma edge. In fact, the influx of helium drops during the 
H-mode, following the typical time evolution which is seen in H a emission. 
Since the helium is completely recycled in these experiments, this implies a 
reduced efflux of helium from the plasma. As such, conclusions on helium 
exhaust in H-modes are only possible in experiments which combine a central 
source and an active helium pumping system. Attention will be focussed on 
these experiments during the JET pumped divertor phase of operation. 
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Abstract 

THE IMPACT OF INCREASED TOROIDAL FIELD RIPPLE IN JET. 
Cases of operation of JET with 16 and 32 toroidal field coils are compared. In L mode plasmas 

with neutral beam injection (NBI), a loss of diamagnetic stored energy of about 30% is observed. In 
H mode plasmas with NBI, it was found that in the 16 coil case no elm free H mode could be sustained. 
With ICRH, in 16 coil L mode plasmas, a severe reduction of heating efficiency and a loss of fast 
minority particles were observed. The fast ion spectra are in qualitative agreement with the theory of 
stochastic ripple diffusion. 

1. INTRODUCTION 

In this paper we describe a series of experiments in JET, aimed at addressing 
experimentally the physics issues associated with toroidal field ripple [1, 2, 3]. 
One of the main objectives was to obtain experimental data on stochastic 
diffusion losses, in order to obtain a test of the theoretical predictions [4]. 

In these experiments, JET was operated with 16 TF coils, instead of the 
full set of 32. At the plasma edge, this results in an increase of the ripple from 
1% to 10%. In the plasma centre, the ripple with 32 coils is negligible, ie. 
<10-6. With 16 coils, it is of order 10"3. A series of experiments on global 
plasma performance and fast particle losses is described in the following 
sections. 

2. L-MODE DISCHARGES WITH NBI 

In Fig. 1, the effect of 16 coil operation on an L mode discharge with NBI 
heating is shown. The toroidal field is 1.4T, the plasma current is 2.5MA. 
The densities of the two discharges, under feedback control, are equal until 
about 7s, when a carbon influx occurs for the 16 coil shot. This is thought to 
be due to the localisation of the heat load on the innerwall in the rippled field. 

The diamagnetic energy is reduced by about 30% in the 16 coil case. 
There is a reduction of about 10% in central electron temperature, 20% in 
central ion temperature. The D-D reaction rate, dominated by the beam-
plasma fraction, is reduced by about 25% (up to 7s). In the 32 coil case the 

1 See Appendix to IAEA-CN-56/A-1-1, this volume. 
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FIG. 1. Comparison between NBI L mode discharges with 16 (solid traces) and 32 (dashed traces) 
coils. Shown are NBI power, volume averaged density, diamagnetic stored energy, central electron and 
ion temperatures, D-D fusion reaction rate and central rotation velocity. 

central plasma rotates toroidally at a velocity of about 10s m/s, driven by the 
beam momentum. In the 16 coil case, the plasma rotation is suppressed to 
within the measurement error, across the whole plasma. 

We have no satisfactory explanation for the loss of diamagnetic energy. 
The estimated loss of NBI ions which are born in, or pitch angle scattered 
into, the ripple well loss cone is of order 10%. Because the NBI loss only 
affects the edge of the plasma, the effect on energy confinement is expected to 
be very small. Work is still ongoing to estimate the effects of collisional 
ripple diffusion at low energies. 

3. H-MODE DISCHARGES WITH NBI 

H mode discharges were made in an X-point configuration at a toroidal field 
of 1.4T and plasma currents of 2.0 and 2.5MA. The gradient drift direction of 
ions is vertically upward, towards the carbon dump plates. 
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FIG. 2. Comparison ofNBI H mode discharges with 16 (solid traces) and 32 (dashed traces) coils. 
Shown are NBI power, vertical Da signals for 16 and 32 coils, respectively, volume averaged density 
and diamagnetic stored energy. 

With 32 coils elm-free H modes could readily be obtained with an NBI 
power level of 1.5MW. With 16 coils, the H mode threshold appeared not to 
be significantly higher (between 1.5 and 3MW). However, elm-free H modes 
cold not be obtained, even up to NBI power of 10MW. A comparison 
between 32 and 16 coil H modes is shown in Fig. 2. The 16 coil case shows 
the signature of a very elmy H mode on the vertical D a signal. The 
characteristic density rise is absent, and the confinement is hardly improved 
over L mode. 

A probable explanation for this is the transport due to ripple trapping. 
Stringer [5] has calculated the enhancement over neoclassical transport by 
ripple well trapping. With high ripple (5%), the ion heat diffusivity: 

Xi,rippie/Xi.neo2:30 8 ^ fil-5 (vWii/CqR))2 

Substituting typical H mode edge parameters, Ti = 500eV, and 8 = 10% for 
the 16 coil case, yields an enhancement factor of 400, making the ripple 
transport of the order of, or larger than, the L mode transport. The ripple 
transport will not allow a high edge temperature gradient. No H-mode seems 
possible then. 
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4. EFFECTS ON ICRH MINORITY PARTICLES 

The loss of fast ICRH minority particles was explored by second harmonic 
heating of H minority. A high energy neutral particle analyser was used to 
measure the H° energy spectrum, in the 0.5 to 2MeV range. During these 
experiments, the toroidal field was 1.4T and the plasma current was 2.5MA. 
The ICRH resonance location was varied by varying the ICRH frequency. 

In Fig. 3, the fast H° flux spectra for a 16 and a 32 coil discharge are 
shown for a resonance location of 3.34m, ie. ICRH frequency 42.6MHz. The 
figure shows that a large fraction of the fast particles is lost, especially at 
higher energies, from the high ripple discharge. This loss of minority particles 
leads to a loss of ICRH heating. In Fig. 4, the relative ICRH heating 
efficiency, defined as tinc,l6/'cinc,32 with tinc= dWdia/dPicrti. is shown, as a 
function of the major radius of the resonance. 

High energy ICRH minority particles are subject to stochastic diffusion 
losses. These losses, for banana trapped particles only, arise from the non
exact cancellation of the vertical drift, when averaged over the bounce motion 
in a non-axisymmetric field. Particle loss is vertical, because both energy and 
magnetic moment are conserved. An expression for an effective diffusion 
coefficient is given by Yushmanov [6]. 

2 3 4 
R(m) 

FIG. 5. Contours of log (D^), the effective stochastic diffusion coefficient for I MeV protons. The R, 
z coordinate represents the position of the banana tip. 
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In Fig. 5, this diffusion coefficient is shown for lMeV H ions, where the 
R, z coordinates refer to the position of the banana turning point. Using this 
diffusion coefficient in a newly developed bounce average Monte Carlo 
calculation of particle loss, typical loss times for particles were calculated for 
different initial banana tip locations. The results for a resonance radius of 
3.3m are shown in Fig. 6. The loss time was also calculated excluding 
stochastic diffusion, so that the only loss mechanism is pitch angle scattering 
into the ripple well loss cone. No loss was found except for the initial vertical 
position of 0.9m, which is outside the vertical localisation of the ICRH power 
deposition. 

An artificial 'average loss time' of 30ms was introduced in a Fokker-
Planck solver for the ICRH distribution [7]. It was found that the reduction of 
the fast particles energy flux, as measured by the NPA, of about a factor 4 at 
lMeV, could be reasonably well reproduced. Because this 30ms loss time 
corresponds reasonably well with the calculated stochastic diffusion loss times 
from Fig. 6, this is the best quantitative indication we have so far for 
agreement between our data with the theoretical expectation. Work is 
underway to extend the diffusive loss calculation with an ICRH velocity space 
diffusion operator. 

Time (ms) 

FIG. 6. Loss times for 1 MeV H particles by stochastic diffusion for different initial banana tip posi
tions, using the diffusion coefficient from Fig. 5 and including pitch angle scattering, but excluding 
slowing down. Also shown (dashed) is, for thez = 0.9 m case only, the loss due to pitch angle scattering 
alone into the ripple well loss cone. For the other z values, this loss channel is negligible. 
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5. CONCLUSIONS 

A controlled TF ripple experiment has been carried out on JET. Operation 
with 16 TF coils was compared to operation with the full 32 coil set. In L 
mode plasmas with NBI heating, a reduction of diamagnetic stored energy of 
about 30% was observed. This is larger than expected on the basis of beam 
fast ion losses, and warrants further investigation. Plasma rotation was 
observed to have stopped. Elm-free H mode operation was not achieved in 
the high ripple case. It is believed that edge transport due to ripple well 
trapped ions is responsible. A strong reduction of the fast ICRH minority tail 
was measured. Fast ion spectra are in qualitative agreement with the 
expectations of stochastic ripple diffusion theory. A bounce averaged Monte 
Carlo code has been developed to analyse the fast particle losses. 
Preliminary calculations of loss time with this code are in reasonable 
agreement with the observed fast ion tail reduction. 

In an extension of this experiment it will be possible to vary the 
magnitude of the ripple continuously between the 16 and 32 coil extremes. 
The extension will also make experimentation at higher toroidal field possible. 
This will allow a better quantitative assessment of the observed effects, and 
will allow JET to model the effects of ripple in Next Step machines, using 
relevant values of the main dimensionless parameters. 

The diffusion coefficient for stochastic diffusion by Yushmanov [6] 
used in our calculations, is derived on the basis of guiding centre following 
Monte Carle calculations. For the CDA ITER [8], similar guiding centre 
following calculations were done. There indicated that a negligible fraction of 
between 1 and 3% of alpha heatins would be lost due to ripple, and that peak 
heat loads of maximally 0.5MW/m2 would result, which was considered to be 
an acceptable value. If the present experiment appears to validate the theory 
of stochastic diffusion losses - subject to further analysis - then by implication, 
these predications for the CDA ITER are validated. 
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Abstract 

SAWTOOTH OSCILLATIONS AND DISRUPTIONS IN JET. 
Further examination of sawtooth oscillations reveals different behaviour 

with neutral beam injection. Fast disruptions are ascribed to a massive impurity 
influx. Small field errors lead to disruption and restrict the operating regime. 

JET SAWTOOTH OSCILLATIONS 

The classic JET sawtooth oscillations have four unexpected features -
the rapidity of the collapse, the rapidity of the onset, the halting of reconnection 
and the secondary energy loss mechanism. Attention has concentrated on these 
sawteeth just because of these puzzling features. However other types of 
sawteeth are observed, particularly with plasmas heated by neutral beam 
injection. 

Sawtooth Oscillations with NBI 

The NBI sawteeth are different in two ways. The first difference is 
mechanical. Because the plasma is spun toroidally the growth of the instability 
exhibits increasingly more oscillations the greater the toroidal plasma velocity. 
This spinning of the plasma allows a more accurate tomographic analysis of the 
soft X-ray data. The other difference is in the intrinsic behaviour. 

In the case where the current is in the same direction as the NBI the 
sawtooth collapse is slower than for the classic sawteeth 0) . There are 
precursor oscillations, which have a slow initial growth followed by a transition 
to a faster growth rate with y~ (100 us)"1. Fig. 1 shows a case with such a 
transition. 

The figure also shows that the peak soft X-ray emissivity starts to fall 
when the displacement is only ~15 cm, a small fraction of the final 
displacement. This indicates that the energy loss from the plasma core starts 
well before it approaches the q = 1 surface. In some cases this energy loss is 
incomplete and a remnant hot core persists. Such an incomplete collapse case is 
contrasted with a complete collapse in the time traces of Fig. 2. For both types 

1 See Appendix to IAEA-CN-56/A-1-1, this volume. 
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FIG. 1. Peak X-ray emissivity and plasma displacement during co-injection sawtooth collapse. 
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FIG. 2. X-ray emission showing sawteeth with complete and incomplete collapse. 

of collapse the measurements of q show that q(0) remains well below one after 
the collapse, indicating only partial magnetic reconnection. 

A completely different type of behaviour is observed when the current 
direction is counter to that of the NBI (2X Fig. 3. shows the sawteeth following 
the application of 10 MW of NBI power. These sawteeth are rather ill-defined 
but have a period of typically 20 ms, an order of magnitude shorter than ohmic 
sawteeth. These fast sawteeth are characterised by flat temperature and density 
profiles throughout the sawtooth period. The value of central q is close to one 
and the soft X-ray reconstruction indicates that there are two q = 1 surfaces 
present. Fig. 4 shows the persistence of an outer magnetic island throughout 
the duration of an internal collapse. This type of behaviour is consistent with an 
"inverse" internal collapse involving an inner q = 1 surface. Inside this surface 
q is greater than one before the collapse and falls during the collapse. 
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FIG. 4. Soft X-ray behaviour and tomographic reconstructions during counter-injection sawteeth. 

FAST DISRUPTIONS 

It was proposed some years ago that the fast current decay disruptions 
(T < 0.02 a2) observed on JET could be better understood in terms of a plasma 
which is cold rather than turbulent @). The suggestion was that the large ohmic 
power (~ GW) in such a plasma was radiated by impurities. Furthermore it was 
suggested that the cooling of the plasma was brought about by an influx of 
impurities, the temperature being reduced to a few eV. The difficulty with such 
a description is that the mean free path for impurity atoms entering the plasma is 
only ~ 1 cm but that, nevertheless, the transition to a GW radiation level takes 
place in less than a millisecond. We see therefore that there are two questions. 
Is there a massive influx of impurity and, if so, how does the influx occur? 
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FIG. 5. Carbon cloud expanding into plasma. 

It is clear that individual impurity atoms cannot penetrate the plasma; 
they are rapidly ionised and, even with charge exchange, they would take many 
milliseconds to reach the centre. The mechanism suggested to overcome this 
difficulty is that the impurity penetrates the plasma as a neutral gas cloud W. 
The plasma is thought to have been cooled to ~ 100 eV by anomalous energy 
losses induced by the disruption. To cool this plasma to a few eV by a carbon 
influx requires ~ 0.1 g of carbon. If such a mass of neutral carbon forms a 
cloud of 10 cm radius at 3000 K the pressure is ~ 105 Nnr2. Since the pressure 
of a 100 eV plasma with n = 3 x 1019 is ~ 103 Nnr2 it is clear that the carbon 
cloud can drive through the plasma. A schematic view of the situation is given 
in Fig. 5. The detailed behaviour of such a cloud is not clear. It is unlikely to 
have a simple geometry and might be subject to an unstable expansion. 
Expansion lowers the impurity pressure, and penetration to the plasma centre 
requires a somewhat larger mass of impurity, ~ 1 g. 

Turning now to the experimental evidence for such behaviour, a 
spectroscopic analysis has been carried out to estimate the temperature and 
density and a separate investigation using the interferometer has placed a lower 
bound on the density. 

The CIII signal shows an abrupt spike on all channels at the time of the 
disruption. Taking a typical discharge (Pulse No. 14914), the signal is 
increased by a factor of at least 4000. Analysis of this result shows that the 
temperature is lowered to a few eV, but taken by itself this does not require an 
increase in the carbon density. However the continuum signal is also increased 
by a factor of ~ 275 whereas the predicted increase with an unchanged carbon 
density is 6. Taking the CIII emission together with the continuum signal 
allows an estimate of the carbon density increase as a function of the electron 
temperature and the resulting graph is shown in Fig. 6. It is seen that a 
substantial increase in the carbon density is required and that for an electron 
temperature of a few eV the carbon density is increased by a factor ~ 4-7. 

The direct measurement of the electron density using the interferometer 
fails during the disruption itself because of loss of signal. However by 
counting the fringe change back from large times it is possible to obtain a lower 
bound on the density increase. This is shown in Fig. 7 where the period of lost 
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FIG. 6. Spectroscopically estimated density increase during disruption. 
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FIG. 7. Interferometer measurement of density increase during disruption. 

signal is followed by the calculated density. It is seen that the electron density 
is increased at least by a factor of 4. 

The experimental evidence clearly supports the impurity influx model. 

ERROR FIELD INSTABILITY 

It is found that a class of disruptions in JET can be attributed to the 
existence of a small lack of axisymmetry in the applied magnetic field (5X The 
small field error, which has an m = 2, n = 1 component ~ 1 G at the q = 2 
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FIG. 8. Comparison of magnetic signals for disruptions with mode locking and with error field 
instability. 

surface, arises principally from the internal structure of the poloidal field coils. 
The distinction between disruptions of this type and other disruptions is 
illustrated in Fig. 8. This shows the continuous growth of the stationary 
perturbed magnetic field from a level ~ 1 G up to an amplitude ~ 10 G for the 
error field case compared to the sudden locking of a growing perturbation in a 
normal disruption. 

The error field disruptions impose a lower limit to the operating density 
and this is a particular constraint for high performance hot ion experiments 
where neutral beams are injected into an initially low density plasma. Under 
some operating conditions this lower density limit approaches the upper limit 
imposed by high density disruptions. 

In order to verify the identification of the field error as the cause of 
these disruptions an experiment was devised in which the vertical field coils 
would be run in two different internal configurations. With the same total 
current, giving the same basic plasma equilibrium, these configurations have 
substantially different field error. One configuration uses 61 turns in each coil 
and the other uses 39. The 39 turn configuration has approximately 2.5 times 
the field error of the 61 turn case. The experimental procedure was to ramp 
down the density and determine the density at which the disruption instability 
occurs, as illustrated in Fig. 9. 

The disruption densities for the two cases are shown as a function of 
q(a) in Fig. 10. It is seen that the larger field error case limits operation to a 
substantially higher initial density confirming the field errof as the cause of the 
disruption. 
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and 61 turn configurations. 



444 JET TEAM 

30 

Time 

FIG. 11. Error field instability is prevented in spun plasma. 

The error field disruptions can be prevented by spinning the plasma 
toroidally using neutral beams. Fig. 11 shows the onset of instability as the 
density is reduced in a stationary plasma, and the absence of instability for a 
similar density reduction when the plasma is spun by beams. The physical 
reason for the stabilisation is that the time available for a magnetic island to 
grow is limited to the time a given part of the plasma remains in a region of a 
given toroidal phase of the error field. 
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LONG PULSE OPERATION OF JET AND ITS IMPLICATIONS FOR A REACTOR. 
JET has established successful plasma operation in several regimes having consequences for long 

pulse or steady state reactor concepts. The JET Tokamak has demonstrated one full cycle of AC opera
tion (plasma current flowing in opposite directions on alternate Tokamak pulses); the generation of 
plasmas where the current is dominantly sustained by the bootstrap mechanism in the absence of a strong 
central particle source; operation of long pulses (duration of plasma current flat-top of one minute) in 
a limiter configuration; the establishment of long duration, 'steady-state' H-modes up to 18 s length in 
a diverted configuration. The results of these four experiments are summarised and their reactor implica
tions evaluated. 

1 . INTRODUCTION 

Large installed Non-inductive Current Drive (NICD) powers (> 100MW) are 
required for steady-state operation of devices such as FTER [1]. This will lower 
the Q (= Pfusion/Pinput) a°d will require a recirculating power fraction in excess 
of 20%. Alternative strategies for operation of a Next Step device involve 
abandoning steady state in favour of pulsed operation or the exploitation of 
regimes in which the bootstrap current can be harnessed to minimise the 
external NICD requirement. These alternatives have been studied in recent JET 
experiments. In pulsed operation, the duty cycle and the use of the ohmic 
transformer can be optimised by adopting AC operation (ie. reversing Ip on 
alternative Tokamak pulses) and such a scenario has been demonstrated in JET 
at 2MA [2]. In addition, ICRF heated plasmas in which the bootstrap 
mechanism provides the majority of the current (Iboot/Itot ~ 0-7) in a reactor-
relevant regime have also been studied. 

The plasma behaviour under conditions in which the current profile is 
fully penetrated and in which impurity and particle fluxes are in steady state is 
still unknown, but is crucially important for long pulse operation. In particular, 
the impact of ELM s on energy and particle confinement in the H-mode is a key 
issue. Recently, JET has achieved H-modes lasting up to 18s in which many 
plasma parameters were held in steady state by ELMs but good confinement 
enhancement was maintained. In separate experiments, a 2MA limiter pulse 

1 See Appendix to IAEA-CN-56/A-1-1, this volume. 
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was sustained for one minute. The behaviour of these plasmas, particularly 
with respect to recycling and density behaviour, provides clues to the 
requirements for true steady-state conditions to be achieved. 

2. AC TOKAMAK OPERATION 

AC Tokamak operation was first established on the STOR-1M Tokamak [3] 
with plasma current of 4kA. JET AC operation performed after modifications of 
the poloidal field power supplies and control systems to allow this mode of 
operation [4] has extended the AC regime towards reactor relevance. 

Figure 1 shows a typical full cycle 2MA/2.5T limiter AC discharge 
consisting of a first plasma with a 6s flat top at 2MA current, followed, after a 
decay phase to current zero at 12.8s and a second breakdown at 13s, by a 
second plasma with a 10s flat top at 2MA current in the negative direction. The 
detailed mechanisms for achieving this pulse are given in [2]. The first plasma 
is generated by a low voltage breakdown (no central solenoid bias current), the 
breakdown field reaching a maximum 0.3Vm-l in about 300ms. The second 
plasma is then obtained by interrupting the central solenoid P.S., generating an 
instantaneous breakdown field of -0.75Vm-l which initiates the second plasma. 
Both breakdown scenarios correspond to those used in normal JET operation. 

Figure 1 also shows the plasma purity and general discharge conditions 
for the typical AC cycle. The electron density is under feedback control. At 
similar densities in the two half cycles the electron temperature, the effective ion 
charge Zeff, the total radiated power (which is sensitive mainly to impurity line 
emission) and the D-D fusion neutron rate obtained with the same ICRF power 
are all approximately equal. This indicates that there is no difference in impurity 
levels in the two half cycles. 

2.1 Breakdown conditions 
While successful AC discharges were obtained with finite dwell time (50ms to 
6s) between the two half-cycles, it proved impossible to sustain a second 
discharge without loss of ionisation. At zero prefill, a second pulse of 50kA 
could be maintained for only ~ 100ms, possibly because of low neutral 
pressures. Thus the second breakdown was equivalent to a normal JET 
breakdown although hydrogenic and impurity gases released from the wall 
could affect the neutral gas pressure. For normally terminating discharges, the 
neutral pressure reaches a maximum value of ~ 15mPa approximately 15s after 
current extinction. Disruptions lead to a faster rise to levels ~ 30mPa. 

In AC discharges, the second breakdown could be obtained at pressures 
up to 6mPa irrespective of whether the first cycle terminated disruptively or not. 
A second breakdown was obtained at neutral pressure of 6mPa, utilising an 
external gas puff following a deliberate high q density limit disruption at 
400kA. A similar case disrupting at 500kA failed to breakdown at a neutral 
pressure of 8mPa. These results show that conditions for the second 
breakdown were substantially the same as for normal breakdown and indicate 
that impurity gases do not significantly affect the breakdown of the second 
plasma. The achievement of breakdowns with dwell times up to 6s (well into 
the wall outgassing phase) supports this contention. 
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of the secondplasma (15-17 s) is due to the non-saturation of the ion core. The lower five traces indicate 
that the purity of the plasma is the same on both forward and reverse cycles. 
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2.2 Plasma Fuelling 
The second half cycle of the AC discharge required less gas input (by about a 
factor 2) to obtain the same electron density in both half cycles. For both 
plasmas the integrated gas input exceeded the plasma inventory by a large factor 
(8 on the first half cycle, 4 on the second half cycle), indicating mat most of the 
gas input is absorbed by the walls. The partial saturation of the limiter pumping 
seen in the second half cycle is similar to that observed in long pulse discharges 
(see section 4) and hence, apart from the modulation caused during the current 
ramps, there is no difference between the second cycle of an AC pulse and an 
uninterrupted long pulse. 

3. BOOTSTRAP DOMINATED PLASMAS 

TFTR [5], JET [6] and JT-60 [7] have established plasmas in which a large part 
of the current is attributed to the bootstrap mechanism. In JET, the bootstrap 
was compatible with high performance H-modes. Here, we present results 
using ICRF heating in plasmas with negligible central particle fuelling which is 
more representative of a reactor scenario in contrast to the previous discharges. 

As bootstrap current density varies with plasma poloidal field via 
j ~ (-(e)1/2/Bp)dp/dr [8], high poloidal P is required to achieve a large 
bootstrap current. These experiments were performed in ICRF heated, double 
null X-point plasmas at Ip = 1-1.5MA and B T = 2.8-3.IT. Coupling 
resistance was maintained using the radial position control system, which is 
necessary because the antennae-plasma separation had to be small (da-p < 3cm.) 
in the H-mode phase and plasma shape and edge conditions vary dramatically in 
the transition to a high ppoi discharge. 

Figure 2(a) shows the time evolution of a typical (1MA/2.8T) discharge. 
Soon after the heating is applied ELMs are observed, maintaining constant 
density for more than Is. Sawteeth are observed in the central electron 
temperature with a small inversion radius (rjnv ~0.15m). After 1.2s the 
discharge makes a transition to an ELM-free H-mode and the sawteeth 
terminate. The density and thermal plasma energy rise strongly until Ppoi 
reaches a value of 2. The ELM-free H-mode phase is usually terminated by an 
event associated with a giant ELM resulting in the loss of more than half the 
electron density and plasma energy. The H-mode often re-establishes almost 
immediately and a series of H-modes results with an average ppoi per cycle of 
nearly 90% of the peak value. 

3.1 Bootstrap current analysis 
The time evolution of the plasma current profile due to resistive diffusion has 
been calculated using the TRANSP code [9]. Neoclassical resistivity and the 
bootstrap current are included and the measured temperature and density 
profiles are used. Suprathermal ion pressure is neglected, as it is expected to be 
small in the ELM-free H phase where the density rises. Figure 2(b) shows the 
comparison of the measured loop voltage with values from a TRANSP 
calculation. Comparison is made with and without the bootstrap current, but 
the sign reversal of the loop voltage is only reproduced when the bootstrap 
effect is included. The bootstrap current rises to 70 (+/- 15)% of the plasma 
current during the ELM-free phase. 
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FIG. 2. (a) Evolution of parameters in a 1 MA ICRF heated H-mode; (b) surface loop voltage against 
time compared to TRANSP simulations with and without the bootstrap current term shown in the second 
graph for the 1 MA pulse No. 25264. 
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An analysis of the current profile evolution [10] shows that the bootstrap 
current is located at large radii. The duration of the H-modes is not sufficient to 
reach a steady state current distribution and calculations indicate that the axial 
current density decreases by <40% during the H-mode phase due to the high 
electron temperature and the large radial distance over which the bootstrap 
current must diffuse. The relatively late suppression of the sawteeth (at 11.2s 
in Fig.2(a)) also indicates a slow evolution of the profile. 

3.2 Collapse at high Ppoi and MHD activity 
The radiation in the ELM-free H phase remains relatively low (30-40% of input 
power) and there is no sign of strong influx of impurities, so it is unlikely that 
radiative collapse is responsible for the termination of the high Ppoi phase. An 
analysis [11] of the MHD activity, shows that although an n=l, m=l internal 
kink mode is present, there is no correlation between this core MHD activity 
and the rapid ppoi decline, which appears to be an edge stability problem 
initiated by a large ELM. 

There are two possible mechanisms for the Pp0] collapse. The first is 
increased interaction of the edge plasma with the mid-plane antennae carbon 
protection tiles. Figure 2(a) shows how the antenna-plasma separation 
decreases as p increases during the ELM-free H-mode, since narrow H-mode 
scrape-off layer widths result in the plasma being moved closer to the antenna 
by the coupling resistance feedback control. Thermographic observations of 
one of the antennae show localised heating of the mid-plane carbon protection 
tiles and the increased interaction possibly leads to the large ELM with the 
radiated power fraction increasing rapidly to 100%. 

Another possibility is the onset of an ideal ballooning instability. At the 
end of the ELM-free phase, the edge density and pressure gradients have 
become very large (dne/dr ~ 2 1020 nr4). A high-n ballooning analysis [11] 
shows that the edge pressure gradients are marginally stable over the outer 
0.1-0.15m of the plasma immediately preceding the giant ELM. This contrasts 
to normal JET H-modes where the edge gradients are significantly below the 
ballooning threshold [12]. Multi-channel reflectometer data shows evidence 
for increased high frequency (-100kHz) density fluctuations near the plasma 
edge just prior to the large ELM, possibly indicating the development of a high-
n instability. 

4. LONG PULSE OPERATION 

The time development of a JET limiter plasma with a one minute long flat top at 
2MA/1.9T is shown in Fig.3. The discharge is heated using ICRF in three 
successive 20s pulse periods, using two antennae for each step. The volt-
seconds savings obtained by applying the ICRF plus 1MW of LHCD for 50s, 
allow the duration of the discharge to be extended by ~25s until the TF coil 
joule heating limit is reached. The total energy loading on the toroidal carbon 
and beryllium limiters is >250MJ. The impurity content of these plasmas 
remains low and approximately constant with Zeff <2 and radiated power 
fraction at about 20%. 

The diffusion time of the plasma current can be estimated from the time of 
evolution of the plasma internal inductance (li) to a steady state value and also 
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from equilibrium analysis which allows the computation of the radial profile of 
the toroidal electric field. This time agrees well with the calculation of the 
resistive time for the whole plasma cross section, being ~35s in the 
ICRF/LHCD assisted plasmas with Te(0) ~ 5keV. The plasma stored energy is 
unaffected by the relaxation to the equilibrium profile. 

4.1 Recycling and plasma wall interaction 
The plasma density is kept constant throughout the discharge by gas feedback 
control. Position control maintains continuous plasma contact with both the Be 
and C toroidal limiters, but the plasma elongation varies between 1.4 and 1.6 
thus changing the effective contact area and the power loading on the limiter, 
ICRF and LHCD protection tiles. 

The gas influx required to maintain the density diminishes progressively 
throughout the discharge and eventually switches off as the recycling 
coefficient (Re) increases above unity. As Re becomes greater than unity, the 
density rises and increased interaction is seen on cameras viewing the antennae 
and launchers. The low-Z impurity content in the plasma increases, but this 
accounts for < 40% of the electron density buildup. The time (tc) in the 
discharge when Re becomes greater than unity depends on the state of the vessel 
walls and the best discharges show a limiting boundary of Pin t^ /2 
~ 20MW.sl/2. This tV2 behaviour indicates that surface heating of the limiter 
material is responsible for the change in behaviour. 

Calculations using a particle balance model have studied the change in the 
effective particle retention parameter of the material surfaces (D/Kr)1/2, where D 
and Kr are the effective diffusion and recombination coefficients respectively of 
deuterium in the JET first wall. Results [13] indicate that a decrease of 
(D/Kr)l/2 by a factor 3 is needed to simulate the observed electron density time 
evolution. This could be associated with a temperature rise of <200°C [14] 
which is consistent with the plasma energy loading at t = tc of -150MJ on a 
typical limiter contact area ~6m2. 

The changes in limiter pumping capabilities have been probed further by 
the injection of 2.7mm pellets before and after the change in the recycling 
behaviour. The results [15] confirm the saturation of limiter pumping and show 
that after Re >1 is reached, the addition of each pellet leads to a density buildup 
for which the feedback control can no longer compensate. In the period when 
Rc< 1, the density decay time after each pellet (proportional to tp/(l-Rc)) 
increases systematically as Re = 1 is approached. 

In the 100% recycling conditions, the attainment of a new particle balance 
equilibrium leads to a further peaking of the current profile and a 10% variation 
in plasma inductance. 

5. STEADY STATE H-MODES 

JET H-modes are normally ELM-free resulting in a steady increase in 
hydrogenic and impurity densities throughout the H phase until the total radiated 
power reaches approximately 100% of the input power and a reversion to 
L-mode results [16]. This reluctance to exhibit ELM behaviour may be due to a 
variety of factors such as low edge collisionality (ve* -0.05) or a very low level 
of TF ripple, as suggested by recent JET experiments [17]. ELMy H-modes 
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FIG. 4. Time evolution of an 18 s long H-mode. The ELMs were generated with heavy gas fuelling. 
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have been achieved in JET in predominantly hydrogen plasmas [18] or in high 
pT discharges, but the experiments reported here have increased the pulse 
length of steady state ELMy behaviour to 18s and achieved the result in 
pure deuterium plasmas for the first time in JET. Figure 4 shows a 2MA/2.3T 
18s H-mode with 7MW of combined NBI and ICRF heating and ELMs 
produced by heavy gas fuelling ( 4.5 Pa m3s-l). The ICRF heating is placed 
off axis to suppress the production of monster sawteeth, which tends to 
produce large amplitude n=l modes at a sawtooth crash. It can be seen that 
the long-pulse H-mode has reached steady state conditions with respect to 
density, energy confinement and impurity behaviour for most of the heating 
pulse. The magnetic signals show that a steady state equilibrium is reached for 
the last 10s of the ELMy H-mode period, the duration of which was limited 
only by the thermal stresses in the PF shaping coils. 

5.1 Confinement in steady-state H-modes and the effects 
of ELMs 

The core electron density profiles are flat in the steady-state H-modes and the 
electron temperature profiles are more peaked [19]. The reflectometer data 
show that the ELMs are located in the edge density gradient region and these 
profiles ensure, as expected, that the ELMs affect energy confinement time (IE) 
less than particle confinement time (xp). Nevertheless, an analysis of the power 
balance shows an increase in the effective thermal diffusivity in the outer half of 
the plasma from 0.6 to 1.3 m2s-l relative to an ELM-free H-mode. The ELMs 
are most prominent in the n=3 signals. 

Some of the steady-state H-modes are affected by low-n core MHD 
instabilities [19] which degrade the confinement by about 20% relative to cases 
with low-level MHD. The enhancement factor over Goldston L-mode scaling 
ranges from 1.6-2.0 over the range of MHD activity levels. On average, these 
pulses have approximately the same thermal energy confinement as that 
predicted by the DIUD-JET scaling for ELM-free H-modes [20]. 

5.2 Density control and thermal loads 
Figure 4 shows a steady, slow increase in the baseline of the D a light from the 
divertor indicating gradual saturation of the dynamic pumping of the X-point 
carbon tile surfaces. Towards the end of the H-mode, density control is being 
lost and stored energy and the current profile are affected in a manner similar to 
that for the long pulse limiter shots. Note that,in this case, the gas influx is not 
under feedback control, being used instead to generate the ELMs. The gas 
influx decline is due to the pressure drop in the reservoir. 

The temperature of the carbon tiles is monitored using thermography in 
these pulses. Hot spots of around 1200-1300°C are seen on the tile edges. The 
hot spots tend to cool down during the steady state phase. 

6. REACTOR IMPLICATIONS OF THE JET EXPERIMENTS 

In AC operation a Tokamak fusion reactor could operate at the minimum plant 
recirculating power. Furthermore the machine parameters and operating point 
are not restricted by the need to satisfy requirements of NICD methods, for 
example the edge density can be chosen for the best H-mode and divertor 
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impurity retention rather than for accessibility criteria for Lower Hybrid Current 
Drive. Auxiliary systems such as Neutral Beam Injection (NBI) and ICRF can 
be optimised for heating rather than NICE) scenarios and need only operate in 
short pulse 'igniting' mode, leading to large savings in complexity and capital 
cost. 

Against this the bending moment exerted on the TF coil changes direction 
with each half cycle and hence fatigue problems with TF coils will be worsened 
with this type of operation. Long pulse operation will reduce this kind of 
fatigue. Also energy storage methods are required during the ramp up and ramp 
down phases of the current waveform but thermal storage may not be too costly 
or technically difficult. 

The requirements for AC operation on the flux swing of the Central 
Solenoid (CS) of a Tokamak lead in general to an increase in solenoid radius 
(Res) due to increased flux requirements. Consideration of the flux swing 
cycle for a reactor shows that the total flux swing for AC operation with a given 
burn period (neglecting flux consumption in the plasma decay) is approximately 

G>tAC = 2 <E>p
L + <&RS + 3>RB - <&RD 

where <&p
L is the plasma inductive flux content at flat top (=LpIp), and <£RS, 

3*RB» ̂ D are the resistive flux consumptions during start up (including ramp 
to flat top), burn and ramp down phases respectively. All quantities are 
evaluated according to the Faraday method [21]. This flux is larger than the 
forward cycle only (FC) flux swing by an amount roughly equal to the plasma 
inductive content, viz <E>t

FC = 3>tAC - ( ^ p L - 3>RD)- For large, high 
temperature machines, the inductive fluxes are dominant and to ensure 
minimum dwell time between pulses a scenario minimising <&RD would be 
adopted. We therefore neglect <£RD in what follows. Using the example of the 
ITER CD A concept [22] for 22MA plasma with a 200s burn time, the installed 
flux swing (O t j ) is 333Vs. Around 68Vs of this comes via the mutual 
inductance with the equilibrium vertical field (<I>eq) the remainder from the CS 
with radius RcS = 1.725m and maximum CS field of 13.5T. The Faraday 
inductive flux of the plasma (<3>P

L) is ~ 260Vs thus for AC operation of this 
device, with a 200s burn on each half cycle, the total required flux (O t ji

AC) 
would be approximately 593Vs. To achieve this, with the same maximum CS 
field, Res must be increased according to 

RCS.AC = K ^ u A C ^ O e q V ^ - O e q H ^ R c S J 

giving a 0.54m increase in Res and a consequent increase in cost of the device. 
For reactor concepts, the effect on the central solenoid varies widely. For a 
typical tight aspect^ratio reactor concept with R0 = 10m, e = 0.32 and 
Ip = 30MA [23] an increase of ~lm in Rcs (from 4m to 5m) would be 
necessary to replace FC operation by AC. For large aspect ratio, low current 
machines such as SSTR [24], the consequences of AC operation are relatively 
trivial and could easily be accommodated. 

In extrapolating to reactor conditions, where wall outgassing is assumed 
to be significantly stronger, we need to take into account that the reactors will 
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have installed pumping speeds at least two orders of magnitude larger than the 
7m3s-l JET pumps [25] in order to deal with helium exhaust requirements. 
This should ensure that breakdown pressures remain in a reasonable range. 

The JET results show the possibilities of a bootstrap current dominated 
plasma with negligible central particle fuelling, in the enhanced conditions of the 
ELM-free H-mode. The bootstrap current is driven predominantly at the edge 
in contrast to the results of JT-60 [7] and further work is required to establish 
the prospects for a stable plasma as this current profile evolves. 

The possibility that edge interaction terminates the Jipoi rise, highlights the 
need to remove the additional heating power source as far from the plasma as 
possible, either by the use of NBI or by new antenna designs such as those to 
be used in the JET Pumped Divertor phase. 

The thermal energy confinement time (TEth) in these JET plasmas is 
enhanced beyond that of the normal H-mode. TE* is up to 70% better than the 
value given by the DJJID-JET H-mode scaling [20]. Further work is necessary 
to determine if this is a result of the data being obtained at high q95 (~15) or 
whether some enhancement inherent in the high (Jpoi regime is responsible. The 
latter mechanism implies favourable prospects for the steady state bootstrap 
dominated reactors such as SSTR [24]. 

The long pulse results from JET, although achieved in the limiter 
configuration, are relevant to divertor-based reactor scenarios as they 
demonstrate the relatively rapid attainment of full recycling conditions. This 
implies the need for active particle pumping in order to avoid the otherwise 
uncontrolled phenomena of density build-up through wall fuelling which would 
affect a-power and the steady-state conditions in a reactor. The role of 
recycling for timescales longer than the current relaxation time also has to be 
taken into account when considering bootstrap-dominated reactor scenarios. 

The constancy of the energy confinement time as the current profile 
relaxes to equilibrium is an indication that, at least in the degraded conditions of 
L-mode confinement, an extrapolation of present confinement results to the 
steady state conditions is valid. 

ELMs have been used successfully to obtain a long pulse steady-state H-
mode with an energy confinement enhancement factor of ~1.7 and thus a useful 
performance enhancement could be envisaged from this mode of operation in a 
reactor. The continuous ELMy behaviour in itself did not appear to have an 
adverse thermal effect on the carbon X-point tiles. The gradual reduction in the 
impurity content of these ELMy plasmas shows the efficacy of frequent ELMs 
in impurity control. 

It is clear that the achievement of significantly longer steady state 
H-modes will require some active pumping to overcome the saturation of the 
tiles. This should be possible in the JET pumped divertor phase. 

There is an indication of possible difficulties with burning plasmas if the 
a particles prove capable of stabilising sawteeth. Monster sawtooth crashes 
produced locked modes in theJET ELMy H-mode discharges. The occurrence 
of such events in a reactor, where off-axis heating could not be secured, would 
cause severe problems. 
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Abstract 

EDGE PLASMA TURBULENCE CHARACTERISTICS ON THE CASTOR TOKAMAK. 
The role in the global confinement in tokamaks of turbulent electrostatic fluctuations in the toka-

mak edge region is presently well recognized despite the fact that there is still no adequate model 
describing all the measured dependences. Nevertheless, the poloidal velocity and its shear existing in 
the vicinity of the last closed flux surface seem to play an important role in the fluctuation driven radial 
particle fluxes. The paper presents some features of the density fluctuations and their poloidal velocity 
observed on the CASTOR tokamak in regimes with LHCD and with edge plasma polarization. 

1. INTRODUCTION 

Electrostatic fluctuations are generally assumed to be responsible for anomalous 
particle and energy losses in tokamaks [1]. Also, it has been proved that all regimes 
with improved confinement (including H modes), reached under different conditions, 
are generally characterized by a reduced level of edge plasma turbulence. The reduc
tion of the fluctuation driven particle flux near the last closed flux surface (LCFS), 
followed by an improvement in the global particle confinement time TP, has also 
been observed in the CASTOR tokamak in LHCD regimes with frequency 
f = 1.25 GHz [2]. A clear correlation between the fluctuation level and TP follows 
from these measurements. It has to be noted that both observed effects — the reduc
tion of fluctuations and the increase of rp — are still well pronounced in the regimes 
with densities near the LHCD limit, where a negligible number of superthermal 
current carrying electrons are present. In this way, the possibility of a decisive role 
of these fast electrons in the observed phenomena was excluded. The next measure
ments carried out on CASTOR in the LHCD regime proved the unambiguous corre
lation between reduction of fluctuation level, increase of poloidal rotation of 
fluctuations and change of the radial electric field in the LCFS region to a negative 
one [3]. Nevertheless, the mechanism responsible for the improvement of the particle 
confinement in the case of LH wave application is still not clear. 

1 Faculty of Technical Physics and Nuclear Engineering, Technical University, Prague, 
Czechoslovakia. 
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To obtain a better insight into the problem, we have attempted to use another 
method affecting the level and character of edge fluctuations [4]. This method, based 
on the experiment in Ref. [5], is edge plasma polarization (EP) (see Section 2). By 
using the EP method on CASTOR, some changes in the character of peripheral 
fluctuations, similar to those observed in the LHCD regime, have been found (see 
Section 3). At the same time, certain differences in the behaviour of edge fluctuations 
in these two cases have been observed. This fact indicates that the link between the 
global confinement and the level of edge fluctuations is more complex than is gener
ally assumed. Section 4 gives some more general conclusions drawn from these facts. 

2. EXPERIMENTAL ARRANGEMENT 

Three types of experiment investigating electrostatic edge plasma turbulence 
have been performed on CASTOR (R/a = 0.4/0.1 m, Bt = 1 T, Ip < 20 kA, 
ne < 1.5 x 1019m-3): 

— Standard Ohmic discharges at densities n < 1 X 10" m~3. 
— Lower hybrid wave (f = 1.25 GHz, P < 40 kW) launched into the Ohmic 

plasma. 
— Ohmic plasma polarized by means of a voltage applied either to the circular 

limiter (radius a = 85 mm) [4] or to a special probe [6]. In the second case we 
have used an insulated graphite electrode immersed into the edge plasma. 

Electrostatic fluctuations have been studied by means of several types of 
movable Langmuir probe distributed throughout the periphery region. The probe data 
have been processed either by an analog correlation technique or by digitizing. 

The global particle confinement was determined from the average plasma den
sity measured by a two channel 4 mm interferometer and from Ha line intensities 
measured in three different toroidal positions (at the limiter, at the grill mouth and 
in the cross-section opposite to the limiter, denoted as H™AM, see Ref. [7]). 

3. EXPERIMENTAL RESULTS 

In this section we describe briefly the main features of the edge electrostatic 
fluctuations measured during the quasi-stationary OH phase of discharges in 
CASTOR and their characteristic changes under the effects of LHCD and EP. 

3.1. Lower hybrid current drive 

A significant reduction of the electrostatic edge fluctuations and improvement 
of the global particle confinement in comparison with the pure OH regime have been 
observed [2, 3]. Figure 1 shows the radial scan of some quantities characterizing the 



IAEA-CN-56/A-7-8 461 

density fluctuations in the region 0.97 < r/a < 1.2. It may be seen that the absolute 
level of density fluctuations n is reduced throughout the SOL during the LH pulse, 
while their relative level n/n remains without any noticeable change (owing to the 
decrease of peripheral density during LHCD, see Ref. [7]). The radial profile of the 
poloidal rotation velocity vp changes significantly. 

The fluctuations rotate in the ion diamagnetic drift direction. 

3.2. Edge plasma polarization 

The radial current j r flowing across the outer magnetic surface modifies the 
radial electric field Er at the tokamak plasma edge generally. However, the relation 
between j r and Er has been found to be strongly non-linear [8] and the possibility of 
a bifurcated solution of the poloidal momentum balance equation in tokamaks has 
been theoretically predicted [9]. As a result, two values of Er and the corresponding 
vp are possible for the same fixed value of j r . The fast transition to the solution with 
more negative Er (with suppressed turbulent fluctuations) is interpreted as the L-H 
transition observed in many tokamaks. 

First we tried to polarize the edge plasma by biasing the electrode located at the 
radius rE/a = 0.8. The electrode current was below 10 A owing to the rather small 
surface of the electrode. Thus we have not observed any changes in the evolution of 
the main plasma parameters during positive biasing. The global particle confinement 
remains on the Ohmic level. Nevertheless, the density fluctuations are noticeably 
reduced inside the SOL, as shown in Fig. 2. The significant increase of the poloidal 
velocity near the LCFS and the decrease of the autocorrelation time throughout the 
SOL should also be noted. 

3.3. Density fluctuation data measured in OH, LHCD and EP regimes 

Figure 3 shows the relative level of density fluctuations-versus the poloidal rota
tion velocity. The data are taken from all the above mentioned tokamak discharges, 
regardless of the probe position and type of measured dependence (see figure 
caption). An unambiguous correlation between these two quantities in the form of 
exponential dependence n/n = exp(-vp/v0) with v0 ~ 5 km/s is seen. 

Another relevant result concerning the time-space properties of the edge fluctu
ations has been deduced by transition from the laboratory to the rest frame. Under 
the assumption of a Gaussian form of fluctuating formations ('blobs') in both time 
and space, a simple relation between the autocorrelation time in the laboratory T^h 

and that in the rest frame rc
rest is given by [10]: 

( 1 / T ^ ) 2 = (l /r c
M)2 + (vp/Xc)

2 (1) 

where Xc is the correlation length and vp is the measured velocity of the poloidal 
rotation of the fluctuations. To estimate the autocorrelation time, unaffected by rota
tion, the data at several probe positions (from Figs 1 and 2) are plotted in Fig. 4 in 
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the form (l/r,!ab)2 versus v2. Dependences are represented by lines with different 
(but constant) derivatives (1/XC)2 and quotients (l/rc

rest)2, determining the real corre
lation length and time of fluctuations. This suggests that the correlation length and 
time of the density fluctuations are constant throughout the SOL. It should be noted, 
however, that two points which correspond to the EP case and to the probe positions 
r < 85 mm = a are out of line (the diamonds in Fig. 4). 

3.4. Limiter biasing 

To generate additional radial currents j r in CASTOR, an alternative method of 
edge plasma polarization using the biased limiter has also been tested. As an example, 
the evolution of a shot with limiter biasing is given in Fig. 5. Two phases are distinct 
in this figure. The fast transition between them appears at the moment when the 
limiter current reaches 60 A. At this moment the limiter current suddenly drops 
(owing to a decrease of the perpendicular conductivity) and an improvement of the 
global particle confinement by a factor of 2 occurs. The first phase is characterized 
by enhanced recycling and impurity production. 

At a lower biasing voltage (with a correspondingly lower current), a smooth 
improvement of the particle confinement is observed. 
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4. SUMMARY 

The analysis of three different regimes of CASTOR operation has shown that 
the behaviour of edge density fluctuations exhibits some characteristic features: 

(a) A clear exponential dependence between the relative level of density fluctua
tions and their poloidal velocity, independent of the regime of tokamak opera
tion and the probe position, is evident. 

(b) The reduction of electrostatic fluctuations is not in every case accompanied by 
an increase of the global particle confinement. 

(c) The electrostatic fluctuations can be described in every regime as fast changing 
but compact formations with only a single value of correlation time and length. 

(d) The correlation characteristics of these formations can be substantially modified 
by both LHCD and EP application, independently of whether or not improve
ment of global particle confinement is observed. 

(e) However, this modification seems to have a variable character: while the corre
lation length decreases substantially in both cases (from about 30 to 10 mm), 
the correlation time changes only in the case of LHCD (it increases from about 
4 to 8 us). 
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Abstract 

INTERMITTENCY IN TOKAMAK EDGE TURBULENCE. 
The observation of a key feature of intermittency in the tokamak edge turbulence is reported. The 

probability distribution functions of broadband plasma density and potential fluctuations in an ohmically 
heated tokamak plasma are measured and shown to be non-Gaussian. The intermittency is observed on 
scales that are large compared to the dissipation scale and is found to evolve during the flat-top current 
phase of the discharge. 

1. INTRODUCTION 

Theoretical and experimental studies of the turbulent edge region of a tokamak 
plasma have received considerable attention in recent years because of the growing 
consensus that edge turbulence affects core confinement [1]. Edge turbulence is con
sidered to be caused by drift like electrostatic instability driven by ionization, radia
tion, curvature, pressure gradients, etc., for which E X B convection and 
polarization drift non-linearity are the dominant non-linear effects [1, 2]. The edge 
plasma turbulence obeys pseudo-two-dimensional non-linear equations (i.e. the 
Hasegawa-Mima equation and its variants) and, hence, is likely to posses a cascading 
property similar to that of two-dimensional hydrodynamic turbulence [3]. A unique 
characteristic of the latter is the dual cascade: enstrophy (helicity/vorticity) into 
shorter wavelength and energy into longer wavelength. The dual cascade gives rise 
to a long lived coherent (vortex) structure, with the lifetime exceeding several times 
the correlation time. Non-linear generation of such long scalelength vortices has actu
ally been observed in edge plasma simulations [4]. However, as the energy in those 
long scalelength vortices accumulates, they are likely to be unstable to short 
scalelength perturbations and to intermittently break up into fine scalelength eddies. 
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The formation and breakup of vortices in the edge region of tokamak plasmas have 
been studied in analytic models and numerical simulations [5]. Such generation and 
breakup of quasi-coherent vortices on a non-linear time-scale can lead to intermit-
tency in the edge plasma turbulence. 

The intermittency in fluid and plasma turbulence has been studied in laboratory 
experiments through its relationship to probability distribution functions (PDFs) of 
the fluctuations [6]. It is well known that Gaussian PDFs naturally arise when modes 
with completely random phases are superposed. The near-Gaussian PDFs are ade
quate to a description of stationary turbulent spectra, e.g. those due to an energy cas
cade from driven long scales to the viscosity damped dissipation scale. Significant 
non-Gaussian features, measured by higher order moments of the PDF in the spectral 
range outside the dissipation scale, are important quantitative measures of phase 
correlation amongst modes and resulting intermittency in the turbulence [7]. In this 
paper, we report what we believe are the first measurements of intermittency in toka
mak edge turbulence. In particular, we demonstrate that the density and potential 
fluctuations in the edge of the ohmically heated ADITYA tokamak exhibit non-
Gaussian PDFs. 

2. EXPERIMENTAL RESULTS 

For these experiments, ADITYA is operated at the following parameters [8]: 
BT = 0.25 T, Ip = 20 kA, RQ = 0.75 m, a = 0.25 m, n,. = 5 x 1018 m"3 and 
Te « 100 eV. The plasma density and temperature as measured by Langmuir 
probes in the scrape-off layer (SOL) are 5 x 1017 m~3 and ~ 15 eV, respectively. 
The fluctuations in the plasma density (fi = 5^/^) and the floating potential 
(<f> = 8<j)) are measured by using Langmuir probes distributed in the SOL and in the 
edge region (1 to 3 cm inside the limiter). The data are digitized at 250 kHz after 
low pass filtering to remove aliasing effects. 

The wavenumber (k) and frequency («) spectra, S(k) and S(w), for ft and 4> in 
the SOL and the edge plasma are shown in Fig. 1; they indicate broadband turbu
lence. The spectra are represented by a power law for k > 0.6 cm"1 and w > 
130 krad, respectively, and indicate an inertial range. The statistical dispersion rela
tion yields an average frequency, w(k), which increases linearly with the wavenum
ber, k, giving an apparent phase velocity of ~ 105 cm/s. The observed Er x Br 

drift speed, the phase velocity of fluctuations and the electron diamagnetic drift speed 
are all of the same order of magnitude, (1-4) x 105 cm/s. The statistical correla
tion lengths, ls(w) and lr(«), are in the range of 0.5-3 cm with l9/lr « 2 and the 
correlation times are given by r9 « TV « 5-30 /is. These features are similar to 
those observed in other tokamaks [1]. 

The PDFs of fl and 4> in SOL plasma are shown in Fig. 2. The ft and 4> data 
of 20 similar shots, during 8 ms of flat-top in plasma current, are combined. About 
40 000 data points are divided into 100 bins of fluctuation amplitudes. The PDF is 
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FIG. 1. Wavenumber and frequency spectra, S(k) and S(u>), for ft and 4> in SOL and edge plasma. 
SOW 12 and RADP56 represent 0 in SOL and edge plasma (2 cm within limiter), respectively. RADN56 
and RADN34 represent ft in the edge plasma (2 and 1 cm within limiter) respectively. 
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plotted as a function of the fluctuation amplitude normalized to the standard deviation 
(a) of the PDF. The distribution functions are clearly non-Gaussian for both ii and 
<£ in the SOL plasma. The moments of the PDF were estimated by using standard 
statistical procedures. The rms values of n and 4> estimated from the second moments 
are aa « 0.40 and 0$ ~ 7.5 V, respectively. The values of skewness (S) and kurto-
sis (K) parameters were estimated to be approximately 2 and 20, respectively. 
Although the PDF showed a linear trend on the semi-log plot (Fig. 2), a small num
ber of data points (<0.1 %) in which the fluctuation amplitude exceeded the 6CT level 
fell out of this trend. We note that the statistical errors in the PDF, beyond the 6a 
level, are large because of poor statistics and may affect the estimates of the S and 
K parameters which are sensitive to large amplitudes. We, therefore, recalculated the 
moments by limiting the data points within the 6a level. The values of S and K, for 
this analysis, turned out to be ~0.9 and ~ 6 , respectively. The value of K agrees 
with that expected for an exponential PDF. These results indicate that the non-
Gaussian nature of the PDF is at least of an exponential form and may even exhibit 
a skirt at higher positive amplitudes. The negative density fluctuation (i.e. rarefac
tion) is limited to |n| < 1, whereas positive fluctuation (compression) has no such 
bound. Typically, the exponential tail on the positive side extends up to n « 2. 

We have verified similar characteristics for six probes distributed in the SOL 
and the edge plasma (1 to 3 cm inside the limiter) for a large number of shots. These 
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probes cover a range of h^ values from 0.15 to 0.4, and in all these cases the 
exponential and asymmetric form of PDFs persists. Thus, these characteristics are 
the basic features of the edge turbulence and are not determined by the probe loca
tions or the magnitude of fluctuations. The asymmetry of the PDF of n indicates a 
preponderance of density depletions (holes) in the SOL plasma. A similar asymmetry 
is also seen in the PDF for the <J>. 

The non-Gaussian nature of the PDF of density and potential fluctuations, 
together with their broadband spectra and short correlation time and length, is a sig
nature of intermittency in the turbulent edge plasma of ADITYA. An interesting 
aspect of the intermittency is that it evolves during the flat-top current phase of the 
discharge. This is evident from the PDFs of fluctuations during two 4 ms time seg
ments of the discharge (Fig. 3). The 8-12 ms time segment represents the initial part 
of the current flat-top and the 12-16 ms segment represents the later part. In the first 
part, PDF for the density fluctuation is Gaussian for a fluctuation amplitude within 
the 2.5a level (<x = 0.33). The deviation from Gaussian is marginal at higher positive 
amplitude while there is a sharp cut-off at n « - 1 . In the second part, the PDF is 
distinctly non-Gaussian. The PDF for the positive fluctuation has an exponential form 
up to the 5a level (<r = 0.51) whereas that for the negative fluctuation shows an 
exponential form up to the 2a level and then a sharp cut-off. Thus, the results indicate 
that the intermittency evolves during the discharge. 

3. DISCUSSION 

Since the fluctuation statistics in the dissipation range is known to be non-
Gaussian, it is important to verify that our data represent scales longer than dissipa
tion scale. The basic dissipation mechanism in the tokamak edge plasma is parallel 
ion Landau damping (or parallel ion viscosity if the plasma is highly collisional) 
and/or perpendicular gyroviscous damping. Unstable waves at long scales (kxp{ <? 1, 
kjVthi/w < 1) couple non-linearly to damped short scales (kj.pj = 1, k ^ / c o « 1) 
either directly or through the route of condensation at long wavelengths and secon
dary instability generation. Our measurements filter out wavelengths shorter than 
1 cm (because of low pass filtering of the data). Using the experimentally measured 
radial decorrelation length (AT » 1 to 3 cm) of the turbulence, we find that 
kiVthj/u ~ (kyAr/LJVth/w ~ Arv /̂LsVE <= 0.04 to 0.12 <4 1 for experimental con
ditions in ADITYA; thus, parallel ion Landau damping is also negligible. We there
fore conclude that our measurements are outside the dissipation scale. Similarly, we 
conclude that the non-Gaussian characteristics of the PDFs are not due to long lived 
coherent modes in the plasma because (i) the turbulence is very broadband in o> and 
k space and there is no distinct peak in the S(k) and S(«) spectra and (ii) the correla
tion times are short (5 to 30 jus). 

An important consequence of the intermittency is that conventional theories [9] 
of plasma turbulence which utilize a closure scheme based on weak departure from 
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a Gaussian ensemble may need serious revision. Another consequence of the inter-
mittency effects is that dissipation of plasma fluctuations and the associated 
anomalous transport will also exhibit an intermittent behaviour. Thus, if intermit-
tency is significant in the wavelength range which dominates the transport, the 
observed plasma transport will also exhibit a 'bursty' character. To pin down these 
processes, one needs more detailed and controlled measurements on secondary insta
bilities, wavelength dependence of intermittency, characteristics of 'bursty trans
port', effects of changing the critical plasma parameters, etc. Such measurements are 
in progress and will be reported separately. 
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Abstract 

STUDIES OF IMPROVED CONFINEMENT ON HL-1. 
Two types of improved confinement regimes, H mode and IOC mode, have been studied in 

Kmiter Ohmic discharges in HL-1. By setting up positive radial electric fields in the edge by means of 
an electrode, clear L-H transitions are triggered, resulting in improvements of up to a factor of 1.7 in 
TE and of 2-3 in rp. An investigation of the isotope effect on the L-H transition shows that the L-H 
transition takes place more easily in D plasma than in H plasma. The IOC mode in high density plasmas 
is observed with gas puffing control. An improvement by a factor of 1.4 in TE at ne > 5 X 10" m"3 

is reached. This improvement may be correlated with a critical reduction of the density at the plasma 
edge. Confinement properties during the LHCD phase are also investigated. Experiments show that 
particle confinement is improved noticeably by LH power injection at ne < 3 X 10" m"3 and LH 
power > 25 kW. However, the H mode induced by the positive biased electrode is terminated when 
LH power is injected into an Ohmic plasma in the current drive direction during the bias phase. 

1. INTRODUCTION 

In the past five years increasingly higher performance has been progressively 
achieved in the HL-1 tokamak: line averaged electron density n,. = 7.2 x 1019 m~3 

in D plasma, n,. = 10.8 X 1019 m"3 in D-He plasma, and energy confinement time 
TE = 38 ms. In the past two years a great effort has been made to improve confine
ment. In particular, several improved confinement regimes have been explored. They 
are: (i) the H mode induced by a biased electrode; (ii) the IOC mode triggered by 
a decrease of gas puffing; and (iii) the improved particle confinement achieved 
during the LHW current drive phase. Here we report these experimental results. 
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2. H MODE INDUCED BY A BIASED ELECTRODE 

The H mode has been induced by the biased electrode on HL-1 in D and 
H plasmas in Ohmic discharges, similar to the case in CCT [1] and in TEXTOR [2]. 

2.1. System description 

HL-1 is a circular cross-section tokamak with a thick copper shell (~ 5 cm). In 
this experiment a pump limiter is installed at the outer midplane (low field side) and 
a movable limiter is installed at the bottom of the vacuum vessel. Both are in the same 
poloidal section. The electrode, which is a cylinder made of stainless steel with a 
carbon head and a ceramic insulator, is installed at the top of the vacuum vessel with 
an angle of 45° away from both limiters in the toroidal direction. The biased elec
trode is introduced up to 5 cm beyond the movable limiter, 2 cm behind which is the 
pump limiter. A pulse voltage with an amplitude of up to 600 V and a duration of 
100 ms is biased on the electrode head with respect to the vacuum vessel during the 
plateau phase of HL-1 Ohmic discharges in D and H plasmas with Ip = 80-100 kA, 
Bt = 2.1-2.6 T and n; = (0.2-2) x 1019 nr3 . 

2.2. General behaviour 

When the voltage biased on the electrode head is higher than 350 V and the elec
trode current is larger than a threshold current the L-H transition can take place, as 
shown in Fig. 1(a). Its general behaviour is as follows: Ha/Da emission drops 
abruptly; the edge density n,,b and edge temperature Teb decrease sharply; the central 
electron temperature measured by Thomson scattering increases by 20-30%; the line 
averaged electron density n,, and the diamagnetic flux (DMF) increase by a factor of 
2-3 and 1.5-2, respectively, indicating that the particle and energy confinement is 
improved. The particle and energy confinement times increase by a factor of 2-3 and 
1.7, respectively. However, the intensities of C, O, Cr, Ni and Mo impurity lines 
and of hard X rays are increased at 40-50 ms after the L-H transition, indicating the 
accumulation of impurities, and confinement degradation characterized by the 
decrease of the DMF and the increase of the electrostatic fluctuation is brought about. 

The observed time-scale of the reduction of the edge density and the edge tem
perature and the change of the floating potential is -200-300 /*s. The time-scale of 
the H„/Da drop is ~ 2 ms, as shown in Fig. 1(b). The time-scale of the changes in 
the global parameters, such as n,. and the DMF, is —20-40 ms, much slower than 
the time-scale of the edge parameter changes. These observations reveal that the 
L-H transition starts at the plasma edge and develops gradually into the plasma 
centre. 

The plasma floating potential Vf, measured by single, double and triple 
Langmuir probes at r = 16-22 cm, changes greatly after the L-H transition, as 
shown in Fig. 2(a), from which the plasma potential Vp at the plasma edge can be 
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FIG. I. (a) Time evolution of the important parameters of the discharge in which the H mode was 
induced by the biased electrode, (b) Time-scale of the changes ofneb, Teb, Vfand Ha emission as bias 
is switched on. 

obtained and the radial electric field Er and its shear can be derived. It is clear that 
|Er| and |dEr/dr| are greatly increased, but they are actively increased by the biased 
electrode, not spontaneously. These increases possibly lead to the suppression of 
turbulence and the improvement of confinement, as pointed out by the theories of the 
L-H transition in tokamaks [3, 4]. 

2.3. Fluctuations 

The electrostatic fluctuation, density fluctuation and magnetic fluctuation are 
studied. All of them are reduced after the L-H transition. The electrostatic fluctua
tion, measured by the movable Langmuir probes, is suppressed abruptly by 
~ 50-70% at r = 17.8-21.8 cm. The spectrum power P and the coherent coefficient 
R of the density fluctuation decrease noticeably in the frequency range 0-200 kHz 
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after the L-H transition, as shown in Fig. 2(b). The poloidal magnetic fluctuations 
Be, detected by Mirnov probes installed inside and outside the vacuum chamber, are 
suppressed heavily and the toroidal fluctuations Bt are also smaller when the bias is 
turned on, as shown in Fig. 2(c, d). The reduction of the fluctuations would lead to 
the improvement of particle and energy confinement, which is characterized by the 
drop of Ha/Da and the increase of n„ and the DMF after the L-H transition. 
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2.4. Isotope effect on the L-H transition 

In our experiments the isotope effect on the L-H transition has been observed. 
The electrode current threshold of the L-H transition in D plasma, possibly cor
responding to the bifurcation on the L-H transition, is lower than that in H plasma 
(~30 A for D plasma and - 4 0 A for H plasma, as shown in Fig. 3(a)), implying 
that during the L-H transition a higher poloidal rotation velocity exists in D plasma 
than in H plasma. ne can be increased from (0.5-1.0) x 1019 m~3 in the L mode to 
(0.9-1.8) x 1019 n r 3 in the H mode for D plasma and from (0.2-0.5) x 1019 m"3 

in the L mode to (0.9-1.2) X 1019 nr 3 in the H mode for H plasma, indicating that 
the L-H transition can take place in a higher density of D plasma than of H plasma. 
The edge density neb of the H mode is reduced by about 50-60% and 30-40% for 
D and H plasma, respectively, and the edge temperature Teb of the H mode is 
reduced by 50-70% and 30-50% for D and H plasma, respectively, indicating that 
the density and temperature gradients at the plasma edge are steeper in D plasma than 
in H plasma. The electrostatic fluctuation of the H mode is suppressed to die level 
of — 20-30% and ~ 30-40% of L mode levels for D and H plasma, respectively, and 
the increase of the fluctuation as the plasma radius decreases is greater in H plasma 
than in D plasma, as shown in Fig. 3(b). These results indicate that the L-H transi
tion can more easily be triggered in D plasma than in H plasma. 
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FIG. 4. Time dependence of the important parameters of the discharge in which IOC was triggered. 

3. LIMITER IOC MODE 

The improved confinement mode in ohmically heated high density plasma 
(IOC mode) with a limiter configuration, similar to the IOC mode of JIPPT-IIU [5], 
is observed in HL-1. The transition to the IOC mode is accomplished by an 
abrupt reduction of the gas puffing rate after the density has been brought to 
ne ~ 5 X 1019 nr3 . The behaviour of a typical IOC discharge is shown in Fig. 4. 
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When the density approaches a predetermined value, the external gas feed is reduced. 
With the falling gas flux the density ne remains constant or has a slow increase for 
some time. The density profile n(r) is continuously peaking, as seen from Vn, the 
ratio of local density at r/a = 0.9 and at r = 0. Local profile measurements with a 
Langmuir probe array at the plasma edge reveal a drop in density at the edge. The 
intensity of soft X ray emission and its sawtooth modulation increase during the tran
sition to the IOC phase [6]. The sawtooth period increases by a factor of about 2 and 
the amplitude also rises. Some channels of the SXR camera reverse the sawtooth 
pattern. The signal at r = 4.5 cm changes from inverted to normal sawteeth. An 
expansion of the q = 1 surface during this phase therefore can be deduced, with the 
sawtooth inversion radius increasing from 3.5 to 4.5 cm. This indicates a peaking in 
the current profile j(r). The thermal energy measured by the diamagnetic method and 
the soft X ray intensity increase. The energy confinement time initially grows as the 
plasma density increases and saturates during the gas puffing. After the sudden 
reduction of gas puffing, TE increases by 40%. 

As for the boundary plasma, the H„/Da emission and neutral particle outflux 
in the main chamber drop without delay after the decrease of the gas puffing. The 
average plasma density increases but the ion saturation current of the Langmuir probe 
placed near the limiter decreases. These facts indicate the improvement of the particle 
confinement. 

The 0(TV) and C(III) emissions, indicating the production rate of the impurities, 
also diminish at the same time because of reduced particle flux onto the wall and 
hence reduced sputtering. 

The IOC phenomenon in HL-1 is obtained in stationary discharges at densities 
above n,. = 5 X 1019 m~3, the previous TE saturation limit. The confinement quality 
also critically depends on the wall conditions. The precise conditions for access to 
the IOC regime are unclear but apparently depend on the ratio of neutral gas fuelling 
to recycling. Improved confinement is achieved only with uncoated stainless steel 
walls and carbon limiters conditioned by discharge cleaning with hydrogen/noble gas 
mixtures. A certain amount of light impurities is also needed to keep the power influx 
into the SOL at a low level. 

An abrupt reduction of the gas fuelling rate gives rise to a decrease of the edge 
density. A critical reduction of the electron density at the plasma edge is required in 
order to start steepening of the density gradient in the confinement region. With the 
shortening of the density decay length Ln the parameter r/; = Ln/Lrj can fall below 
the threshold value for excitation of ion pressure gradient driven modes [7]. Thus, 
suppression of these modes may give access to the IOC regime. 

Further studies on the change of the parameter ^ and density fluctuations as 
well as other plasma parameters for this mode are required. 
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4. IMPROVED CONFINEMENT DURING THE LHCD PHASE 

LHCD experiments have been performed in 1992 with 2.45 GHz RF power up 
to 200 kW and a pulse duration up to 100 ms. The confinement properties of plasmas 
during the LHCD phase are investigated. When the LHW is launched into the 
plasma, the plasma parameters vary significantly. The line averaged electron density 
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increases greatly and the edge electron density decreases noticeably. At the same 
time, Da emission and Zeff estimated from visible bremsstrahlung emission 
decrease. The edge temperature sometimes decreases. These phenomena show that 
particle confinement is improved by LHW, as shown in Fig. 5. 

The good confinement of LHCD plasma in HL-1 occurs only when 
ne < 3 x 1019 nr3 . When n,, is higher than 3 X 1019 nr3 , the edge density neb 

and edge temperature Teb of the SOL, Da emission and impurities all increase 
greatly. The power threshold of LHW for improved confinement is 25 kW for 
He < 3 X 1019 m-3. 

An electrostatic probe array and microwave reflectometer are used to measure 
the potential fluctuation Vf and the edge electron density fluctuation fie. When 
the LHW is launched into the plasma, both are suppressed. Conversely, if 
He > 3 x 1019 m"3, both ne and Vf increase noticeably. The potential profile meas
ured by the probe array becomes steep when LH power is injected, which may be 
related with plasma rotation. Magnetic fluctuation Be is also analysed. The relation
ship between MHD turbulence and improved plasma confinement seems not to be 
very obvious. Sometimes the amplitude of Bs is suppressed, especially for lower 
frequency mode turbulence. Sometimes, although Be is not suppressed, plasma 
confinement is still improved. 

A microwave receiver is used to observe the high frequency burst radiation 
which is thought to be related to the kinetic instability. Theoretically, this instability 
is caused by the anomalous Doppler effect and suppression of this instability could 
be regarded as a mechanism for improved plasma confinement. The suppression of 
high frequency kinetic instability with antenna array phase angles A<j> ~ 90° and 
A<j> ~ -90° has been observed. We noted that when high energy electrons are ther-
malized in the higher electron density discharges in which the kinetic instability can
not develop, good plasma confinement could still be achieved. The suppression of 
high frequency kinetic instability can be regarded as a possible mechanism for 
improved confinement for n,. < 3 X 1019 m"3. 

5. COMPOUND EFFECT OF POSITIVELY BIASED ELECTRODE AND 
LHW LAUNCHING IN THE CURRENT DRIVE DIRECTION 

In general, the features of improved confinement obtained by LH power injec
tion are found to be very similar to those of the H mode induced by the positively 
biased electrode in HL-1. Comparison of these two regimes has been performed. The 
biased H mode discharge is degraded to a normal Ohmic discharge (Fig. 6) when 
LH power is injected in the current drive direction. After the LH power is switched 
on, the density n^ and temperature Teb of the SOL plasma increase drastically and 
the electrostatic fluctuations in the edge increase, while the core plasma density 
decreases and Da emission increases, indicating that the H mode is terminated. 
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are combined. 

Thus, it could be inferred that the H mode is characterized by a strong positive elec
tric field at the edge; when this electric field is counteracted by the negative electric 
field possibly induced by the LHW, transition to a regime with degraded confinement 
often occurs. This regime is characterized by a smaller value of the electric field at 
the periphery. The deterioration of confinement may be correlated with the decrease 
of the radial electric field |E,| and its shear |dEr/dr| at the periphery. 

6. CONCLUSION 

Two improved confinement regimes have been achieved in the HL-1 tokamak 
and the mechanisms have been experimentally studied. The H mode has been induced 
by the biased electrode and the IOC mode has been triggered by the decrease of gas 
puffing. The particle confinement has been improved by LH power injection. These 
improvements of confinement are related to the improved properties of the plasma 
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edge. Combining bias and LH power injection in the current drive direction leads to 
termination of the H mode, which may be correlated with the decrease of the radial 
electric field |Er| and its shear |dEr/dr| at the plasma edge. 
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Abstract 

RECENT RESULTS OF OHMIC H MODE STUDIES IN TUMAN-3. 
In recent experiments the Ohmic H mode was found in shots with a higher plasma current than 

in earlier experiments. Plasma parameters in this regime are as follows: Ip = 0.115 MA, qcyl = 2.45, 
n = (2-3.5) x 10" m"3, T^ = 0.4-0.6 keV, Ti0 = 0.12 keV. The longest confinement time in the 
Ohmic H mode is 9.0 ms, whereas in the ordinary Ohmic regime it is <3.8 ms. The enhancement fac
tor above rE <x n Ohmic scaling is 1.3-1.5. Maximum /3T values reach 4% at the centre and 1% 
volume averaged (the Troyon limit is equal to 3.4%, assuming the Troyon factor 3.5). In contrast to 
auxiliary heated H modes, in the case of the Ohmic H mode the density increase after the transition is 
accompanied by a transitory decrease of the boundary electron temperature. Transport analysis showed 
that the effective diffusion coefficient at r = 0.9a decreased by a factor of 7 after the transition. In the 
bulk plasma anomalous inward convection plays a dominant role in the particle transport. A pronounced 
reduction of the electron thermal conductivity was found in the gradient region (r = 0.7a). The possibil
ity was found of initiating an improved confinement regime after a single LiD pellet injection. This 
improved confinement mode looks similar to the H mode and was termed the pellet caused H mode 
(PCH mode). The PCH mode is characterized by suppression of the density fluctuations in the entire 
plasma region compared with the Ohmic H mode. Transport reduction appears to be stronger than in 
the Ohmic H mode. 

1. OHMIC H MODE IN PLASMA WITH Ip = 0.115 MA 

In the ordinary Ohmic regime a transition into an improved confinement mode 
was found [1]. This Ohmic H mode has the typical characteristics of the H mode in 
larger devices with powerful auxiliary heating: an increase of the energy and particle 
content, suppression of the density fluctuations near the boundary and a drop in the 
D„ radiation. Previous measurements performed in shots with Ip = 0.09 MA 
showed a considerable increase in the particle confinement (Tp

,mode = 37°") and a 
moderate increase in the energy confinement (by a factor of 1.3-1.5 above the linear 
scaling rE oc n). Because of the small effect on the Te profile and relatively large 
errors in Te measurements, transport analysis was made difficult in the regime with 
Ip •=' 0.09 MA. The changes in Te(r) became more pronounced after the increase of 
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FIG. 1, Temporal behaviour of the loop voltage, plasma current, average density, Da radiation and 
SXR emission in the 0.115 MA Ohmic H mode. 

Ip up to 0.115 MA. Improvements in Thomson scattering equipment were com
pleted in order to diminish errors in Te(r), thereby allowing reliable transport analy
sis of the new regime. 

The general features of the 0.115 MA Ohmic H mode are the same as at 
Ip = 0.09 MA. In both cases the transition was initiated by a small increase of the 
deuterium puffing rate (AF = 0.15F). After the transition, an increase of the particle 
and energy content, damping of the peripheral fluctuations and a drop in D„ were 
observed. The transition gives rise to intensive sawtooth oscillations. Typical wave
forms of some plasma parameters are shown in Fig. 1. As in previous experiments, 
the enhancement in energy confinement is by about a factor of 1.5 above a linear fit 
for OH shots (Fig. 2). The longest TE in the new regime is 9.0 ms. This value was 
calculated taking into account the energy content derivative dW/dt, which is equal 

ANDREJKO et al. 



IAEA-CN-56/A-7-11 487 

10.0 

8.0 -

« 6.01-

4.0 

Hi 2.0 

0.0 
0.0 

• I I I - I 

o Ohmic heating 

* Ohmic H mode 

. 
* 

* 

* * 
~ $ * 

I I I 

* 

* . -

* * 

* o ^ - " -
* „'•"* 

* .*'' 
* * T * * u - -

i i i i 

• 

i i i 

1.0 2.0 3.0 
Average density (1019 rrr3) 

4.0 

FIG. 2. Energy confinement time versus average density derived from TUMAN-3 shots with the ordi
nary Ohmic regime and with the Ohmic H mode. Broken line: linear fit for the ordinary Ohmic regime. 

to 0.17POH. This value exceeds by more than a factor of 2 both the Neo-Alcator 
scaling prediction and the longest TE in ordinary TUMAN-3 OH shots. 

At Ip = 0.115 MA the temporal evolution of the electron temperature and den
sity profiles was measured. Figure 3 presents Te(r) behaviour through the H mode. 
As could be concluded from these data, after the transition Te(r) begins to shrink 
although the central temperature increase is not large. After 3-4 ms, simultaneously 
with the onset of sawtooth activity, the radial distribution flattens. There were no 
noticeable changes in Te(r) from 33 ms until the end of the discharge. In TUMAN-3 
laser scattering diagnostics cannot provide measurements in the region 0.16 < r < 
0.23 m, but the evolution of plasma parameters in this part of the cross-section is 
important for H mode studies. Some knowledge of boundary electron temperature 
behaviour was derived from transport modelling of me transition process. During the 
Te(r) peaking phase Teb decreases by a factor of 2 and then after sawtooth appear
ance increases up to 110 eV. The current density profile varies in the same manner 
as Te(r). Shrinking and subsequent flattening of j(r) are shown by the loop voltage 
evolution. Up increases from 2.2 to 2.5 V and then falls to 1.5 V, indicating the 
increase and the drop of £ (Fig. 1). 

The density profile evolution shows the rapid formation of the steep gradient 
zone at the periphery during the transition from OH to H mode and the relatively 
slow rise of n,. in the bulk plasma (Fig. 4). This kind of n^r) behaviour was 
observed in our earlier experiments [1, 2]. A peculiarity of the measured evolution 
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FIG. 4. Density profile evolution in the 0.115 MA Ohmic H mode. 

is the formation of a hollow density profile after the transition. The existence of the 
positive gradient zone for a long time (including ~ 8 ms sawtoothing period) could 
be explained by strong convection in the confinement region. 

Two features of the Ohmic H mode distinguish it from auxiliary heated 
H modes: (1) significant changes in Te and j e profiles through the transition period, 
and (2) a transitory drop in the boundary Te instead of pedestal formation. 
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2. OHMIC H MODE TRANSPORT ANALYSIS 

The aims of this study were: 

(a) To determine the evolution of peripheral plasma parameters in the Ohmic 
H mode (Deff, Teb); 

(b) To clarify whether or not any changes in global confinement appear and to clar
ify the role of convection. 

For particle transport studies die following data were used: density profile evo
lution (shown in Fig. 4) and me brightness of the Da radiation in different cross-
sections. The spatial distribution of the neutrals and the source term in the diffusion 
equation was found in 1-D approximation for the kinetic equation. The impurity 
source term was omitted. Simulations were performed using the ASTRA transport 
code [3]. As a result of the calculations die temporal evolution of Deff was obtained. 
Figure 5 presents Deff behaviour at the periphery (r = 0.9a) and in the confinement 
region (r = 0.7a = 0.15 m; here 1 < q(r) < 2). In both radial positions Deff drops 
significantly. The negative value of Deff (for 0.7a) is evidence of die existence of 
strong inward convection. Calculation shows that the inward convection is anomalous 
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FIG. 6. Radial distribution of the integrated flux provided by the ionization source (the right part of 
the diffusion equation), the derivative of the particle content (the term from the left part of the equation), 
density and the effective diffusion coefficient. 

and at least 2.5 times greater than neoclassical convection. The region where convec
tion plays a dominant role can be roughly determined from the radial dependence of 
Deff. Figure 6 presents Deff as a function of minor radius. Integrated fluxes provided 
by the ionization source (the right part of the diffusion equation) and the derivative 
of the particle content (the term from the left part of the equation) are also shown. 
The region where Deff < 0 could be considered as convection dominated. These 
data allowed us to conclude that the Ohmic H mode is characterized by dramatically 
decreased transport at the periphery and by anomalous inward convection in the con
finement region. Steep gradient formation and the suppression of boundary diffusion 
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FIG. 7. Evolution of simulated and measured loop voltages, boundary temperature and effective 
thermal conductivity coefficient in the Ohmic H mode. 

are in agreement with results obtained on ASDEX [4], on DIII-D [5] and in our 
earlier experiments [6]. It seems that damping of the fluctuations is a key mechanism 
in the decrease of diffusion [7]. 

In the energy transport analysis the Te and n. profiles shown in Figs 3 and 4 
were used. Because of the absence of laser scattering measurements in the periphery, 
Teb evolution was chosen to match simulated and measured loop voltages (Fig. 7). 
The simulated loop voltage, as well as the heat source, were derived from the reduc
tion of the value of the poloidal field diffusion, assuming neoclassical conductivity, 
Zeff = 2.0 and the validity of the Kadomtsev model [8] of internal disruptions. The 
effective thermal conductivity coefficient was obtained under the following assump
tions: the heat source is distributed as j /a , the energy transfer from electrons to ions 
is collisional and radiative losses are negligible. In Fig. 7 the temporal evolution of 
Xeff at r = 0.75a = 0.15 m is shown. The changes in the heat transport in the con
finement region (1 < q < 2) can be seen. The observed sharp drop of Xeff is. evi
dence of suppression of the heat transport in that part of the plasma. 
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Heat balance analysis has shown that in the Ohmic H mode the transport sup
pression zone is shifted into the confinement region. This is contrary to the case of 
the auxiliary heated H mode, where suppression is localized in the periphery. There 
was a transitory decrease in Teb after the Ohmic H mode transition, probably owing 
to the absence of launched ICRH power. 

3. H MODE INITIATION BY PELLET INJECTION 

In many cases the Ohmic H mode in TUMAN-3 is triggered by a small increase 
of the gas puffing rate [1]. In other experiments this regime can be initiated by bound
ary biasing provided by applying a voltage to the electrode inserted inside the 
LCFS [9]. Both methods seem to be unacceptable for the purpose of H mode control 
in next generation devices, owing to the low efficiency of gas puffing in larger toka-
maks and to the impossibility of inserting any electrodes into a plasma with high 
parameters. These circumstances forced us to study the possibility of triggering the 
H mode by some universal method. 

Pellet injection is now considered a useful method of plasma fuelling. It is 
known that pellet injection leads to disturbances in radial profiles accompanied by the 
formation of steep density and temperature gradients. Under these conditions a strong 
radial electric field and its gradient could appear, resulting in initiation of the 
H mode. 

(a) (b) 

0 10 20 30 40 50 60 0 10 20 30 40 50 60 
t (ms) t (ms) 

FIG. 8. Temporal evolution of some plasma parameters (a) in the PCH mode and (b) in the shot without 
transition. 
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The pellet injector installed in TUMAN-3 is a pneumatic gun providing acceler
ation of a solid pellet with d = 100-300 jum up to a speed of 300 m/s [10]. It operates 
at room temperature. Low Z LiD pellets were used in the H mode experiment. The 
effective charge of the fully ionized pellet is 2.5, which is close to the plasma Zeff 

(~2.0). So LiD could be considered as a fuelling pellet. In order to localize the 
plasma disturbance at the boundary (and thus create there significant dn/dr), the 
speed of the pellets was chosen as small as possible. For small pellets (N = (1-2) 
x 1018), vp was 130-190 m/s. The evaporation time was in the range 0.5-0.8 ms. 
The estimated penetration depth and density gradient were Al = 0.08-0.11 m and 
dn/dr > 3 x 1020 m"4. 

Using this regime of injector operation an improved confinement mode was 
found. This mode has many similarities with the H mode and therefore was termed 
the pellet caused H mode (PCH mode). Typical traces of some plasma parameters 
in the PCH mode are shown in Fig. 8(a). For comparison, the shot without transition 
is presented in Fig. 8(b). In this case the pellet was larger and hence penetrated 
deeper into the bulk plasma. The PCH mode has some features which distinguish it 
from the Ohmic H mode: (1) The PCH mode exists for a short period, about 5 ms, 
and we failed to find a way to prolong its duration. (2) Microwave reflectometer data 
indicate that the suppression zone for density fluctuations (and probably transport) 
is shifted towards the plasma centre. (3) The rate of SXR intensity increase is higher 
than that in the Ohmic H mode, which reflects a stronger effect in the energy 
confinement. 

4. SUMMARY 

A 0.115 MA Ohmic H mode was found and investigated in order to deduce 
transport features. In the Ohmic H mode the heat transport reduction zone is shifted 
into the confinement region. xlff at r = 0.7a drops significantly after the transition. 
Particle transport is characterized by anomalous inward convection in the region 0.5 
< r/a < 0.8. In the boundary D|ff drops by a factor of 7 after the transition. The 
energy confinement time is 1.5 times longer than the TE « n linear fit for the ordi
nary OH regime and exceeds by at least a factor of 2 the Neo-Alcator scaling predic
tion for TUMAN-3. The longest T§mo^ is 9.0ms, while the maximum r0H = 
3.8 ms. Central and averaged 0T reach 4% and 1%, respectively (note that the 
Troyon limit 3.5I/aB is 3.4%). 

The possibility of triggering the H mode by pellet injection has been demon
strated experimentally. A necessary condition for H mode appearance is steep density 
gradient formation near the edge (dn/dr > 3 X 1020 m"4). The method could be 
used for H mode control in tokamaks of the next generation. 
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Abstract 

IMPURITY GENERATION MECHANISM IN JT-60U. 
The impurity generation mechanism has been investigated in high power neutral beam (NB) 

heated discharges with lower null point divertor configuration in JT-60U. An NB at a power level of 
22 MW was injected for 3 s; no carbon bloom was observed. The measured and calculated carbon 
influxes from the divertor plates are compared quantitatively. The carbon generation mechanism can 
be explained by deuterium (physical sputtering), oxygen and carbon sputtering. It is found that the 
contribution of chemical deuterium sputtering is small, but that of oxygen sputtering is important. 
Remote radiative cooling can reduce the heat flux onto divertor plates. The divertor radiation increases 
with the electron density and the safety factor. The radiation loss in the divertor region has been studied 
by VUV spectroscopy. It is found that a large fraction of the divertor radiation is caused by neutral 
deuterium atoms and C3 + . 

1. INTRODUCTION 

Impurities pose serious problems such as radiation loss and fuel dilution in large 
tokamak devices [1]. It is necessary for the development of experimental reactors 
such as ITER to establish a method of solving these problems. Carbon impurities are 
inevitably generated at graphite divertor plates in high power heated diverted toka-
maks. It is conceivable that die impurity sets limits to the performance of the devices. 

The influx of carbon impurities into the scrape-off layer of a limiter plasma was 
investigated [2, 3]. However, generation, shielding and transport of carbon impuri
ties in the divertor region have not been investigated quantitatively in detail. These 
processes have uncertainties in estimating the performance of experimental reactors 
(for example, ITER). The influx of deuterium, carbon and oxygen into the divertor 
region was measured by spectroscopic diagnostics in JT-60U. The generation 
mechanism of the carbon impurities was investigated [4] with high power NB heated 
and high density diverted discharges. In JT-60U, divertor plates made of carbon fiber 
composites (C/C) were installed with an accuracy of 0.5 mm, and their edges were 
bevelled in order to prevent localized heat flux onto the plates [5]. No carbon bloom 
was observed at a neutral beam power level of 20-25 MW for 2 s. 

495 
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Erosion of divertor tiles will be a serious issue with regard to the lifetime of 
the tiles [6], in addition to impurity generation in ITER. Remote radiative cooling 
using high density and low temperature divertor plasmas is very effective in reducing 
heat load and erosion of divertor plates [7]. Cold divertor plasma is indispensable in 
mitigating the erosion of divertor plates to an acceptable level [8]. Though the major 
portion of radiative power in the divertor stemming from line radiation is caused by 
the emission of vacuum ultraviolet, no spectroscopic analysis of the VUV range has 
been carried out in divertor plasmas. Spectroscopic aspects of radiation loss in diver
tor have been studied by VUV spectroscopy. 

2. CARBON IMPURITY GENERATION MECHANISM 

In JT-60U, spectrometers, a Langmuir probe array and an infrared television 
(IRTV) camera were installed for divertor diagnostics to study the divertor charac
teristics. The influxes of deuterium, carbon and oxygen ions were derived, respec
tively, from the measured line intensities of Da, C II 657.8 nm and O II 441.5, 
441.7 nm. In order to calculate the carbon influx by sputtering at divertor plates, 
electron temperature and density profiles on the divertor plates and the surface 
temperature of the divertor plates were measured independently [9]. 

Considering a steady state, we can assume that the outflux is equal to the spec-
trometrically measured influx. Then the carbon influx Tc can be expressed as 

Tc _ YD , YQ r 0 

r D i - Y c i - Y c r D 

where rD , T0 and Tc are the fluxes of deuterium, oxygen and carbon ions onto the 
divertor plates, respectively. YD, Y0 and Yc are the sputtering yields of carbon by 
deuterium, oxygen and carbon ions, respectively [10]. Physical and chemical 
processes are considered for the deuterium and oxygen sputtering. The carbon sput
tering (self-sputtering) is a physical process. The physical sputtering yield depends 
on the incident energy of the ions. The incident energy was assumed as given in 
Ref. [11]. The ion temperature was assumed to be equal to the electron temperature. 
In experiments with ion beams, the chemical deuterium sputtering yield is much 
larger than the physical deuterium sputtering yield. 

Figure 1(a) shows the values of the calculated carbon influx normalized to the 
measured carbon influx as a function of the surface temperature of the divertor plates 
in ohmically heated deuterium discharges (Ip = 2.0-2.5 MA) and neutral beam 
heated discharges (PNB = 5-12 MW). The open squares represent the normalized 
values for the calculated carbon flux, including the chemical deuterium sputtering, 
and the closed squares represent the values obtained by neglecting the chemical sput
tering. The surface temperature of the divertor plates in ohmically heated discharges 
is about 310°C, and the temperature increases up to 540°C in the NB heated 
discharges. The chemical deuterium sputtering yield depends strongly on the surface 
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FIG. 1(a). Values of calculated carbon influx normalized to measured carbon influx as a Junction of 
divertor plate surface temperature in ohmically heated deuterium discharges (Ip = 2.0-2.5 MA) and 
neutral beam heated discharges (Pm = 5-12 MW). 

temperature of carbon tiles and has a maximum value at 550°C. For the calculation 
including the chemical sputtering, the value of the calculated carbon influx normal
ized to the measured value in the ohmically heated discharges is 3.3. The value 
increases from 5 to 10 in NB heated discharges, as the surface temperature increases. 
On the other hand, the ratio for the calculation neglecting the chemical sputtering is 
always nearly constant and lies in the range of 2 to 3. Therefore, the observed carbon 
flux does not depend on the surface temperature. This suggests that the contribution 
of the chemical sputtering to the generation of carbon in JT-60U is small. This 
phenomenon has also been observed in other tokamaks [2]. 

Figure 1(b) shows the calculated carbon influx by self-sputtering, physical and 
chemical oxygen ion sputtering and physical deuterium ion sputtering (except chemi
cal), and the measured carbon influx as a function of the line averaged electron 
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FIG. 1(b). Calculated carbon influx by self-sputtering, physical and chemical oxygen ion sputtering 
and physical deuterium ion sputtering (except chemical), and measured carbon influx as Junctions of 
line averaged electron density in the main plasma. 

density in the main plasma. The calculated and measured carbon influxes decrease 
as the electron density increases, and their dependences on the electron density are 
in good agreement. In the low density region (r^ « 0.9 x 1019 m~3), self-
sputtering and oxygen sputtering are important. The relative carbon influx decreases 
for higher electron density because of the smaller self-sputtering yield and a decrease 
in the relative oxygen density. The contributions of carbon, oxygen and deuterium 
sputtering are about 50%, 30% and 20% of total carbon influx in the low density 
regime (n,. » 1.4 X 1019 m - 3) , respectively. In the high density regime (n,. « 
3.4 x 1019 m~3), as the density of deuterium ions increases, the physical deuterium 
ion sputtering constitutes the major fraction of total carbon influx, and the contribu
tions of carbon, oxygen and deuterium sputtering are about 35%, 25% and 40%, 
respectively. 
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FIG. 1 (c). Concentration of carbon ions (carbon influx/deuterium influx) in the divertor plasma 
compared with concentration (carbon density/deuterium density) in the main plasma as a function of line 
averaged electron density in the main plasma. 

This result indicates that carbon impurities generated by chemical deuterium ion 
sputtering do not pose any problem. No carbon bloom was observed in high power 
NB heated discharges. The surface temperature of the divertor plates measured by 
IRTV did not exceed 800°C, and the concentration of heat deposition at the edges 
of the carbon tiles would be reduced by high thermal conductivity of the tiles (C/C), 
good alignment of the surface and edge bevelling of the tiles. Therefore, radiation 
enhanced sublimation might not play an important role in JT-60U, so far. 

The empirical relationship between the concentration of the carbon ions in the 
divertor plasma and in the main plasma is very important in studying impurity shield
ing and transport. The carbon concentration in the main plasma can be estimated by 
using the calculated value of the carbon influx in the divertor plasma to find the 
empirical law. The concentration of carbon ions (carbon influx/deuterium influx) in 
the divertor plasma is compared with the concentration in the main plasma (carbon 
density/deuterium density) as shown in Fig. 1(c). The ratio of carbon concentration 
in the divertor plasma to that in the main plasma depends on the electron density in 
the main plasma. The ratio is about 40% at n<. = 1.5 X 1019 m~3 in OH plasmas 
and from 15 to 45% at n,. = 5 X 1019 m - 3 in NB heated plasmas. This result 
suggests that shielding becomes more effective as the electron density increases. This 
fact is important from the point of view of impurity control. 

> 
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FIG. 2(b). Values of calculated carbon influx normalized to measured carbon influx as a function of 
divertor plate surface temperature near the outer strike point in high density (ne = (4-6) x lO19 m~3) 
and neutral beam heated discharges (PNg = 8-25 MW) considering the spatial distributions. 



IAEA-CN-56/A-7-12 501 

0.10 

0.08 

Q 0.06 

u 
U 0.04 

0.02 

0.00 
3.0 4.0 5.0 

jTe(1019m-3) 
6.0 

-

PNB = 8-25 MW 
1 1 1 i 1 1 1 i r i 

• measured 
n calculated ~ 

1 1 t 1 1 ( 1 ( 1 1 1 1 1 1 1 t 1 1 1 

7.0 

FIG. 2(c). Calculated and measured carbon influxes normalized to deuterium influx as a junction of 
the line averaged electron density in the main plasma in the same discharges as in Fig. 2(b). 

The impurity generation mechanism has been studied by considering the spatial 
distributions of the deuterium, carbon and oxygen influxes because only total influxes 
were discussed in a former study [4]. Figure 2(a) shows the spatial distributions 
of the measured carbon influx and the calculated carbon influxes by self-
sputtering, physical and chemical oxygen ion sputtering and physical deuterium ion 
sputtering at the outer strike point of the separatrix in NB heated discharges with 
IP = 2.5 MA, BT = 4.0 T and PNB = 23 MW. The deuterium and carbon flux at 
the inner strike point on the divertor plates is larger than that at the outer strike point. 
On the other hand, electron temperature, pressure and heat load at the outer strike 
point are higher than at the inner strike point [9]. The calculated carbon influx is in 
a good agreement with the measured carbon influx. The ratio of the measured to the 
calculated influx which was averaged spatially is 1.2 near the outer strike point. The 
contributions of carbon, oxygen and deuterium sputtering are about 38%, 1% and 
61 % of total carbon influx near the outer strike point. The carbon and deuterium sput
tering is dominant, and oxygen sputtering is very small, because of r 0 / r D « 10~4 

in this discharge. The ratio of the measured to the calculated influx is from 
1.0 to 2.0 near the outer strike point in high density (He = (4-6) X 1019 m~3) and 
neutral beam heated discharges (PNB = 8-25 MW), considering the spatial distribu
tion as shown in Fig. 2(b). The calculated and the measured carbon influxes 
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normalized to the deuterium influx are nearly constant and 0.015 to 0.035, up to 
He = 6.2 X 10" m - 3 as shown in Fig. 2(c). 

The measurement of the spatial distribution of the influxes and the electron 
temperature in the divertor improves the agreement as compared with the 
result where only total influxes are considered. However, the ratio in the case 
of high electron temperature (Te = 100 eV versus Te < 50 eV), low density (n,, < 
3 X 10l9 m~3) and high power NB heated discharges (PNB « 20 MW) has a 
tendency to be less than 1.0. The difference in the case of high electron temperature 
in the divertor probably suggests that the incident ion energy in the divertor region 
is different from the assumption made in Ref. [11]. 

3. SPECTROSCOPIC ANALYSIS OF RADIATION LOSS IN A DIVERTOR 

The time evolution of remote radiative cooling in a high power NB heated 
discharge of PNB = 21 MW (NB pulse duration 5 s, but constant power for 2.5 s) 
is shown in Fig. 3. After an H- to L-mode transition, the radiation loss in the divertor 
region increases up to 30% of the NB heating power. The increase in the radiation 
loss in the main plasma is gradual, and the fraction is less than 15%. The maximum 
value of the heat flux onto the divertor plates decreases simultaneously. Remote radi
ative cooling reduces the heat load onto the divertor plates. The maximum values of 
the surface temperature of the divertor plates increase gradually up to about 500°C 
at the inner strike point and about 700°C at the outer strike point. 

The radiation power in the main plasma and in the divertor region increases as 
the absorbed power increases in L-mode plasmas. In discharges with an absorbed 
power of 16 MW, the radiation powers in the main plasma and in the divertor region 
are 2 MW and 5 MW, respectively. In the high density region, the fractions of radia
tion loss in the divertor region and in the main plasma are about 35% and 15%, 
respectively. The fractions of radiation loss in the divertor region increases as the 
electron density multiplied by the safety factor i^q^ increases [12]. This suggest 
that the connection length plays a certain role. The dependence might be explained 
by a decrease in the electron temperature in the peripheral plasma region with 
increasing connection length. To summarize, we may state that the remote radiative 
cooling power is higher for discharges with high density and high safety factor. 

In order to study the spectroscopic aspects of radiation loss in the divertor, the 
intensities of deuterium, carbon and oxygen VUV spectra in the divertor plasma are 
measured by using grazing incidence (30-130 ran) and normal incidence 
(97-156 nm) spectrometers which were absolutely calibrated with the sensitivity. 
The densities of the neutral deuterium atoms, C + - C3+ , 0 2 + - O s + and the radiation 
losses caused by these ions were evaluated from the observed intensities. The charge 
exchange loss by deuterium in the divertor can be roughly estimated though the 
charge exchange of neutrals was not measured. The viewing area of the grazing and 
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FIG. 3. Time evolution of remote radiative cooling in high power NB heated discharge of 
PNB = 21 MW (NB pulse duration: 5 s, but constant power for 2.5 s). 



504 SAKASAI et al. 

-1.2 

M 

-1.7 

2.5 

Langmuir Probes 
Normal Incidence Spectrometer 

Grazing Incidence 
Spectrometer 

3.5 
R (m) 

FIG. 4. Viewing area of grazing and normal incidence spectrometers through entrance slits on the 
divertor plates. 

E15307, 6.0 s, OH 

0 5 + 

E15861, 12.6 s , PNB=12 MW 

0 2 + 03+ 0 4 +
 0s+ 

(a) (b) 
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spectroscopic measurements, (a) Ohmic discharges (ne = 1.6 x 1019 m'3); (b) the neutral beam 
heated discharges (ne = 3.5 x JO19 m~3, Pm = 12 MW). 
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normal incidence spectrometers on the divertor plates is shown in Fig. 4, In particu
lar, the viewing area of the grazing incidence spectrometer is narrower than that of 
the other one. 

Figure 5(a) shows radiation losses caused by these atoms and ions from spec
troscopic measurements in Ohmic discharges (n,, = 1.6 X 1019 m~3). The radiation 
loss by C3+ was largest among C + -C 3 + and amounted to 35% of the total 
radiation loss with spectroscopic measurement in the divertor region. The radiation 
loss by 0 4 + was largest among 0 2 + - 0 5 + . The rates of radiation losses by 
deuterium, carbon and oxygen were 9%, 54% and 37%, respectively. Figure 5(b) 
shows the radiation losses caused by these ions in the neutral beam heated discharge 
(n,. = 3.5 X 1019 m~3, PNB = 12 MW). The major radiation losses were caused by 
D° (15%), C + (12%), C2+ (21%) and C3+ (48%). The radiation losses by oxygen 
decreased relatively. The total radiation loss with spectroscopic measurement agreed 
within a factor of two with the result from the bolometric measurement. The radiation 
loss by C3 + depends on the height of the null point (X-point) because of the narrow 
viewing area of the spectrometers. 

4. CONCLUSIONS 

The impurity generation mechanism, the remote radiative cooling and the spec
troscopic aspects of divertor radiation were studied in JT-60U. 

The dependence of the carbon influx on the electron density can be explained 
by deuterium (physical sputtering), oxygen and carbon sputtering. The contribution 
of the chemical deuterium sputtering is small. The importance of the oxygen sputter
ing is clear in the low density discharges. The decrease in relative carbon flux in the 
high density region is explained by the reduction in the relative oxygen concentration 
and the decrease in the electron temperature in the divertor region. The carbon and 
deuterium sputtering is dominant in high density (n,. = (4-6) X 1019 m - 3) NB 
heated discharges. The relation between the concentrations of carbon ions in the 
divertor plasma and in the main plasma was obtained for studying impurity shielding 
and transport. 

The fractions of the radiation loss in the divertor region and in the main plasma 
are 35% and 15%, respectively, in NB heated discharges with high electron density. 
The fraction of the radiation power increases with neqefr. This suggests that the 
connection length is important. Neutral beams with the powers of 22 MW were 
injected for 3 s; no carbon bloom was observed. Operation with high density and high 
safety factor increases the remote radiative cooling. The operation is favourable to 
impurity control, alleviation of divertor tile erosion and heat removal. 

Spectroscopic aspects of radiation loss in the divertor were studied by VUV 
spectroscopy. It was found that a large fraction of the divertor radiation is caused by 
neutral deuterium atoms and carbon ions in a high density NB heated discharge. 
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Abstract 

EFFECTS OF CURRENT PROFILE ON MHD CHARACTERISTICS AND PLASMA 
PERFORMANCE IN JT-60U. 

On the basis of the Ohmic and neutral beam heating experiments in JT-60U, the effects of the 
current profile on the MHD characteristics and confinement are systematically studied, and the relation
ships between MHD activities and confinement are quantitatively identified. From the viewpoint of 
MHD, the tokamak discharge regions (i.e. regions with stable and disruptive conditions, appearance 
of sawteeth and quasi-stationary condition) are categorized by the internal inductance 1; and the effec
tive safety factor qeff in the low /S region. The sawtooth inversion radius is related to qeff and \{. In the 
L-mode, the H-factor (H = TE/7E

TER89P) is almost proportional to l*'8 over a wide range of qeff, i.e. 
qeff = 2-14. The reason for the degradation in confinement at low q (qeff < 4-5) is identified as 
effects of 1; and the sawtooth activity. A new confinement scaling law for the H-factor in the L-mode 
is obtained by including the effects of 1; and the sawteeth. In the H-mode, the degradation in confine
ment at low q is roughly explained by effects of sawteeth and I). In addition, the confinement degrades 
with increasing ELM frequency. However, the \{ dependence is complicated in the H-mode, and the 
dependence of TE on \, should be discussed by separating the current profile in the central and the edge 
regions. 

1. INTRODUCTION 

The purpose of this paper is to obtain an understanding of the effects of safety 
factor q and current profile on MHD activities and energy confinement time TE by 
systematic observation of macroscopic instabilities and clarification of the correlation 
between MHD and confinement. The tokamak discharge region can be characterized 
by the values of the effective q at the edge qeff [I], the internal inductance lj and 0. 

1 STA fellowship. 
2 General Atomics, San Diego, California, USA. 
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FIG, 1. (a) Scenario for analysing relationships among qep /,, confinement, sawteeth and ELMs. 
(b) Discharge regions characterized by MHD activities in the qeg-lj plane. Dashed and dotted curves 
correspond to quasi-stationary current distribution and sawtooth boundary, respectively. 

If these values are close to the stability limit, MHD instabilities cause disruptive 
events such as (i) major disruption at high 1( [2], (ii) major or minor disruption at 
low lj or at low q (qeff » 2 and qeff « 3) and (iii) /3P collapse [3]. Non-disruptive 
degradation is caused by sawteetii, n/m = 1/1 activity, ELM, ballooning mode, etc., 
which affect rE by enhancement of diffusivity or repetitive release of kinetic energy. 
As to TE for the L-mode, Ip has a strong effect on TE [4]. Although the role of the 
current profile j(r) is important for an understanding of the origin of the Ip depen
dence, the effect of j(r) on TE has not been clarified, in spite of its strong effect on 



IAEA-CN-56/A-7-13 509 

MHD. Some effects of 1; on rE were first reported in Ref. [5] by the current ramp 
experiment. This paper extends the discussion towards a generalization of our under
standing. Another important quantity is q. In particular, the reason for the degrada
tion in TE in the low q region should be clarified. To identify these effects of lj and 
qeff, macroscopic instability and microturbulence should be separated. In view of 
this objective, this paper treats me relationships among 1;, qeff and TE including 
MHD instabilities (sawteeth and ELMs) in neutral beam (NB) heated discharges in 
JT-60U [6]. Figure 1(a) summarizes the scenario for analysing these relationships 
(from (0) to (5)). First, the tokamak discharge regions are identified in the'li-qeff 

plane ((0); Section 2). Relationships (1), (2) and (3) are presented in Sections 3, 4 
and 5, respectively. Section 5 also summarizes the relationships (l)-(3) for the L-
mode, using a new scaling of the H-factor. Section 6 analyses the H-mode confine
ment where the relationships (4) and (5) are presented. This paper treats low j8 
(j3p < 1, /3N = /3t/(Ip/aB,) < 1.5) plasmas to facilitate basic understanding. 

2. DISCHARGE REGIONS CHARACTERIZED BY lj AND qeff 

In the low 0 region where pressure driven instabilities and bootstrap current do 
not play any crucial role in determining the stability, discharges can be clearly 
categorized by qeff and 1; (Fig. 1(b)). The plasma parameter ranges are: 
Ip = 1-5 MA, Bt = 1.7-4 T, plasma volume Vp = 45-90 m3 and qeff = 2-14. qeff 

and 1; are defined by: 

2ira2Bt ( 1+K2 

1+e2 1 + 

X [ 1 . 2 4 - 0 . 5 4 K + 0.3 (K 2 +6 2 ) +0.136] 

= (JB2dv/Vp^^0Ip^|dl 

where e is the inverse aspect ratio, K the elongation, 6 the triangularity and A = 
j3p+ lj/2. The integrals are taken at the outermost effective flux surface. In JT-60U, 
the ranges of e, K and 5 are e = 0.23-0.3, K ~ 1.4-1.8 and 5 « 0.05-0.2. The 
safety factor at 95% of the outermost flux surface, q95, is approximately given by 
q95 « 0.8qeff in JT-60U. Usually, h is calculated from A and j3p*a where fif* is cal
culated from the total stored energy W ^ measured by a diamagnetic loop. In 
Fig. 1(b), large closed squares indicate high 1; (including high density) disruptions. 
The open squares correspond to low 1; locked modes (major and minor disruptions) 
and low q disruptions. Usually, the high li disruption is believed to be caused by 
tearing modes, and low lt disruptions are related to external kink or double tearing 
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modes. (The disruption caused by the error field observed at low density [2] is not 
plotted). Open and closed circles correspond to sawtoothing discharges and sawtooth 
free discharges, respectively. The dotted line indicates the boundary for the appear
ance of sawteeth. We observe another boundary corresponding to the quasi-stationary 
current distribution (dashed line). In the usual experimental conditions, if Ip is kept 
stably constant, 1[ increases asymptotically towards this boundary. (The discharge 
region above the dashed line can be achieved when Ip is ramped down.) The impor
tant behaviour of 1; along the dashed line is that Ij is almost constant in the high q 
region (qe{f > 5) and decreases rapidly with decreasing qeff at qeff < 5. The bound
aries of the quasi-stationary state (dashed line) and the appearance of sawteeth (dotted 
line) are empirically given by Eqs (1) and (2), respectively: 

li = 1.4 + 0.005qeff - 0.9 exp[-0.6(qeff - 1.5)] (1) 

li = 1.22 + 0.006qeff - 1.0 exp[-0.6(qeff - 1.5)] (2) 

3. SAWTOOTH INVERSION RADIUS 

This section treats the sawtooth inversion radius rinv and the mixing radius rmix, 
where compound type and non-reconnecting type sawteeth [7] are not included. 
Figure 2(a) shows rinv normalized by the minor radius (rinv/a)sx versus l/qeff for the 
data set used in Fig. 1(b), where (rinv/a)sx is evaluated by using the soft X ray (SX) 
profiles measured with a 64 channel PIN diode array. Since the SX signal is line 
integrated, (rinv/a)sx is about 80% of the real rinv/a. In turn, rmix as determined by the 
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SX signal is almost the same as the real mixing radius. The maximum value of 
(rinv/a)sx is proportional to l/qeff (dotted line). The important observation is that the 
dotted line almost corresponds to the dashed line in Fig. 1(b). In other words, 
(rinv/a)sx is proportional to l/qeff in the steady state. This clear proportionality 
suggests that there exists a strong restriction of the current distribution in the toka-
mak. In Fig. 2(a), data points below the dotted line are observed when the current 
has not fully penetrated. In Fig. 2(b), (rinv/a)sx and ( r ^ / a ^ increase with increasing 
li for given qeff. It should be noted that the maximum rmix reaches about a/2 at 
qeff = 4. Equation (3) gives the empirical scaling for rinv/a, which consists of a term 
proportional to l/qeff, an. additional term for the 1; dependence and a correction 
factor for the effect of line integration: 

(rinv/a)sc = (rinv/a)sx/0.8 = 3.5 (l/qeff)(l;
0-6 - 0.5 - 0.18(qeff - 2)m) (3) 

4. CONFINEMENT STATUS RELATED TO qeff AND 1; 

Figure 3 shows the confinement performance (H-factor = TE/TE
TER89P [4]) in 

the L- and H-modes (ELMy and ELM-free) with Ip = 1-4 MA, B, = 1.7-4 T, 
P„et = 4-25 MW, R = 3.1-3.3 m, a = 0.8-0.9 m and K = 1.5-1.7. The net heat
ing power Pnet is composed of absorbed NB power PNB, Ohmic heating power and 
the time derivative of Wdia. To calculate PNB, the reionization loss (~5%) and the 
shinethrough were subtracted. The ripple loss [8] of the beam ions was not included. 
The applicability of the ITER-89P scaling law including the mass number dependence 
is clarified in Ref. [9]. 

The dashed line in Fig. 3(a) shows the tendency of the H-factor for L-mode 
deuterium discharges. The H-factor decreases rapidly with decreasing qeff in the 
low q region (qeff < 5) and remain nearly constant for high q (qeff > 5). Since the 
dependence of the H-factor on qeff is similar to that of lj on qeff (dashed line in 
Fig. 1(b)), Fig. 3(a) suggests a strong correlation between lj and the H-factor. In the 
H-mode, the H-factor also degrades with decreasing qeff. Figure 3(b) shows the rela
tionship between the H-factor and 1] for the L- and H-modes obtained in deuterium 
and hydrogen discharges. For the L-mode, the data were taken from discharges 
where Ip was kept constant for a much longer time than rE. The high 1; values 
(1.5 < 1; < 1.9) of the hydrogen data were obtained when a strong minor disrup
tion occurred in the very early phase of the discharge. For the H-mode, some tran
sient data of the Ip ramp-down during the H-mode are included. In the L-mode, the 
H-factor increases with 1; over a wide range of qeff, i.e. qeff = 2-14. In the H-mode, 
the H-factor also increases with 1;; however, the scatter is much larger than that of 
the L-mode. The scatter in the data is caused mainly by the effects of sawteeth in the 
L-mode, and sawteeth and ELMs in the H-mode. In Fig. 3(c), data with rsw > 2rE 

{including sawtooth-free data) were used to exclude the effects of sawteeth. From 
Fig. 3(c), it is found that the H-factor in the L-mode is almost proportional to If-8. 
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SAWTOOTH AND CONFINEMENT DEGRADATION IN THE LOW q 
L-MODE 

In the low q region (qeff < 5 or q95 < 4), the H-factor decreases rapidly with 
decreasing qeff (Fig. 3(a)). This is partly due to the fact that lj decreases rapidly with 
decreasing qeff (Fig. 1(b)). In Fig. 3(d) the maximum value of H/lf8 is almost con
stant over the whole range of qeff. Therefore, the decrease in lj is one of the reasons 
for confinement degradation in the low q region. However, a number of cases with 
poor confinement are still observed in the low q region. To demonstrate the reason 
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V±rsw 

versus 

for this phenomenon, Fig. 4(a) shows the dependence of H/lf8 on the sawtooth 
period TSW for qeff = 3.9-4.2 and U = 0.9-1.1. With increasing TSW, H/l?8 increases 
almost linearly (for TSW < l-2rE; rE = 0.2-0.3s in Fig. 4(a)) and then saturates at 
H/lj08 « 0.92. We have prepared ten subsets of data with different values of 
(qeff. Is) and have examined the dependence of H/l?8 on rsw as a function of qrff. 
With increasing qeff the slope f(s~') = A(HJ°'8)/ATSW decreases, and the limit of 
H/l,0-8 for TSW - 0 (Y = T||,mo (H/1°'8)) increases. The parameter Y corresponds to 
H/lp'8 when the transport coefficients are infinite inside rmix. In Fig. 4(b), f increases 
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with l/qeff as f oc (l/qeff)
2. Since (rinv/a)SJ( is proportional to l/qeff in the steady state, 

f is proportional to the area of the sawtooth inversion (or mixing) region. In 
Fig. 4(c), Y decreases with increasing ( r^ / a^ (Eq. (3)), where the value of Y at 
(rinv/a)sc = 0 is assumed to be the same as the value of H/lf8 for sawtooth free dis
charges. From Figs 4(a)-(c), it is concluded that the energy confinement is a function 
of rsw and the dependence is stronger at lower qeff. From the observations above, we 
can stipulate a scaling of the H-factor for the L-mode: 

Hsc = (Y + f O l ? 8 ; TSW < (c - Y)/f 

Hsc = cl?8; rsw > (c - Y)/f (4) 

f = 10.0A&, Y = c - 0.96(rinv/a)sc, c = 0.92 

where (rinv/a)sc is given by Eq. (3). Then Hsc can be calculated when qeff, lj and rsw 

are given. Figure 5(a) shows good agreement between the experimentally obtained 
H-factor and Hsc for the L-mode. Therefore, the scatter of the data around the 
ITER-89P L-mode scaling law (Fig. 3(a)) is understood by introducing the effects of 
Is, qeff and TSW. In Fig. 5(b), the H-factor is plotted for die H-mode. The dependence 
of the H-factor on Hso is clearer than that of the H-factor on 1; alone (Fig. 3(b)); 
therefore the effect of sawteeth on the confinement in the H-mode is important. Actu
ally, the H-factor increases linearly with TSW for a fixed ELM frequency at given 

Qeff-
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6. li( ELM FREQUENCY AND CONFINEMENT IN THE H-MODE 

To analyse the effect of 1; on H-mode confinement, Figs 6(a) and (b) use the 
data of discharges free from both ELMs and sawteeth at medium qeff, i.e. 
Qeif = 4-5. The data were taken at the end of the ELM free period (typically, 
0.3-1 s after the start of the NB injection). The H-factor increases with the 1, of the 
Ohmic target plasma (just before NB injection) rather than with the lj at the time 
when the H-factor is calculated. In the H-mode, the dependence of confinement on 
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1, is complicated. Our observations are as follows: (i) In the H-mode, 1, usually tends 
to decrease with increasing H-factor because of the edge pedestal of temperature and 
pressure. Therefore, the H-factor sometimes increases with decreasing 1,. (ii) In 
turn, the H-factor increases with lj of the Ohmic target plasma (Fig. 6(a)), which 
suggests that the peaked current profile in the inner region causes improved confine
ment in the H-mode. (iii) If, however, lj is increased significantly by Ip ramp-down 
(Fig. 3(b)) during the H-mode phase, the H-factor can be improved independently 
of the target 1;, which may be related to an increase of the magnetic shear in the 
edge region or of the poloidal field in the inner region. These observations imply that 
the dependence of TE on ls in the H-mode should be discussed by separating the 
current profiles in the central and the edge regions. 

In JT-60U, the ELM-free phase is observed only when n„ is lower than the 
threshold value n„th. Figure 6(c) shows that ĥ h increases with [B,2/(Rq|ff)]li, which is 
a measure parameter for pressure driven instabilities. The closed circles correspond 
to the data for fixed Bt

2/(Rq2
ff) (= 0.08-0.11; 1.5 MA, 3 T). The behaviour of the 

closed circles indicates that n]h increases with \t. In the present diagnostic situation, 
we cannot conclude that the edge pressure gradient at the appearance of ELM is 
related to some type of pressure driven instability. 

The effects of sawteeth and ELMs are important at low q, because about 70% 
of the volume is dominated by these activities (rmix for sawteeth reaches ~a/2 at 
qeff = 4, and mixing of ELMs is observed at r > 0.8a). Figure 6(d) shows the 
dependence of H/Hsc (Hsc is given by Eq. (4)) on the inverted ELM frequency 
(l/fELM) for the ELMy H-mode. With decreasing fELM, H/Hsc increases and reaches 
the level of ELM-free plasmas (H/Hsc « 1.7-2). The remaining scatter of the data 
cannot be explained by the effects of ELMs, sawteeth or I;. Experimentally, H/Hsc 

for given l/fELM increases with decreasing particle recycling. 

7. DISCUSSION 

As to the relationship between lj and TE in the L-mode, this paper has reported 
the results of experiments where Ip was kept constant. By comparison with the Ip 

ramp experiment [5], the reason for the 1; dependence may be related to the strength 
of the poloidal field in the inner region or to the strength of magnetic shear in the 
outer region. The effect of sawteeth is independent of this lj dependence because the 
sawtooth region expands with 1;, which should lead to the opposite dependence of 
the H-factor on 1;. MHD modes with medium (m,n) have not been observed to 
correlate with the dependence. Therefore, the 1( dependence may be caused by high 
(m,n) MHD activities or microturbulence. This paper has treated the total energy 
confinement including thermal and high energy components (Wth and Wf). For a 
more detailed analysis, the effects of lj on Wth and Wf should be separated. 

For the sawtooth effect, the dependence of TSW on the plasma parameters 
should be discussed. In JT-60U, TSW increases with the volume averaged electron 



IAEA-CN-S6/A-7-13 517 

temperature as rsw « <Te>
3/2 oc resistive diffusion time. This dependence is almost 

the same as that obtained in Ref. [10] and the same as that predicted theoretically 
[11]. Therefore, it is reasonable to conclude a kind of positive feedback relation 
between TSW and TE: increase in TSW improves TE, then the improved TE can cause a 
further increase in TSW by raising Te. Therefore, the causality of the correlation 
between H/l?-8 and TSW is not clear from Fig. 4(a) only. To clarify this causality, the 
q-dependence of the sawtooth effect was examined in Figs 4(b) and (c), which 
showed that the TSW effect becomes strong with decreasing qeff. In turn, the relation
ship between TSW and <Te> is almost unchanged over a wide range of qeff. Therefore, 
the cause of the change in confinement can be ascribed to the effects of TSW. This 
discussion is supported by the results of JT-60 pellet experiments [12], where TE 

was improved with increasing rsw. In this case, Te decreased and the increase in TSW 

was not caused by increased Te. The effects of the sawteeth on the degradation in 
confinement may be related to two reasons [13]: one is the release of kinetic energy 
from the central region and the other is the flattening of the heating profile. Since 
the sawtooth activity flattens the central pressure profile, the stored energy released 
from the central region should be a function of TSW and rinv. When TSW is much 
shorter than the time-scale of transport, the central rE is a strong function of TSW. AS 
TSW becomes longer than the transport time-scale, the central TE is governed by the 
transport properties, and the effect of rsw is observed to saturate. This tendency is 
shown in Fig. 4(a). An experiment treating the effects of the heating profile on con
finement will be performed in future. 

Other possible causes of the change in the H-factor may be the effects of n,. or 
rie profiles. From the experimental results, it can be concluded that n,, does not 
explicitly affect the H-factor reported here. We shall try to clarify effects of the n,, 
profile in our future work. 

8. SUMMARY 

The discharge regions in the tokamak are categorized by lj and qeff in the low 
/3 region. Stable discharges have medium 1; values, and disruptive discharges appear 
both in higher and lower lj regions. There is also a boundary of lj below which 
sawtooth-free discharges appear. There is another boundary corresponding to quasi-
stationary current distribution profiles, along which rinv/a is almost proportional to 
l/qeff. For given qeff, rinv/a increases with increasing 1;. In the L-mode, the H-factor 
(H = TE/TE

TER89P) is almost proportional to If8 over a wide range of qeff, i.e. 
qeff = 2-14. The degradation of confinement at low q (qeff < 4-5) is caused by the 
effects of lj and the sawtooth activity. In the low q region, H/l?-8 is reduced as the 
sawtooth frequency becomes high, and the degradation due to sawtooth at lower qeff. 
A new confinement scaling law for the H-factor (Hsc) was obtained by including the 
effects of lj and sawteeth as Hsc = (Y + frsw)li°s when TSW < (c - Y)/f and 
Hsc = el?8 when TSW > (c - Y)/f, where f = 10.0/q*ff, Y = c - 0.96(rinv/a) and 



518 KAMADA et al. 

c = 0.92. In the H-mode, the degradation in confinement at low q is roughly 
explained by the effects of sawteeth and lj. In addition, the improvement in confine
ment relative to the newly obtained L-mode scaling increases with decreasing ELM 
frequency. However, the 1; dependence is complicated. In the H-mode, lj tends to 
decrease with increasing H-factor because of the edge pedestal of temperature and 
pressure. In turn, the H-factor increases with 1; of the Ohmic target plasma. 
However, if 1; is increased significantly by Ip ramp-down, the H-factor can be 
improved independently of the target 1;. These observations suggest that the depen
dence of TE on 1; in the H-mode should be discussed by separating the current pro
files in the central and the edge regions. Finally, an increase in q is favourable to 
reducing the effects of central MHD, improving confinement and avoiding 
disruption. 
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Abstract 

NEW FEATURES OF THE L-H TRANSITION IN LIMITER H MODES IN JIPP T-IIU 
In limiter H modes in JIPP T-IIU, a new type of L-H transition preceded by an ELM is observed. 

The preceding ELM (pre-ELM) appears just prior to the L-H transition. This is the type of transition 
usually observed in H modes in JIPP T-IIU. An L-H transition without a pre-ELM is triggered only 
in cases where a sufficiently large rapid current ramp-down is employed. In H modes with constant 
q(a) ~ 3.5-4.5, coherent magnetic oscillations with m = 3/n = 1, destabilized during the L phase, 
are further enhanced at the pre-ELM and are suppressed suddenly at the transition. This mode is 
situated in the region of the transport barrier. The propagation frequency of the m = 3/n = 1 mode, 
which may be affected by plasma mass rotation, rises appreciably (by —10%) during the H phase with 
frequent ELMs, but remains unchanged for at least 200 ^s after the transition. The behaviours of the 
m = 3/n = 1 and m = 2/n = 1 modes are well explained by quasi-linear resistive tearing mode 
analysis for modelled toroidal current density profiles slightly detached from the limiter. These 
experimental results suggest that the transition is controlled by the change of magnetic field structure 
related to the modification of the toroidal current density profile near the edge. The possibility for the 
development of the edge radial electric field as a consequence of the transition is discussed. 

1. INTRODUCTION 

The influence of the edge radial electric field or poloidal rotation on the L-H 
transition, turbulence suppression and confinement improvement has been widely 
discussed [1]. The experimental data from DUI-D [2], where the edge radial electric 
field Er becomes more negative at the transition and edge turbulence is suppressed 
dramatically, appeared to be explained by the theory [1]. However, recent numerical 
simulations have not confirmed the stabilizing effect related to Er [3]. We also note 
that edge poloidal rotation obtained with fairly good time resolution (At ~ 1 ms) 
does not precede the transition [2]. Therefore, the cause and consequence relationship 
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between Er or E'r and the L-H transition is still obscure. The observed dramatic 
change in the edge radial electric field may be explained as a consequence of the tran
sition, because transport analyses of ASDEX, DIII-D and JET data have confirmed 
that electron transport is preferentially reduced after the transition [4]. Coherent 
magnetic oscillations such asm = 4/n = 1 or m = 3/n = 1 [5, 6] whose rational 
surface is located near the edge provide useful information on the edge magnetic 
structure, which may intimately affect electron edge confinement. From the charac
teristic behaviours of the coherent modes, we constructed an alternative model of 
the L-H transition [6, 7] which is governed by the slight detachment of the current 
channel from the limiter or magnetic separatrix. The L-H transition in limiter 
H modes in JIPP T-IIU is classified into two types: (1) transition without a preceding 
ELM, and (2) a new type of transition preceded by an ELM (termed pre-ELM). 
In this paper, we mainly study the latter transition according to our transition 
model [6, 7]. 

2. CHARACTERISTICS OF THE L-H TRANSITION 

Figure 1(a) shows a typical L-H transition without a pre-ELM, a type of transi
tion triggered only in cases with a sufficiently large rapid current ramp-down. This 
type of transition seems to be triggered when the toroidal current channel is 
sufficiently detached from the limiter with rapid current ramp-down. Figure 1(b) 
shows the new type of transition preceded by an ELM. This is the type of transition 
usually observed in H modes in JIPP T-IIU. The pre-ELM (at t = 231 ms in 
Fig. 1(b)) has the same characteristics as ELMs observed in the H phase: the spike 
in Ha/Da emission Ia, or ion saturation current Iis, and the sudden drop in edge 
electron temperature Teb. The signal Iis, as a measure of the outward loss flux, is 
depressed down to the level in the H phase just after the pre-ELM. The amplitude 
of the m = 3/n = 1 mode is further increased at the pre-ELM. The 
m = 3/n = 1 mode is stable during the OH phase, is destabilized in the L phase 
and is stabilized in the H phase. This feature seems not to be explained by the 
process of quasi-linear drift stabilization arising from the considerable rise in Teb 

[8]. The amplitudes of the m = 2/n = 1 mode and incoherent components 
(f > 30 kHz) decrease more slowly. 

As for the case of JET discussed in Ref. [9], we indirectly estimate the poloidal 
rotation velocity \e from the frequency of the above mentioned coherent modes, 
which rotate in the electron diamagnetic drift direction, using the profile of toroidal 
rotation velocity vv obtained from charge exchange recombination spectroscopy 
[10]. Figure 2 shows the temporal evolution of the propagation frequencies of the 
m = 3/n = 1 and m = 2/n = 1 modes and the poloidal rotation velocity estimated 
at each rational surface, where v^ ~ 20 km/s (counter direction to Ip) at the 
rational surface of the m = 3/n = 1 mode (rs/a ~ 0.85, which approximately 
coincides with the location of the transport barrier determined experimentally [6]) 
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the transition. 
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and ~25 km/s for the m = 2/n = 1 mode (rs/a ~ 0.65), and the electron 
diamagnetic drift frequency is taken into account. The m = 3/n = 1 mode frequency 
is slightly (by ~ 10%) but obviously raised during the H phase. However, the 
poloidal rotation velocity is almost unchanged. The reason why the poloidal rotation 
estimated above is unchanged across the transition is that the mode frequencies in the 
H phase are detected only around ELMs and the velocity may be close to the level 
of the L phase as observed in DIII-D [2]. The most significant point is that the mode 
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FIG. 3. (a) Examples of j v profiles detached from the limiter, introduced for the A'(w) analysis. 
<b) Dependence of calculated relative amplitudes of the m = 3/n = 1 (open symbols) and m = 2/n = 1 
(solid symbols) modes on the degree of the current detachment. 
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frequency of m = 3/n = 1 remains unchanged for at least 200 /is after the L-H tran
sition, defined as the start of la depression. This fact suggests that enhanced poloi-
dal rotation in the transport barrier may be generated not as the cause of the L-H 
transition but as the consequence. 

3. COMPARISON WITH TEARING MODE ANALYSIS 

We analyse the magnetic fluctuation data shown in Fig. 1(b) and Fig. 2 by the 
quasi-linear analysis of the resistive tearing mode (A'(w) analysis). As strong electron 
heating or generation of an appreciable amount of bootstrap current tends to increase 
the plasma current and to induce a reversed toroidal electric field through conserva
tion of the poloidal magnetic flux, the toroidal current channel may be detached from 
the limiter or magnetic separatrix. Moreover, the increase in edge current density 
with rapid current ramp-up easily quenches the H mode even with very high heating 
power [6, 7]. On the basis of this experimental evidence, we introduce a set of j , , 
profiles detached from the limiter with fixed q(a) for the A'(w) analysis (Fig. 3(a)). 
The calculated relative amplitude Be/Bs for m = 3/n = 1 and m = 2/n = 1 is 
shown in Fig. 3(b) as a function of the position of the detached edge of the j v 

profile. The amplitude of the m = 3/n = 1 mode is rapidly increased and is stabi
lized suddenly when the current channel is detached to r/a ~ 0.80-0.85, which 
approximately coincides with the location of the transport barrier [6]. On the other 
hand, the amplitude of the m = 2/n = 1 mode decreases gradually with the degree 
of the detachment. The amplitudes of the m = 3/n = 1 and m = 2/n = 1 modes 
estimated from Mirnov probe measurements are B9/Bs ~ 0.4% and 0.2%, respec
tively, for the shot in Fig. 1(b) and Fig. 2. Figure 3(b) shows fairly good agreement 
with the experimental observations (Fig. 1(b) and Fig. 2(b)). 

4. SUMMARY 

The analysis of the m = 3/n = 1 mode around the L-H transition with a pre-
ELM suggests that the j , , profile near the edge is modified first at the transition and 
then the transition occurs. As pointed out in Ref. [8], we speculate that significant 
changes in the Er or vs profile may be caused by the preferential improvement of 
electron edge confinement as a consequence of the transition. 
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Abstract 

DISRUPTIONS IN THE TFTR TOKAMAK. 
For a successful reactor, it will be useful to predict the occurrence of disruptions and to under

stand disruption effects, including how a plasma disrupts onto the wall and how reproducibly it does 
so. Studies of disruptions on TFTR at both high 0^ and high density have shown that, in both types, 
a fast growing m/n = 1/1 mode plays an important role. In high-density disruptions, a newly observed 
fast m/n = 1/1 mode occurs early in the thermal decay phase. For the first time in TFTR, q-profile 
measurements just prior to disruptions have been made. Experimental studies of heat deposition patterns 
on the first wall of TFTR due to disruptions have provided information on MHD phenomena prior to 
or during the disruption, how the energy is released to the wall, and the reproducibility of the heat loads 
from disruptions. This information is important in the design of future devices such as ITER. Several 
new processes of runaway electron generation are theoretically suggested to be effective in large-
tokamak disruptions (including TFTR and ITER) for a sizeable range of discharge parameters. A 
preliminary assessment of hard x-ray data from TFTR appears consistent with their generation from 
disruption-generated runaways. 

* Work supported by the US Department of Energy under contract DE-AC02-76-CHO-3073. 
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1 . PRECURSORS 

Studies of disruptions on TFTR have been done at high-{3poi and high-
density, using a fast electron cyclotron emission (ECE) grating polychromator 
for the electron temperature profile, two soft x-ray cameras and a Mirnov coil 
array. While there are important differences, a fast growing m/n = 1/1 mode is 
found to play an important role in both types of disruptions. 

The precursor in hot, high-ppoi plasmas in TFTR is an m/n = 1/1 mode 
[1,2]. Reconstructions indicate that it has a kink-like (rather than island-like) 
structure. This precursor has a very rapid growth rate, often >1()3 s"1. A large, 
non-thermal burst of ECE emission lasting 100 - 200 (is is observed before the 
thermal transport phase, which is a rapid (» 200 |0.s), structureless collapse of 
the Te profile. 

Minor and major disruptions at moderate-to-high density are initiated by an 
m/n = 1/1 "cold bubble" structure moving into the plasma core (Fig. 1), 
resembling the "vacuum bubble" model of disruptions first proposed by 
Kadomtsev and Pogutse [3]. The growth rate of the precursor (y « 5 x 103 s_I) 
is about the same as that for the high-pp0] disruptions. At these growth rates, 
the growth time is only » 1 ms compared to the total disruption time of the 
order of 100 ms. For the minor disruption, the measured A (= Ppoiequil + li/2) 
remains unchanged, suggesting no change in the internal inductance. For the 
major disruption, A is seen to decrease sharply, at the end of the crash phase, 
suggesting a redistribution of current. The change in A from 1.15 to 0.85 is 
consistent with a flattening of the current profile to the q « 3 radius 
(Ppol * 0.1 at this time). This suggests that either the m = 1 mode or other 
modes excited during the crash lead to a reconnection or a destruction of the 
magnetic flux surfaces and a broadening of the current profile. A possible 
explanation for the difference between the minor and major disruptions is that 
for the major disruption the formation of the bubble is driven by a quasi-
external kink whereas for the minor disruption the precursor is categorized as 
an internal kink. This hypothesis is supported by comparison of the effective 
resistive timescale to the bubble growth timescale [2,4]. 

For reactor plasmas and ITER, active external feedback control will be 
difficult in either case because of the fast growing nature of the instabilities. 
Also, the high density disruption studies suggest that active control of the edge 
temperature might be useful for prevention of major disruptions. 

2 . q-PROFILE MEASUREMENTS PRIOR TO DISRUPTIONS 

For the first time in TFTR, q-profile measurements were made prior to 
disruptions using the Motional Stark Effect (MSE) diagnostic [5]. Absolute 
error is 0.15 and relative error is 0.03 with a time resolution of 5 ms. It has not 
been possible to obtain data throughout the disruption and into the current-
quench phase since MSE measures die Stark shift of line emission from neutral-
beam particles and it has been standard practice up to now to turn the beams off 
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FIG. 1. Profiles of the electron temperature and soft x-ray emissivity at the beginning of a major 
disruption of a low q(a) discharge (q(a) = 2.5, a - 0.8 m, <nf> = 4.5 x 10'9 m'3, R = 2.45 m, 
Ip « 2.5 MA, and BT = 5.21 T). Profiles d, e, and f correspond to the same time in the two figures. 
There is 50 us between profiles. The experimental profiles are referenced to a 2-D schematic of the 
temperature contours. 

when a disruption occurs. Figure 2 shows how, in a high-Pp discharge with 
neutral-beam heating of 10 MW for 2 s, q(0) starts to increase about 200 ms 
before the disruption, from = 0.94 to >1.02. Simulations from TRANSP using 
neoclassical resistivity show qualitative agreement of the q(0) time evolution. 
Until 9.5 ms before the thermal quench of the disruption begins, the profiles are 
little changed. 

3 . FIRST WALL HEAT LOAD DISTRIBUTION 

The primary power handling surface for TFTR is a bumper limiter on the 
small-major-radius side representing a large part (23%) of the first wall (360° 
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FIG. 2. q-profile and q(0) measurements prior to a disruption. Time resolution is 5 ms. Profiles are 
att = 4.0025, 4.2525, and 4.5275 s, the last being 10 ms before the start of the current quench phase 
of the disruption. 

toroidally, ± 60° poloidally with respect to the midplane). It is comprised of 
1920 graphite or carbon-composite tiles and is divided into 20 bays toroidally, 
corresponding to the 20 toroidal field coils. A unique feature of TFTR is that 
this limiter is instrumented with a large number of thermocouples (100) in a 2-D 
regular grid pattern. This extensive array provides a map of the bulk tile 
temperature before and after each discharge [6]. By comparing the rise in 
temperature (AT) due to appropriate individual discharges (e.g., with and 
without disruptions), the heating effects due to specific events (e.g., 
disruptions) are determined. (The bulk tile cooling time » t h e heat deposition 
[discharge] time.) A 1 °C rise of the entire limiter corresponds to ~ 0.84 MJ. 

There are large, reproducible toroidal and poloidal variations in the 
measured heat loads even in non-disruptive discharges (Fig. 3a). Generally, 
hot areas are either areas closer to the plasma (deviations of the order of 2 mm 
significantly affect the heat loads) or areas which receive extra heating due to 
neighboring recesses in the wall [6,7]. 
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Disruptive Discharges 

Disruptions preferentially heat the same areas (Fig. 3b) which are heated 
during discharges without disruptions (Fig. 3a). Not all the same spots may be 
heated since disruptive discharges tend to collapse in major radius, thus 
predominantly heating the high spots near the midplane. In addition to these 
predictable areas, however, there are sometimes unexpected areas of heating 
which vary from disruption to disruption, even for disruptions of the same type 
and under comparable device conditions. 
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A discharge which disrupts during the In ramp-down (In ~ 1.1 MA) is 
compared with the non-disruptive discharge which precedes it (Figs. 3-5), thus 
minimizing differences due to long-term conditioning or changes in operation 
mode. Both discharges are ohmically heated with plasma currents of Ip = 1.8 
MA and have major radii of R = 2.45 m. For the disruption energy alone, the 
maximum AT of 29°C corresponds to 12.7 kJ deposited in one tile or 1.2 
MJ/m2. For this ohmic disruption, assuming that half of the energy is 
deposited during the thermal quench time of ~ 2 ms, the power loading would 
be 310 MW/m*. For comparison, the power loading for a non-disruptive 
discharge with 20 MW of neutral beam power is only ~ 1 MW/m2. 

Poloidal profiles of toroidally-averaged AT, Avg AT(#), and the 
maximum AT at a given poloidal angle, Max AT(#), are calculated as a 
function of poloidal angle, #. Profiles for the non-disruptive discharge (Fig. 
4a) are generally peaked near the midplane, as expected for R = 2.45 m since 
the minor radius of the plasma is smaller than the radius of curvature of the 
limiter. The profile for the disruption portion only (Fig. 4c) looks qualitatively 
similar except that it has a stronger peak on the midplane. The average AT for 
the disruption portion of the discharge was 60 % higher than for the non-
disruptive discharge; however, the maximum AT for the disruption was > 3 
times that for the non-disruptive discharge. We characterize the spatial 
variations in AT by defining [8] a peaking factor in the toroidal direction, as a 
function of poloidal angle, •&, as 

fpeak(0) = Max AT(-r» / Avg AT(#). 

Peaking factors are important in the design of future devices such as ITER. In 
the vicinity of the midplane, where most of the energy is deposited, peaking 
factors for the heat load due to a disruption range from 2 to 5 (Fig. 5), only 
slightly higher than for non-disruptive discharges (2 to 4). Away from the 
midplane, peaking factors for the disruption heat load can exceed 25, although 
the heat load in these areas is usually less than near the midplane. 

Locked modes much more significantly redistribute the heat load from 
disruptions than any discharge-to-discharge variations (Fig. 6). Locked modes 
always alter the heating pattern in TFTR, creating helical patterns which clearly 
match the expected trajectories based on the m/n mode numbers. Figure 6 
shows a 1.2 MA, q(a) ~ 4, ohmically heated discharge which suffered a 
m/n = 4/1 locked mode before disruption during the current ramp-down (at 
0.5 MA). Locked modes make what were the coldest areas into the hottest 
areas, heating areas which are very rarely heated, and vice versa. Mirnov coil 
data and tomographic analysis reveals that the high heat flux paths on the limiter 
lie near the X-points of the mode. Tomographic analysis also reveals that the 
plasma shape is distorted due to the mode, with the plasma extending closer to 
the wall at the X-points. In discharges with rotating modes, the heat is 
distributed in a more toroidally symmetric pattern. Peaking factors for locked 
mode disruptions are significantly enhanced compared to either peaking factors 
for non-disruptive discharges or peaking factors at the midplane for disruptive 
discharges. Peaking factors range from 2 through 10, and are large (« 10) even 
near the midplane. 
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Even in the case of locked modes which originate from q surfaces deep 
inside the plasma, perturbed heat patterns are observed on the wall. A high 
current discharge (Ip = 1.6 MA, BTF = 4.9 T, R = 2.45 m, q(a) = 4.5) with 
high neutral-beam heating power (PNB = 22 MW) was observed to develop a 
m/n = 2/1 locked mode during beam injection. A helical heating pattern 
developed on the wall, but to a lesser extent than the m/n = 4/1 case above. 

By causing an unusually high deposition of heat in normally cold areas 
which may not be sufficiently conditioned for the large heat fluxes, large 
influxes of impurities come from the walls. This is evidenced by the difficulty 
in producing discharges after a disruption and by the oxygen-dominated 
discharges which are finally produced following a disruption. 

The limiter heating profiles for low-q disruptions are similar to those 
shown in Figs. 4-5. Intentional low-q (1.95 < q < 2.5) disruptions, created to 
condition the limiter of TFTR, are produced by rapidly moving the plasma onto 
the bumper limiter at constant Ip [9]. A typical low-q, Ip = 1.6 MA disruption 
increased the total bumper limiter loading to more than five times that of similar 
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discharges where R was decreased nearly to the point of disruption and then 
increased to the point where the plasma was not limited by the bumper limiter. 
The peaking factor for the disruptive portion alone ranges from 2 to 5, similar 
to that for the example in Fig. 5. 

In contrast to low-q disruptions, high-density disruptions generally result 
in very little additional heating compared to that from companion discharges 
which have nearly the same time evolution (e.g., Ip, R, Pjn). Often the 
disruptive discharge produces less average heating and lower peak 
temperatures. This suggests that there are significant differences between the 
two discharges in the balance between radiated power and power conducted to 
the bumper limiter along field lines. Radiated power heats not only the bumper 
limiter but also the rest of the wall. These differences may contribute to the 
onset of the disruption in one discharge and not the other. High-density 
disruptions also often created hot spots, but fewer in number than from other 
types of disruptions. In general, results were similar for both ohmically-heated 
and neutral-beam-heated discharges. 

For ITER, the general predictability of the distribution of the heat load is a 
benefit. However, the occasional variability and the unexpected heat pattern 
from locked mode disruptions may pose problems. A tentative characterization 
of disruptions for a representative ITER scenario [8] assumes peaking factors 
of 5 on the first wall (not the divertor), which is on the high end of peaking 
factor values actually measured in TFTR in general. However, measured 
peaking factors from locked mode disruptions can be larger (x 2) than typical 
disruption design values for ITER. The same design includes the possibility of 
a peak energy load on the first wall of 5 MJ/m2, more than four times that for 
the disruption above. Based on ITER design energy loads of 2 MJ/m2 during 
thermal quench times of 0.1 - 3.0 ms [8], the power loads would be 
0.67 - 20 GW/m2, much greater than that of the experimental example above. 
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4 . FAST, BUMPER LIMITER SURFACE TEMPERATURE 
MEASUREMENTS 

In addition to the bulk tile temperature measurements described in the 
previous section, fast (200 kHz) surface-temperature measurements are made of 
the bumper limiter tiles using a 15-channel poloidal array of IR detectors which 
covers ± 30 ° poloidally with respect to the midplane. Each channel has a beam 
splitter and two silicon diodes (0.9 and 1.0 \im band pass filters), permitting 
two-color pyrometry. 

The local surface temperature from a typical high current disruption 
(Fig. 7) can rise from < 625 °C to > 1250 °C in * 100 |is near the midplane 
during the thermal quench phase. The maximum heat load to the surface, 
calculated from the time history of the temperature, was 2 MJ/m2 integrated 
over the entire disruption time, slightly less than twice that measured for the 
disruption example above. The average heat flux was = 200 MW/m2, slightly 
less than that measured for the example above, while the peak (in time) heat 
flux was « 500 MW/m2. 

5 . RUNAWAY ELECTRONS 

In view of the experimental observation of strong runaway electron beams 
during disruptions in tokamaks [10] and the projected serious wall damage 
potential for large tokamaks [11] and for ITER in particular, an effort to study 
runaways in disruptions was initiated on TFTR. 

5.1 Theoretical Analysis 

Using the presently accepted disruption model [2,12] and typical plasma 
parameters (j and ne in the disruption are assumed to equal their pre-disruption 
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values and Te in the final phase is assumed to be ~ 10 eV), a systems-type 
analysis indicated that three different runaway sources, including two not 
normally considered previously, can be effective in large (several MA) 
tokamaks [13]: 1) The well known Dreicer-type generation through 
evaporation of runaways from the thermal distribution is found to generate 
beams carrying a sizeable fraction of the original current in existing tokamaks 
(TFTR, JET) and, in particular, in high-current low-to-medium ne discharges. 
This process will be self-quenching because of a reduction in the resistive E-
fields resulting from the increasing runaway currents. 2) Trapped high-energy 
thermal electrons from the original discharge surviving the thermal quench will 
run away whenever they become untrapped after re-closure of the magnetic 
surfaces. Analyzing the collisional decay of trapped-electron populations [14] 
and recognizing that a trapped density of only (10"3 - 10"4) x ne will be 
sufficient to generate beams carrying the full pre-disruption j , we find that this 
process will be limited by the time needed for re-closure of the magnetic 
surfaces. Assuming reclosure will be completed 1 - 2 ms after the thermal 
quench, this process will be effective by itself mainly in high-Te, low-to-
medium-ne disruptions. The above processes will be completed within the first 
2 ms after the thermal quench. 3) Close collisions of any existing runaways 
with the cold plasma electrons can transfer recoil energies exceeding Ecrit of the 
Dreicer theory, and most of these recoil electrons will run away [15]. Such 
avalanching will lead to an exponential growth of any runaway population 
during the current quench phase. Using Coulomb cross sections, the 
exponentiation time is found to equal the time needed for relativistic runaways 
to gain 10 - 20 MeV from E, independent of plasma parameters; assuming 
sufficient runaway confinement for large tokamaks, the runaway population 
will grow by an order-of-magnitude per 1-1.5 MA decrease in total discharge 
current. In TFTR and JET, this process may lead to significant enhancement 
factors of 10 - 104. Analysis of TFTR data for comparison to this theoretical 
analysis is in progress. 

In ITER, it is expected that the Dreicer-type generation process will be 
limited mainly to ne significantly below presently projected values. The third 
process of runaway generation can be dominant in ITER with avalanche 
enhancement factors of up to 1010 -101 4 . Thus, a few runaway electrons per 
cm3 can lead to beams carrying a sizable fraction of the pre-disruption current. 

5.2 Experimental Analysis 

This study was initiated with a statistical analysis of data from three hard 
x-ray 3" NaI(Tl) flux monitors located on the different walls of the TFTR bay, 
nearly at the midplane level. Wide statistical differences in the amplitude and 
time dependence for any given discharge as well as between discharges were 
found. Such fluctuations might be expected in view of the strongly forward-
focussed distribution of bremsstrahlung x-rays produced by multi-MeV 
electrons and the expected variation in the impact position at the wall. Also, 
such differences are consistent with the observation that heat loads also show 
some variations. 

X-ray bursts just before the current spike, indicating the loss of already 
existing runaways, are observed only in very few cases. Subsequently, in 
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TABLE 1. STATISTICS OF X-RAY SIGNALS DURING HIGH CURRENT 
DISRUPTIONS ("CURRENT FLAT TOP" DISRUPTIONS ONLY) 

Discharge 
current 
(MA) 

1.0- 1.5 

1.5 - 2 . 0 

>2.0 

Total 

56 

23 

3 

Disruptions 

> 10 ms tail 

(%) 

30 

48 

67 

Sizeable 
x-ray signals 

(%) 

79 

100 

67 

disruptions without current tails, major x-ray bursts are observed when the 
current has decayed to 10 - 30 %; leakage of runaways during the earlier part 
of the current quench phase is not observed. In disruptions with current tails, 
x-ray bursts tend to appear near the transition to the tail. Thereafter, less 
emission is observed during the slow tail decay followed by a stronger signal at 
the final drop-off. In some cases, no significant emission is observed during 
the tail decay. These features appear consistent with the generation of these x-
rays from disruption-induced runaways. Statistics are given in Table 1, for 
various levels of Ip. Correlation analysis of these features and discharge 
parameters is in progress. 

6 . SUMMARY 

In TFTR, data suggests that the m/n = 1/1 mode plays an important role in 
both high-ppoi and high-density disruptions. For the first time, a fast m/n =1/1 
"cold-bubble" precursor to high-density disruptions has been experimentally 
observed. In TFTR with a large surface area limiter, disruptions generally 
deposit energy on the same first wall areas that receive the most energy during 
non-disruptive discharges. These areas are usually closer to the plasma or are 
unshielded by neighboring areas. However, there is some variability to the heat 
deposition from disruptions which would make protection of only selected 
areas less effective in preventing damage. While most of the heat is deposited 
near the midplane during disruptions, where peaking factors 
fpeak(#) = Max AT($) / Avg AT(#) can be on the order of 2 to 5, a significant 
amount of energy can be deposited in areas further from the midplane where the 
peaking factor can exceed 25. Tentative peaking factors for the first wall (not 
the divertor) for disruptions in ITER, based on a characterization of disruptions 
for a representative ITER scenario [8], have been assumed to be of the order of 
5, similar to those measured in the vicinity of the midplane for disruptions on 
TFTR. However, locked modes in particular significantly alter the heat load 
pattern due to disruptions and result in peaking factors twice as large. The heat 
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load to the wall expected for ITER during disruptions is several times the = 1 
MJ/m2 for the TFTR example described above, while the expected power flux 
is much greater than the « 300 MW/m2 for the TFTR example. In addition, 
different types of disruptions show significant differences in wall loading. A 
theoretical analysis of potential runaway sources (including the usual Dreicer 
process as well as two new processes) indicates that strong runaway beams 
may be generated in disruptions of large tokamaks, including TFTR and ITER, 
over a sizable range of operating parameters. Hard x-rays are observed during 
some TFTR disruptions. Features of the x-rays such as spatial variations in the 
time histories and differences from disruption to disruption appear consistent 
with the generation of these x-rays from disruption-induced runaways. 
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Abstract 

PARTICLE AND ENERGY TRANSPORT STUDIES ON TFTR AND IMPLICATIONS FOR 
HELIUM ASH IN FUTURE FUSION DEVICES. 

Local thermal particle and energy transport studies of balanced-injection L-mode and Supershot 
deuterium plasmas with the same toroidal field, plasma current, and neutral beam heating power have 
been performed on TFTR. The particle transport of He2+ and electrons following a small helium gas 
puff and Fe24+ introduced by laser ablation has been examined and compared to the local energy trans
port characteristics inferred from power balance analysis. All particle perturbation diffusivities are radi
ally hollow and are similar in magnitude and shape to the effective thermal conductivities found by 
power balance analysis. All particle diffusivities are 1-2 orders of magnitude larger than neoclassical 
values, except near the magnetic axis. A reduction in the helium diffusivity DHe in the Supershot as 
compared to the L-mode is accompanied by a similar reduction in the effective single fluid thermal 
conductivity xnuid- Also, the helium core convective velocity VHe is found to increase in the Supershot 
over the L-mode for r/a < 0.5. A quasilinear model of electrostatic drift waves has been used to calcu
late ratios between particle and energy fluxes in the Supershot. The measured ratios of the helium and 
iron particle diffusivities are in good accord with predictions, as are predicted ratios of VHe/DHe. 
Modelling indicates that the similarity in magnitude and profile shape of DHe and Xnuid n a s generally 
favorable implications for helium ash content in a future fusion reactor. The core convection found in 
the Supershot increases the helium concentration on axis but does not reduce the plasma reactivity 
significantly. 

1. INTRODUCTION 

Particle and energy transport in tokamak plasmas have long been subjects of 
vigorous investigation. Present-day measurement techniques permit radially 
resolved studies of the transport of electron perturbations [1], low- and high-Z 
impurities [2,3,4,5], and energy [6,7,8,9]. In addition, developments in 
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transport theory [10] provide tools that can be brought to bear on transport 
issues. Here, we examine local particle transport measurements of electrons, 
fully-stripped thermal helium, and helium-like iron in balanced-injection L-
mode and enhanced confinement (Supershot [11]) deuterium plasmas on 
TFTR of the same plasma current, toroidal field, and auxiliary heating power. 
H e 2 + and Fe 2 4 + transport has been studied with charge exchange 
recombination spectroscopy (CHERS) [12,13], while electron transport has 
been studied by analyzing the perturbed electron flux following the same 
helium puff used for the He2+ studies. By examining the electron and He2+ 

responses following the same gas puff in the same plasmas, an unambiguous 
comparison of the transport of the two species has been made. The local 
energy transport has been examined with power balance analysis, allowing for 
comparisons to the local thermal fluxes. Some particle and energy transport 
results from the Supershot have been compared to a transport model based on 
a quasilinear picture of electrostatic toroidal drift-type microinstabilities [10]. 
Finally, implications for future fusion reactors of the observed correlation 
between thermal transport and helium particle transport are discussed. 

2. THE EXPERIMENT, RESULTS, AND COMPARISON TO 
THEORY 

The toroidal field BT of these plasmas was 4.8 T, the plasma current Ip 
was 1.0-1.1 MA, and the balanced-injection neutral beam heating power was 
12-13 MW. The major radius was 2.45 m, and the minor radius was 0.8 m. 
Differences in the plasmas were found in the electron temperature Te, ion 
temperature Ti, electron density ne and peakedness ne(0)/<ne> of the electron 
density profile, and energy confinement time as measured by magnetics (for 
the L-mode, TE = 60 ms = 1.0xTEL~mode; for the Supershot, TE = 150 ms = 
2.5xiEL"mode for plasmas with helium puffs, 160 ms for plasmas with iron 
injection). Typical plasma profiles, obtained during the neutral beam heated 
phase of the discharge and mapped to minor radius, are shown in Fig. 1. Te(r) 
was measured using both Thomson scattering and a grating polychromator. 
Ti(r) was measured by CHERS, viewing the 5292 A line of C5+ (n=8-7). The 
central Zeff was typically 3.1 - 3.3 in the Supershot and 1.5 in the L-Mode. 
ZeffO") was measured both with a tangentially viewing visible bremsstrahlung 
(VB) array and with radial profiles of C6*, normalized to the central VB value, 
obtained with CHERS (carbon is the dominant impurity in most TFTR 
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FIG. J. Plasma profiles for the L-mode and Supershot mapped to minor radius and measured during 
the electron density flattop during neutral beam injection, (a) Electron density ne. (b) Electron temper
ature Te and ion temperature Tt. 

discharges). These plasmas were limited by an inner wall carbon tile bumper 
limiter. For the L-Mode, the limiter was characterized by a recycling 
coefficient for deuterium near unity. The Supershot plasmas were obtained by 
first running a series of helium plasmas in order to deplete the carbon limiter of 
trapped deuterium. This resulted in a relatively low recycling limiting surface, 
a prerequisite for obtaining the improved confinement of the Supershot [14]. 

For the helium and electron transport experiments, helium was introduced 
into the plasma during the electron density flattop with a short (16 ms) gas puff 
at the plasma periphery. The change in the line-integrated electron density 
following the puff, Anel, was less than 3%. For both He2+ and electron 
transport analysis, transport coefficients were determined by averaging the raw 
data from several nearly identical plasmas and directly deriving transport 
coefficients from the observed variation in the total particle flux and the 
gradient and density rather than via predictive modelling. Fe 2 4 + was 
introduced into the plasma by injecting a small amount of iron via the laser 
blowoff technique [15]. Here, since the total iron profile is not known, MIST 
[16] predictive modelling of the Fe24+ density response has been used. 

He 2 + density profiles are peaked in the source-free region of the 
Supershot, indicating that convective fluxes must play a role in low-Z impurity 
transport in some circumstances. The density profiles obtained in the L-Mode 
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FIG. 2. (a,) Steady-state He2* density profile shapes measured 150 tns after the gas puff for the 
L-mode and Supershot. The profiles are normalized where the scale lengths are similar, (b) He2* 
concentrations, normalized to the plasma edge for clarity. Uncertainties are from systematic errors 
common to both measurements, making the changes in profile shape more certain than the profile shape 
itself. Included are ±15% uncertainties in the beam stopping cross section, electron impact excitation 
and ionization rates of helium plumes, and charge exchange excitation rates. 

are considerably broader. Figure 2(a) shows steady-state density profiles 
obtained 150 rns after the puff. Profiles are normalized to values outside of r/a 
= 0.5, where the scale lengths are similar. The relative helium concentrations 
nHe/ne in fig. 2(b) are normalized to edge values for clarity (the magnitude of 
the concentration is unimportant as the puff sizes were slightly different in the 
two plasmas). Differences in the shape of each curve indicate that there may 
be changes in the electron transport relative to the helium transport between the 
two plasma types. The peaking in the Supershot is consistent with CHERS 
measurements of the C6"1" profile for the same discharge conditions and with 
Zeff profiles measured with the VB array. Although the profiles of these 
impurities for the Supershot are more peaked than the electron density, the 
impurity dynamics indicate that the transport is generally far from neoclassical, 
as is discussed below. The flattening of the L-Mode profile near the magnetic 
axis is not due to sawteeth: although the He2+ profile was modestly flattened 
after a sawtooth crash (rjnv/a = 0.13), it regained the steady-state shape shown 
well before the onset of the next crash. In the Supershot, sawtooth activity 
was absent. The data have been corrected for contributions to the line 
emission from drifting ion plumes formed after the charge exchange event [4], 
The shaded regions represent the effects of published uncertainties in the beam 
stopping cross sections, charge exchange rates for the three beam species, and 
electron impact excitation rates relevant to plume brightness calculations. 

0.4 0.6 
r/a 

0.4 0.6 
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FIG. 3. Transport coefficients for the L-mode and Supershot. (a) Helium diffusivity; (b) iron diffitsivity; 
(c) perturbative electron diffiisivity; (d) single fluid thermal conductivity. 

For all perturbations, it is assumed that the flux can be represented as the 
sum of diffusive and convective flows, i.e. 

T = -DVn + Vn (1) 

for each species. For He2+ and Fe24+, transport coefficients are interpreted as 
those of trace particles and thus representative of steady-state values. For 
electrons, however, the perturbed flux is from electrons introduced by the gas 
puff and possibly from a perturbation in the flux of the background electrons 
due to small changes in the transport coefficients. Thus the relationship 
between the steady-state coefficients and the perturbative values depends 
strongly on the underlying transport mechanisms [1,17]. Profiles of 
diffusivities of all density perturbations for the three species are shown in Fig. 
3(a-c) for both the L-mode and Supershot. All are radially hollow and 
typically 1-2 orders of magnitude larger than neoclassical values [18] 
throughout the plasma cross section, except possibly at the magnetic axis. For 
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r/a < 0.4, Djje is smaller in the Supershot than in the L-Mode. This fact 
suggests that, if the helium transport is similar to the thermal deuterium 
transport, one local characteristic of improved particle confinement in the 
Supershot is reduced ion particle diffusivity as compared to the L-Mode. 
Important to note is that Dpe is actually larger in the Supershot than in the L-
Mode, and De does not necessarily equal Dne. although they come from the 
same perturbation. These observations underscore the point that particle 
transport of a given plasma is not necessarily characterized well by a single 
species. In addition, the fact that the impurity diffusivities are on the order of 
or larger than De indicates that no present theory of transport induced by 
magnetic stochasticity can account for the bulk of anomalous particle transport 
in TFTR, although a subdominant role cannot be ruled out. 

Using measured radial profiles of plasma parameters including ne, Te, T;, 
and Zeff, and the calculated beam energy deposition, thermal heat fluxes Qj of 
the ions and Qe of the electrons were evaluated using the transport code 
TRANSP [19,20]. We define the single fluid effective thermal conductivity 
Xfluidas 

Qe + Qi = - Xfluid(neVTe+ JnjVTi > (2) 
J 

where the sum is over the thermal ion species. Changes in %fiuid between L-
Mode and Supershot are similar to changes in Dne (Fig- 3). This 
characteristic of Xfluid is driven by changes in the thermal conduction in the 
ion channel. Such a correspondence between ion energy and particle transport 
is expected from transport driven by electrostatic drift-wave-type instabilities. 
The similarity between Dne and thermal transport coefficients was reported 
earlier for rotating L-Mode plasmas on TFTR [2] and appears to be a feature of 
TFTR plasmas in general. 

A comprehensive numerical model [10] for calculating eigenmodes and 
eigenfrequencies of electrostatic and electromagnetic modes in a toroidal 
geometry has been developed and is applied to the present transport studies. 
In the absence of known saturation levels of the fluctuations, it is possible to 
obtain estimates of ratios of transport coefficients and fluxes, e.g. Dne/DFe> 
E>He/Xfiuid. VHe/DHe. etc. For input data, plasma profiles of ne, Te, Ti, and 
ZefKr) were used. Needed plasma parameters not directly measured, including 
the thermal deuteron density, local q, the plasma beta, and the local beam ion 
density and energy, have been calculated by TRANSP. 
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TABLE I. RATIOS OF TRANSPORT COEFFICIENTS AND FLUXES FOR 
THE SUPERSHOT 

r/a 

0.2 

0.5 

Experiment 
Theory 

Experiment 
Theory 

VHe , _K 

(m ) 
DHe 

- 2 . 6 
- 2 . 0 

0.1 
-0 .1 

DHe 

I>Fe 

0.5 
0.9 

1.3 
1.5 

DHe 

Xfluid 

1.2 
6.4 

0.8 
0.9 

JL 
Ti^ 

3.7 
- 3 . 0 

7.0 
11.1 

Qe 

Tere 

2.4 
32.0 

5^6 
3.9 

Q, 

Qe 

3.2 
3.0 

2.3 
7.0 

A general result of the calculations is that in the Supershot case studied, 
drift-type microinstabilities driven by both ion-temperature gradient (Tji) and 
trapped electron dynamics drive particle and energy transport. The code 
reproduces many of the significant features seen in the data; results are shown 
in Table 1. The same is true for Djie/DFe- At r/a = 0.5, the trace helium 
transport is found to be dominantly a linear function of the gradient alone. At 
r/a = 0.2, a flux term that is proportional to the impurity density (convective 
flux) is found in addition to the diffusive flux. The calculations of Vne/DHe 
show that the general characteristics of the measured Supershot He2+ profile 
(strong central peaking and a broad pedestal in the outer half of the plasma, a 
result of radially varying contributions from diffusive and convective fluxes) 
are consistent with quasilinear theory of drift wave-driven transport. It is 
found that the inferred ratio of the electron heat flux Qe to the particle flux Te 

and the ratio of the ion heat flux Qi to the ion particle flux T{ are within a factor 
of 1 to 3 of theoretical values at the half radius, but are in poor agreement at the 
magnetic axis. To address this, a sensitivity study of the theory results is 
presently underway. Indications are that the predicted values of Te andP, are 
strongly influenced by variations of the input data within experimental error 
bars, especially the gradient of Te, whereas the heat fluxes and trace impurity 
transport coefficients are less strongly affected. 

3. CORE TRANSPORT AND HELIUM ASH ACCUMULATION 

The viability of removing helium ash from a fusion reactor depends on a) 
the local relationship between core energy transport and thermal helium 
transport [21,22] and b) edge helium transport and pumping speed [23,24]. 
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We examine the first point in light of the measured relationship between Djie, 
VHO and Xfluid> assuming a fixed edge helium density. 

In the limit where the heat flux Q is from alpha particle heating alone, the 
assumption that the slowing-down alpha particles do not diffuse leads to an 
ash source profile shape that is similar to that of the heating source profile. In 
steady-state, -VTHe = SHe> where Sne is the thermal alpha source. The heat 
source is given by EaSHe. where E a is the alpha energy of 3.5 MeV, and -V 
•Q = EaSHe- For steady state, relating the two equations of continuity yields 

dnHe Vffe „ %fluid dT 
dr " D H e n H e ~ " n e E a D H e

d r l ) 

If the helium transport is dominated by diffusion and if the density profile 
is flat, then an expression valid for all shapes of Dne and Xfluid but constant 
Xfluid/DHc implies nHe(r)/ne(r) = XfluidT(r)/(DHe/Ea) + nHe(a)/ne(r). This 
simple expression underscores the importance of the relation between local 
heat transport and helium particle transport. If T = 30 keV, ne(O) = 1.35X1020 

rrr3, and the edge helium density nne(a) = 0.01ne(a) (required for proper 
divertor pumping [23]), considerations based on magnetic stochasticity give 
Xfluid/DHe ~ Vmne/me = 85. This yields enormous helium concentrations of 
70%, clearly incompatible with sustained ignition. However, if Xfluid/DHe ~ 
1, typical of the values found here for the Supershot and L-Mode, expected 
helium concentrations are about 2%. 

This picture is complicated by the fact that Vne * 0 in some plasmas, as 
was clearly seen for r/a < 0.5 in the Supershot. We investigate the role of 
convection by solving eq. (3) using plasma profiles similar to those used in 
Ref. [23] for an ignited ITER plasma (r = 3.1 m, T(0) = 30 keV, ne(0) = 
1.35xl020 m-3, <ne> = 1.2xl020 m"3 , Zeff from carbon = 1.4). An edge 
helium density of 0.1ne(a) was assumed. Results obtained with the nominal 
bulk plasma values (r/a < 0.8) of Vne/DHe as a function of r/a measured in the 
L-Mode and for the Supershot are shown in Fig. 4. It was assumed that 
Xfluid/DHe ~ 3, a value at the bounds of the experimental uncertainties. The L-
Mode transport coefficients lead to a helium profile that is quite broad. Central 
helium concentrations are about 8%, consistent with sustained ignition at these 
densities and temperatures [23]. While the helium profiles obtained using the 
Supershot Vne/DHe are strongly peaked, this occurs in a region of small 
plasma volume, leading to a relatively small decrease in fusion power of about 
10%. This indicates inward helium convection of the type observed in the 
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Supershot is compatible with sustained ignition if the working ion density 
profile is broad. Of course, generalizations should be viewed with caution 
until a more complete understanding of the underlying transport mechanisms 
of present plasmas is obtained. 
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Abstract 

THE RELATIONSHIP BETWEEN TURBULENCE MEASUREMENTS AND TRANSPORT IN 
DIFFERENT HEATING REGIMES IN TFTR. 

The scaling of broad band density fluctuations in the confinement zone of TFTR measured by 
microwave scattering, beam emission spectroscopy (BES), and reflectometry shows a relationship 
between these fluctuations and energy transport measured from power balance. Systematic comparisons 
between BES and scattering of the response of fluctuation spectra to plasma rotation give considerable 
confidence that the two systems are observing similar phenomena at different scale lengths. In L-mode 
plasmas scattering and BES indicate that the density fluctuation level, <8n2>, in the confinement zone 
for 0.1 < k x p s < 1.0 depends qualitatively on Paux and Ip in a way that is consistent with variations 
in energy transport. Fluctuation levels measured with all systems increase strongly toward the edge in 
all heating regimes following similar increases in energy transport coefficients. Measurements using 
BES have shown that poloidal and radial correlation lengths in the confinement zone of L-mode and 
supershot plasmas fall in the range of 1.5 to 3.0 cm, with a wave structure which has k ^ « 1.0 cm"1 

(kxp s = 0.14 at r/a = 0.73) in the poloidal direction and k^,, <S 1.0 cm"1 in the radial direction. A 
simple estimate of the diffusion coefficient based on a measured radial correlation length and correlation 
time indicates good agreement with power balance calculations. Similar estimates using reflectometry 
give radial coherence lengths at 10 to 20 kHz in low density ohmic and supershot plasmas of between 
1 and 2 cm. 
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1. INTRODUCTION 

Core density fluctuations in a number of tokamaks have been 
shown to scale inversely with auxiliary heating power,1 ,2>3 and 
probe measurements of edge turbulence have established that 
electrostatic ExB fluctuations describe particle confinement there.4 

In TFTR, circumstantial evidence suggests that the magnitude of 
broad band density fluctuations in the range kj_ps = 0.1 to 1.0 (p s = 
c s /<»ci. cs is the ion sound speed and coci is the ion cyclotron 
frequency) in the confinement zone are related to transport; 
however , quant i ta t ive comparisons to transport and the 
identification of specific instabilities or drive mechanisms are just 
beginning. Both microwave scattering^ and beam emission 
s p e c t r o s c o p y 6 (BES) have shown that the density fluctuation level 
increases with increasing heating power in L-mode discharges. 
Mixing length estimates of the diffusivity from the level of these 
fluctuations are large enough to cause the observed transport.7'**'9 

In addition, local measurements from BES of correlation lengths in 
the range 1.5 to 3.0 cm and correlation times can be used to estimate 
the diffusivity, and these estimates are also in rough agreement with 
diffusion coefficients based on power balance calculations.1 ^ 

Radial correlation lengths obtained from BES are very similar 
to reflectometry measurements of the radial coherence length 
although measurements in the same discharge conditions are sparse. 
Reflectometry has measured radial coherence lengths of about 2 cm 
at 10 to 20 kHz in a limited number of low density ohmic plasmas at 
r/a = 0.5. For supershot plasmas at a similar location the coherence 
length is in the range 1 to 2 cm. 1 1 

Density fluctuation levels are also consistent with the L-mode 
transport dependence on toroidal plasma current. Fluctuation levels 
from scattering at r/a = 0.3 and 0.8 and at ke « 3 to 4 cm -1 and from 
BES at the edge and k < 1.5 cm"1 vary inversely with I p for 0.9 > r/a > 
0.3 in plasmas which have a 2 second equilibrium phase. During 
current ramp experiments 1 2 »!3 both systems measure fluctuation 
levels which follow spatial and temporal variations in transport. 

BES measurements have shown that, while correlation lengths 
in L-mode plasmas at 0.5 < r/a < 0.8 are similar in the poloidal and 
radial direction, there are significant differences in the radial and 
poloidal k spectra. In the poloidal direction there is a wave structure 
with k m a x « 1.0 cm"1 (kj_ps » 0.14 at r/a = 0.73) while in the radial 
direction one has kmax « 1-0 cm"1. Scattering results have shown 
that for ke > 2 cm'1 (kxps =* 0.5) fluctuation levels decrease strongly. 

Good spatial resolution in both the BES and reflectometry 
systems and sensitivity to low k allows the observation of MHD like 
features at specific frequencies with long radial and poloidal 
correlation lengths. On the outside major radius, where the 
measurements are typically made, these modes generally coincide 
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with the location of rational q surfaces. These highly coherent 
modes appear to coexist with the ubiquitous, broad band, low 
coherence turbulence which is presumed to be the part responsible 
for energy and particle loss. 

2. TOROIDAL PLASMA ROTATION 

It is now well recognized that all techniques which measure 
density fluctuations within a tokamak plasma are strongly affected 
by plasma rotation. Toroidal rotation or the equivalent radial (v^Be) 
electric fields, appears to be a common feature of most plasma 
regimes, even ohmic ones, and obscure fluctuation effects due to 
plasma gradients. In some special cases, e.g. H-modes, strong poloidal 
rotation and associated electric fields (veB^) are observed; however, 
these effects appear to be small compared to toroidal rotations in TFTR 
where the heating beams are tangential. Small poloidal flows due to 
neoclassical or other effects in the plasma frame have not yet been 
identified in heated plasmas. Density striations tend to be aligned 
along field lines so that bulk toroidal rotation causes density 
variations to appear as toroidally and poloidally propagating wave 
structures in the laboratory frame. Therefore, while the fluctuation 
magnitude can be measured simply, the frequency spectra, mode 
velocity, and coherence are affected by rotation. The determination 
of fluctuation properties in the plasma rest frame requires careful 
analysis. A systematic study of these rotational effects and cross 
comparisons between the fluctuation systems has resulted in a 
greatly improved understanding of the basic measurements. 

Rotational effects have always been one of the most obvious 
aspects of spectra obtained with microwave scattering. Heterodyne 
instruments can distinguish the direction of poloidal mode rotation. 
In ohmic plasmas one almost always observes poloidal rotation in the 
electron diamagnetic direction but with a magnitude several times 
larger than that expected from the electron drift wave dispersion 
relation. In beam heated discharges these shifts can be much 
greater and can occur as propagation in the laboratory frame in the 
electron diamagnetic flow direction (counter injection) or in the 
laboratory ion direction (co injection). Measurements of the toroidal 
rotation profile from charge exchange recombination spectroscopy 
can be combined with these fluctuation measurements to verify that 
the location of the scattering coincides with the crossing of the 
antenna patterns. They also show that the frequency spread in the 
power spectra is simply due to the variation of the rotation velocity 
across the scattering volume. In this case no information on mode 
decorrelation time can be inferred from the width of the spectra, 
even for the nominally balanced injection case where these rotation 
gradients are still significant. This situation may also be true for 
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FIG. I. Power spectra for several different rotational velocities induced by tangential neutral beam 
injection for (a) microwave scattering at r/a = 0.45 to 0.75 for k$ = 3.0 cm'1, where the spectral shift 
direction is determined by the sign of toroidal rotation and 2itf = k^v^B^B^); and (f>) BES at r/a = 
0.75, where group velocities are measured from the poloidal array. 

ohmic discharges where small (typically counter) toroidal rotations 
could cause the anomalous observed velocity in the electron 
diamagnetic flow direction in the laboratory frame.14 

BES spectra have, in the past, also shown hints that the 
frequency spectra had rotational effects. Recently, improved 
methods1^ of eliminating common mode effects have reduced low 
frequency components and revealed that the remaining spectra look 
very much like scattering measurements where the shift in 
frequency is caused by toroidal rotation at the position of the 
measurement. 
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Figures la and b show a comparison of the scattered and BES 
spectra near the same flux surface. The scattering results are aver
aged by the finite beam intersection volume which extends 35 cm 
radially (r/a = 0.45 to 0.75) while the BES results are averaged over a 
1.5 cm element at R = 309 cm (r/a = 0.75). In scattering the estimate of 
the poloidal rotation velocity comes from the Doppler frequency 
shift: 2rcfpk = kevepk where kg = 3.0 cm is determined by the scattering 
beam geometry. For BES the velocity is inferred from time delay 
correlation measurements of the motion of the fluctuations in the 
poloidal direction. Thus, for BES the width of the frequency spectra 
can be interpreted directly as a mode width and the value of k for the 
dominant poloidal wave number gives ke «< 1.0 cm"1 or kxPs " 0-14. 
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FIG. 2. Density fluctuation amplitude measured by BES versus frequency at several radial positions 
in a rotating supershot plasma. 
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The two systems track together as the toroidal velocity is changed 
from balanced (shot # 65017) to mainly co-injection (shots 65020 and 
65021) and the magnitude of the shift agrees with the measured 
toroidal rotation from charge exchange recombination spectroscopy 
and the tilt of the magnetic field, Be/B<j,, estimated from resistivity 
profi les . 

In supershot plasmas the density becomes large enough that 
refraction distorts the scattered microwave beams and complicates 
the analysis. However, BES can easily see supershot rotational 
features similar to those in L-mode cases. Fig. 2 shows plots of the 
frequency spectra at several values of r/a. Again these track the 
measured toroidal rotation well. 

Rotation is also important in interpreting the results of the 
reflectometry phase measurements. A vertical misalignment of the 
reflectometer with respect to the normal to the reflecting surface 
causes the phase to increase or decrease rapidly even though there is 
no bulk plasma motion. Co-rotation causes a rapid increase in the 
phase and an upward shift of the spectrum while counter injection 
causes a rapid decrease in the phase and a downward spectral shift. 
When the alignment is normal to the surface the spectrum is 
symmetric. Phase runaway and large amplitude fluctuations in the 
reflected signals during beam injection have limited the 
interpretation of coherence measurements from reflectometry. 

Understanding the effects of rotation on the fluctuation 
spectrum gives some confidence that the three measurements are 
looking at the same phenomenon. A careful analysis of local BES 
spectra along with rotation and q estimates will allow the magnitude 
and sign of poloidal rotation in the plasma frame to be determined 
unambiguously. Theoretically, the direction of these flows is 
determined by the magnitude of i^js L ^ / L T ^ . 

3. SCALING OF FLUCTUATION LEVELS WITH TRANSPORT 

Parametric dependencies of <8n2> suggest a direct relationship 
with observed energy transport in L-mode plasmas. However, 
lacking measurements of correlations or simultaneous potential 
fluctuations, these results cannot yield a direct estimate of energy 
transport. Nevertheless, the relative level of <5n 2 > measured with 
scattering for k i p s > 1.0 and BES for k_Lps < 1.0 in the confinement 
zone depends qualitatively on Paux and Ip in a way that is consistent 
with variations in energy confinement. 

The radial dependence of density fluctuations measured with 
all three diagnostics is also consistent with some aspects of local 
transport. However, fluctuation levels increase more strongly 
toward the edge in all heating regimes than the transport does, 
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FIG. 3. (a) Density fluctuations from microwave scattering at k = 4.2 an'1 at {r/a) = 0.3 during an 
L-mode current ramp from 2 to 1 MA (solid lines) compared with a constant current of 1 MA (dashed 
lines), (b) Density fluctuations versus confinement time from BES at r/a = 0.7 in an L-mode plasma 
where 5 < Paux < 9 MW. Similar measurements at the plasma edge (r/a = 0.95) show little correla
tion between fluctuations and confinement. 
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suggesting that transport near the boundary is caused by a different 
physical mechanism. 

In L-mode current ramp experiments fluctuations change 
near the edge more rapidly than in the core, which is consistent with 
current penetration and concomitant changes in the transport. Fig. 
3a shows scattering measurements during an L-mode current ramp 
from 2 to 1 MA and a comparison plasma at 1 MA. As shown, in steady 
state the fluctuation level at r/a •= 0.15 to 0.45 at ke « 4.2 cm"1 is high 
when the current is low and low when the current is high. Similar 
results are obtained at r/a = 0.65 to 0.95. During and after the ramp, 
fluctuation levels are unchanged, the magnitude and profiles of 
density and temperature, and the transport are also unchanged for 
the duration of the beams1 2 Fig. 3b shows BES measurements of 8n/n 
in an L-mode discharge at r/a = 0.7 with confinement time deduced 
from power balance calculations. Similar results are obtained with 
scattering at ke » 3.0 to 4.0. Overall, there is a strong correlation 
between the fluctuation level and transport. 

BES measurements of the poloidal and radial correlation 
length, L c , in the confinement zone of similar L-mode plasmas fall in 
the range 1.5 to 3.0 cm and the correlation times, Xc, in the range 15 
to 80 us. A random walk estimate of radial diffusion based on Dc «= 
L c

2 / X c shows good agreement with power balance measurements. 
Estimates of diffusion based on mixing length arguments, D m = 
(cTg/eB^XSn/n), give very similar numerical values at r/a = 0.5 but 
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have a weaker radial dependence. A Kubo number, K = V E X B W L C ** 
D m / D C ) is of order 0.7 to 0.2 on the interval r/a = 0.5 - 0.95 which 
implies that the decorrelation time is similar to or smaller than the 
eddy turn over time. 

Fig. 4 shows a similar estimate of the radial coherence length 
from reflectometry which gives about 2 cm for a low density ohmic 
plasma. In moderately heated L-mode and supershot plasmas the 
coherency for separations as small as 0.2 cm is small except at 
occasional well defined frequencies where MHD-like modes can have 
coherence lengths of several tens of centimeters. The cause of this 
coherence reduction is currently under investigation. For example, 
in supershot plasmas the coherency at 0.2 cm is about 0.5 under 
optimal conditions in the range 10 to 20 kHz at r/a « 0.5, and falls to 
half this value in about 1.5 cm. In these cases, incoherent noise may 
be reducing the maximum coherence. BES measurements in a similar 
supershot plasma at r/a = 0.55 give a radial co r r e l a t i on length of 
1.7±0.2 cm. However, the calculation of correlation times and the 
transformation of coherency to correlation lengths are sensitive to 
plasma rotation and studies of them are not yet complete. 

Calculations of the growth rate of trapped ion and ion-
temperature-gradient drift modes with comprehensive linear 
toroidal c o d e s ! 6 . 1 7 indicate that the most unstable values of k for 
comparable L-mode discharges have kepi ~ 0.3 to 0.5 and ballooning 
structures extending smoothly across many rational surfaces. These 
trends are consistent with the present measurements. Detailed 
comparisons of correlation phenomena have not yet been attempted. 

Values of 8n/n measured by scattering, BES, and reflectometry 
in L-mode discharges for r/a = 0.5 and Paux « 5 to 15 MW are in the 
range 0.2 to 1.0% which is typically below the mixing length estimate 
of l/<kj.>Ln . Scattering estimates assume 2D isotropic turbulence cut 
off below kj_ = 3 cm -1 with a spatial resolution of about 40 cm at the 
lowest k while BES and reflectometry measurements are sensitive to 
the range k < 1.5 cm"1 with a spatial resolution of about 1.5 cm at the 
highest values of k. Reflectometry estimates of 8n/n in the ohmic 
regime are typically 0.1% or less while scattering gives 8n/n =0 .2 to 
0.5% in similar plasmas. The origin of this discrepancy is still not 
understood, but the fluctuation level in ohmic plasmas is low, and, for 
the lowest k values, is considerably lower than that observed in even 
the lowest power (=* 2 MW) neutral beam heated plasmas. 

4. CONCLUSION 

Broad band density fluctuations in the confinement zone (0.3 < 
r/a < 0.8) of TFTR suggest a relationship between these fluctuations 
and energy transport from power balance measurements. In L-mode 
plasmas scattering and BES show that the relative level of <8n2> in the 
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confinement zone for 0.1 < kj_ps < 1.0 depends qualitatively on P aux 
and Ip in a way that is consistent with variations in energy 
transport. Measurements from BES have shown that poloidal and 
radial correlation lengths in the confinement zone of L-mode 
plasmas fall in the range 1.5 to 3.0 cm. There is a wave structure in 
the poloidal direction at r/a = 0.75 with k m a x = 1.0 cm"1 (kj_ps " 0 .14) 
while in the radial direction one has k m a x « 1.0 cm - 1 . Simple 
estimates of the diffusion based on measured radial correlation 
lengths and times show good agreement with power balance 
transport calculations in L-mode plasmas. Reflectometry estimates 
give radial coherence lengths for low density ohmic and supershot 
plasmas which are approximately 1 to 2 cm. 
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Abstract 
MAGNETIC TURBULENCE AND TRANSPORT IN TEXT. 

Experimental and theoretical results are combined to estimate the diffusion coefficient of runaway 
electrons in the TEXT tokamak. The transport of runaway electrons is dominated by magnetic fluctua
tions. However, the intrinsic magnetic fluctuations are not important for explaining thermal electron 
transport in TEXT. 

Runaway electrons hitting a limiter produce a hard X ray flux, IHXR, which 
depends on the runaway flux to the limiter, the runaway electron energy distribution 
and the material between the limiter and the detector. A series of perturbative experi
ments has been performed on TEXT, in which changes to both IHXR and the X ray 
energy spectrum, measured with a Nal detector, were monitored. The results are 
interpretable in terms of the runaway electron diffusivity, Dra, which in its turn can 
be interpreted in terms of a magnetic fluctuation level and, thereby, an associated 
electron thermal diffusivity. We conclude that magnetic fluctuations are not responsi
ble for thermal transport in TEXT. The sequence of experiments and theory leading 
to this conclusion is as follows: 

(1) Dra should [1] be dominated by magnetic fluctuations b in TEXT. The 
measured fluctuating poloidal electric field is E„ < 100 V-cm"1. For runaway elec
tron energies, Era » l MeV (as measured), magnetic fluctuations will dominate 
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runaway electron transport if b > 3 x 10-5 T. The displacement of the drift orbit 
surfaces due to increasing energy is not able to explain the observations [2]. Thus 
Dra is a sensitive monitor of b. 

(2) The theoretically expected Dra in a turbulent magnetic field is given by 
[3,4] 

Dra = Dmv„7 = qR ( - g M v l 7 (1) 

with Dm the magnetic diffusion coefficient, q the safety factor and v( the parallel 
electron velocity. Corrections for orbit averaging effects are small (7 ~ 1) because 
mpp/R < 1 in TEXT, where m < 40 is the measured poloidal mode number of the 
magnetic turbulence and pp « 2 cm is the runaway poloidal gyroradius. 

(3) We have experimentally verified Eq. (1) to within a factor of ~ 2 . This was 
done by measuring the edge (p = r/a = 1) Dra: following a rapid plasma major 
radial displacement the time history of IHXR is determined [5] by Dra at p « 1. The 
results show Dra(p = 1) ~ 1.5 m2-s_1. The measured magnetic fluctuations from 
induction coils at p ~ 1, using Eq. (1), give Dra » 1 m2-s~'. 

(4) Dra at p » 0.8 is deduced [2, 5] by using an externally imposed helical 
magnetic field which produces a stochastic magnetic field at the edge. This short-
circuits the runaways across the region p > 0.8; the resulting time dependence of 
IHXR is determined by Dra at p < 0.8. We find Dra (p < 0.8) = 0.1 m2-s-'. 

(5) Dra at p « 0.9 is deduced from the reduction in Era following application 
of the stochastic fields. That is, the electrons in the stochastic layer are immediately 
lost and do not accelerate to higher energies during the time they would move radially 
through the region that is now stochastic. A stochastic layer of a thickness of the 
order of 3 cm reduces the X ray flux energy by about 200 keV in a plasma with a 
loop voltage of about 1.6 V. The results show Dra (p » 0.9) « 0.3 m2-s_1. 

(6) An alternative technique for estimating the cross-field diffusivity of 
suprathermal electrons makes use of fluctuations in the injected carbon pellet 
ablation rate [6]. Pellets with an initial radius of rp « 230 jtm and a velocity of 
vp » 300 m/s were injected from the outside horizontal midplane and penetrated to 
beyond the plasma centre. The visible ablation light typically undergoes marked 
fluctuations in intensity or striations which can be ascribed to the finite parallel 
connection length associated with rational magnetic surfaces. We have extended the 
Pegourie and Dubois model [7] by deriving an analytic expression for the attenuation 
a of the heat flux incident on the pellet for a realistic f(v), accounting for perpendicu
lar diffusion and by adding monoenergetic suprathermals. These fast electrons can 
be depleted by impact with the pellet in a time shorter than the pellet transit time, 
T = 2rp/vp, but are replenished by diffusion which for high runaway energy should 
be dominated by magnetic fluctuation driven transport. The striation brightness 
modulation is quite sensitive to D and gives the estimate D(p ~ 0.6) = 0.2 m2-s~' 
for 50-100 keV electrons. The energy range of the electrons is limited because the 
higher energy electrons pass through the pellet without depositing their energy. 
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(7) Modulations of IHXR have been observed which are phase locked to the soft 
X ray sawtooth oscillation. Similar results were reported earlier by Barnes and Stra-. 
chan [8]. The phase delay can be measured to within a factor of 2Trn; at each value 
of n there is a two to three orders of magnitude predicted reduction in the modulations 
of IHXR- With the same assumptions [9] as required in interpreting a sawtooth propa
gation experiment, the phase delay between IHXR and the soft X ray sawtooth can 
give an upper limit (n = 0) for the diffusion coefficient: Dra < 4.6 m2-s"'. For 
n = 1, we have Dra = 0.6 m2-s_1. While the diffusive interpretation of the hard 
X ray signal is a plausible explanation of the observation, there may be other mechan
isms involved. For example, the runaway fluxes may also be generated by the ther
mal crash causing a radial expansion or shift in the flux surfaces at the edge, or by 
an increase in the intrinsic magnetic stochasticity driven by the sawtooth crash. Such 
mechanisms cannot be ruled out since we generally find a hard X ray peak occurring 
at about the same time as the thermal peak reaches the edge using soft X ray measure
ments. For some conditions we find a second smaller hard X ray peak with a larger 
delay. In contrast to the results found by Barnes and Strachan [8], the time delay for 
the hard X ray signal was of the same order as, or longer than, the soft X ray signa
ture of the thermals. 

In Fig. 1, we plot various forms of Dra against p, from points (3)-(7). An 
interpretation of the spatial variation of Dra is difficult to quantify because the mea
surements sample D non-locally. However, there are strong indications that Dra is 
steeply rising at the plasma edge. The limits shown in Fig. 1 indicate the regions of 
the plasma which could affect the measurements of the runaway diffusion coefficient. 

(8) We have demonstrated [10] the validity of Eq. (1) with 7 = 1 to within a 
factor of two for the thermal electron diffusivity xe, if vB = v^ , using an externally 
applied b. These applied fields are much higher than the fields associated with the 
intrinsic magnetic fluctuations. 

x6(m^)L ::.o 

0.01 

10- 4 

FIG. 1. (a) Dra and (b) xjb) and xe{exp) versus normalized radius p. 
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(9) The expected electron thermal diffusivity xe(b) associated with the deduced 
b is given by xe(b) « Dra (E^/E^112. The results are plotted in Fig. 1(b), together 
with (dashed line) the measured experimental values Xe(exp). Clearly, even the 
upper bounds on Dra show that the intrinsic magnetic fluctuations are irrelevant in 
explaining electron thermal transport in TEXT. The runaway electrons in TEXT are 
lost along stochastic magnetic field lines, and the thermal loss must be due to some 
other mechanism. 
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Abstract 

REGIMES OF IMPROVED CONFINEMENT AND STABILITY IN DIII-D OBTAINED THROUGH 
CURRENT PROFILE MODIFICATIONS. 

Several regimes of improved confinement and stability have been obtained in recent experiments 
in the DIH-D tokamak by dynamically varying the toroidal current density profile to transiently produce 
a poloidal magnetic field profile with more favorable confinement and stability properties. A very 
peaked current density profile with high plasma internal inductance, <$, is produced either by a rapid 
change in the plasma poloidal cross section or by a rapid change in the total plasma current. Values 
of thermal energy confinement times nearly 1.8 times the JET/DIII-D ELM-free H-mode thermal con
finement scaling are obtained. The confinement enhancement factor over the ITER89-P L-mode con
finement scaling, H, is as high as 3. Normalized toroidal beta, /3W, greater than 6%-m-T/MA and 
values of the product (Sf/H greater than 15 have also been obtained. Both the confinement and the maxi
mum achievable & vary with 4- and decrease as the current profile relaxes. For strongly shaped H-mode 
discharges, in addition to the current density profile peakedness, as measured by ^, other current pro
file parameters, such as its distribution near the edge region, may also affect the confinement 
enhancement. 
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1. INTRODUCTION A N D OVERVIEW 

The study of plasma stability and energy confinement as well as methods 
to improve them has been a very active area of tokamak research. These im
provements may be measured by the normalized beta, PN = /9r /(7/aS), and the 
confinement enhancement factor over the ITER89-P L-mode confinement scal
ing [1], H = TE/TITEBSO-P- Improved tokamak performance in both f3n and H 
concomitantly is desirable, which, together with an advance in the area of heat 
flux handling capability of the plasma facing components in the first wall, can 
potentially lead to a more compact and economically more attractive reactor. 

In recent DIII-D tokamak experiments, several regimes of improved con
finement and stability have been obtained by dynamically varying the toroidal 
current density profile to transiently produce a poloidal magnetic field profile 
with more favorable confinement and stability properties against instabilities 
and turbulence such as those driven by the pressure gradient. Confinement en
hancement factors, H, ~3 and thermal energy confinement times normalized 
to the JET/DIII-D ELM-free H-mode thermal confinement value [2], r y = 
Vra/TjET/Diii-Dy ~l-8 have been obtained, TJET/DIII_D{S) =0.106 P£0A6 

(MW) I 1 0 3 (MA) R1M(m). fin greater than 6 %-m-T/MA and values of the 
product PNH greater than 15 have also been obtained. The current profile is 
varied either by a rapid change in the plasma poloidal cross section or by a rapid 
change in the total plasma current to produce a very peaked current density 
profile with high plasma internal inductance, Li. Both the confinement and the 
maximum achievable /3 improve with increase in Li and decrease as the current 
profile relaxes. 

In elongation ramp experiments, a very peaked toroidal current density pro
file is transiently produced by dynamically increasing the discharge elongation, K, 
at a very fast rate, k > 2/s, after initiation of the auxiliary beam heating phase. 
Since the current diffusion time in the hot plasma center is long relative to that 
in the edge region, the current channel is trapped in the plasma core producing 
a very peaked current density profile. Both the input beam power, PNBI> and 
the plasma current, J, are held fixed during the K ramp. The K ramp serves 
both to create a peaked current density profile as well as to induce an L-mode to 
H-mode transition. ELMing H-mode plasmas are obtained when the maximum 
K exceeds 1.8. The energy confinement improves with U and then decreases as 
the current profile relaxes and ELMing occurs. 

In current ramp experiments, a peaked current density with small or nega
tive edge current is transiently produced by rapidly decreasing I at a fast rate, J, 
up to -4 MA/s. Experiments were performed in K ~ 1.2 L-mode limiter plasmas, 
K ~ 1.7 L-mode and H-mode limiter plasmas, as well as K ~ 2 H-mode divertor 
plasmas [3]. The improvement in the energy confinement is found to correlate 
with the increase in. Li, as is observed in current ramp experiments in L-mode 
plasmas in various other tokamaks [4-7], except in an experiment in H-mode 
divertor geometry. In a current ramp experiment in K ~ 2 H-mode divertor plas
mas, the plasma stored energy W is observed to follow I and decrease rapidly 
shortly after the current ramp phase begins, despite a large increase in Li. 

Although both the K ramp and the current ramp techniques produce a 
peaked current density profile with high /,-, the details of the current density 
distribution in the edge region may be different depending on the details of the 
operations. The current ramp method obtains a peaked profile transiently by 
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driving the loop voltage negative which tends to reduce the edge current density 
and, at a sufficiently fast ramp rate, can make it negative. In the K ramp case, 
peaking of the current density profile is accomplished by adding cold plasma 
to the edge region at a fast rate so that most of the current is trapped in the 
core, which tends to give rise to a low but positive edge current density. The 
difference between the current ramp results in divertor H-mode plasmas and the 
K ramp results suggest that for strongly shaped H-mode discharges, in addition 
to the current density profile peakedness, as measured by t+, other current profile 
parameters such as its distribution near the edge region may also play a role in 
the confinement enhancement. 

The current ramp technique has also been used to produce discharges with 
high 0N as well as high H in K ~ 1.2 L-mode plasmas. The maximum obtain
able 0/f is observed to increase approximately linearly with l{, as is observed 
in confinement experiments. The result is consistent with both analytical and 
numerical predictions of the scaling of the /3 limit with U based on the ideal bal
looning mode theory [8]. Only very limited attempts have been made to study 
high PtfH plasmas using the K ramp technique. The PNH values obtained in 
these current profile modification experiments are among the highest that have 
been achieved in DIII-D. 

The results of the « ramp experiments are summarized in the next section. 
This is followed by a discussion of the current ramp experiments in Section 3. 
In Section 4, a summary of the high (3nH discharges obtained using these two 
techniques is given. Finally, a conclusion is given in Section 5. 

2. ELONGATION RAMP EXPERIMENTS 

The K ramp experiments are motivated by the confinement results from 
current ramp experiments in L-mode limiter plasmas from various other toka-
maks [4-6], as well as the beta and the confinement results from current ramp 
experiments in DIII-D [3] which are described in the next section. The experi
ments are designed to further test the effects of toroidal current density profile 
on energy confinement by making use of the unique shaping capability of DIII-D 
to vary the current profile by a rapid change in the plasma poloidal cross section. 
Unlike the current ramp method, which simultaneously varies both the shape 
of the current profile and the total plasma current, 7, the K ramp technique is 
capable of varying only the shape of the current density profile while keeping I 
constant. Thus, the experiments can yield additional insight into the effects of 
current density profile on energy confinement. 

In Fig. 1, a time history of an H-mode discharge obtained using the K ramp 
technique is given. Also shown are the plasma poloidal cross sections at various 
times, K is programmed to increase from 1.3 to greater than 1.8 in 200 ms with 
I and PNBI held fixed at 1 MA and 5.7 MW, respectively. As * is increased, 
W and TJV first decrease slightly and then increase with t{. Around 2120 ms, 
when £i ~ 1.8 and n ~ 1.8, the plasma transits into the H-mode phase and r.y 
increases rapidly from about 0.9 to nearly 1.8 and then slowly decays back to 1.1 
near the end of the beam heating phase at 4000 ms. After the L-H transition, 
li continues to increase from 1.8 to nearly 1.9 and then slowly decays to about 
1.2 as the current profile relaxes. The surface voltage, Vs, increases rapidly from 
1 to nearly 3 V during the early phase of the K ramp, and then decreases to 
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H-mode, 2.1 T. 1.0 MA 

» i 1 1 1 1 1 
1100 1700 2300 2900 3500 4100 

Time (ms) 

FIG. 1. Time evolution of plasma stored energy, normalized thermal energy confinement time, line-
averaged electron density, divertor Da radiation, surface voltage, internal inductance, and elongation 
for a K ramp discharge with PNB, = 5.7 MW (solid traces) and a constant K H-mode reference dis
charge with PNB, = 6.2 MW (dotted traces). For visibility, the Da trace for the reference discharge is 
shown with an offset. Also shown are the plasma boundary shapes at 1950 ms (dotted curve), 2150 ms 
(dashed curve), 2350 ms (solid curve) and </> at 2500 ms (solid curve) and 4000 ms (dotted curve) for 
the K ramp discharge. The two times 2500 and 4000 ms are indicated by arrows. 

~-0.3 V near the end of the ramp. As the current profile relaxes, Vs slowly 
rises back to ~0.1 V at 4000 ms. Also shown in Fig. 1 is a reference K ~2 .1 
H-mode discharge with U ~ 1 and TN ~ 0.9. Note that unlike the current ramp 
experiments in L-mode plasmas, where W and TE are observed to decay slowly 
and only rjf is observed to increase, here, in addition to rjf, both W and rg are 
found to actually improve following the change in the current profile shape. 
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2.1 T. 1.0 MA, 5.7 MW 

0.0 0.2 0.4 0.6 0.8 1.0 
X 

FIG. 2. Comparison of electron temperature profiles from Thomson scattering and horizontal ECE, 
electron density profiles from Thomson scattering and interferometry, and ion temperature profiles from 
CER at 2500 ms (open circles and solid curves) and at 4000 ms (dotted curves) for a K ramp discharge. 

The Ttf variation during the slow current relaxation phase correlates well 
with the change in li. After the H-mode transition, the discharge stays ELM-free 
for about 240 ms and then starts ELMing. Despite the presence of ELMs, the 
energy confinement remains higher than values expected using the JET/DIII-D 
ELM-free H-mode scaling. Although the discharge has a very peaked current 
density profile and reaches K ~2 .1at / j ~1.9, stability analysis of MHD equilibria 
reconstructed using kinetic profile and magnetic data (described below) shows it 
is stable to the ideal axisymmetric mode with a conducting wall at the vacuum 
vessel surrounding the plasma and unstable if the wall is more than 25% away. 

The improvement in confinement is observed in both the density and the 
temperature profiles. This is illustrated in Fig. 2, where the density and the tem
perature profiles at 2500 ms when li ~ 1.7 and Tjy ~ 1.6 are compared against 
those at 4000 ms when U ~ 1.2 and iff ~ 1.1. Transport analysis using the 
measured profiles shows that the effective single fluid thermal diffusivity, xai> is 
significantly reduced over most of the plasma cross section at the high lt- time, 
although the uncertainty is large. 

The flux surface average current density profiles, (J), at these two times 
reconstructed from equilibrium analysis [9] using the measured kinetic profiles, 
the external magnetic measurements, and a single channel Motional Stark Effect 
(MSE) measurement [10] are given in Fig. 1. Reconstruction results using the 
newly installed eight-channel MSE current profile diagnostic [11] and magnetic 
data for a similar discharge show current density profiles with similar shapes. 
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FIG. 3. Variation of normalized thermal energy confinement time with l: for data obtained from K 
ramp experiments (solid circles) and current ramp experiments in K ~ 1.2 limiter L-mode plasmas (open 
circles), K ~ 1.7 limiter L-mode plasmas (solid curves), and K — 1.7 limiter H-mode plasmas (dotted 
curves), rJET/DIII.D(s) = 0.106 P?" (MW) l'0S(MA) R'-48(m). 

The reconstructed current density profiles show a small but positive cur
rent density near the edge region as well as an improvement of the parameter, 
H = S/q2, in the plasma outer region x > 0.4 at the high U time. The small posi
tive edge current density may play a role in the confinement enhancement and is 
discussed in the next section. The parameter /i characterizes the stabilization ef
fects against pressure driven instabilities and turbulence due to the improvement 
in the magnetic shear, S, and the reduction in the connection length between the 
good and the bad curvature regions. Here, 0 < x < 1 is a normalized equivalent 
minor radius. The reduction of Xeff in the region x > 0.4 is consistent with the 
increase of ft in this region. However, in the region x < 0.4, Xeff still shows a re
duction despite a smaller fi at the high 4 time. This suggests a weak dependence 
of Xeff on 5 in this region. 

The confinement data obtained from several K ramp discharges during the 
slow current relaxation phase with I = 1.0-1.5 MA and PNBI — 4-12 MW are 
summarized in Fig. 3. TN is observed to vary approximately linearly with Li. 
The results are similar to those obtained in current ramp experiments in L—mode 
plasmas in various other tokamaks [4-7] and in L-mode and H-mode limiter 
plasmas in DEDI-D [3] as described in the next section. 
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FIG. 4. Time evolution of plasma stored energy, normalized thermal energy confinement time, line-
averaged electron density, inside wall Da radiation, surface voltage, internal inductance, and total 
plasma current for a current ramp discharge, Pml = 4.2 MW. Also shown are the plasma boundary 
shapes and </) at 3300 ms (solid curves) and at 4200 ms (dotted curves). The two times 3300 and 
4200 rns are indicated by arrows. 

3. CURRENT R A M P EXPERIMENTS 

Improved confinement has been observed with the use of current ramping in 
limiter H-mode discharges. A time history of a K ~ 1.7 limiter H-mode discharge 
obtained using the current ramp technique is given in Fig. 4. Also shown are the 
flux surfaces at 3300 ms near the time of peaked stored energy when li ~2 .0 
and T/f ~ 1.6 and at 4200 ms near the end of the H-mode phase when li ~ 1.4 
and Tjf ~ 1.1. (J) at these two times, reconstructed from the external magnetics 
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and the eight-channel MSE data, are also given in Fig. 4. I is decreased from 2 
to 1 MA in ~700 ms with PNBI ~ 4.2 MW, The discharge shape evolves slowly 
from an inside limiter to become marginally diverted in the top after transition 
into the H-mode phase due to the changes in the current profile caused by the 
current ramp. Vs decreases from 0.6 V before the current ramp phase to ~ - 1 V 
near the end of the current ramp phase. As shown in Fig. 4, at the high U time 
(J) near the edge is negative. 

The energy confinement is observed to vary with li. The plasma transits 
into the H-mode phase during the current ramp near 3030 ms with a relatively 
short ELM-free period. U increases from 1.1 in the L-mode phase before the 
current ramp to greater than 2 after transition into the H-mode phase and then 
decreases to ~1.4 near the end of the H-mode phase as the current profile re
laxes. Concurrently, TR increases from about 0.5 to nearly 1.6 and then decreases 
to around 1. As the current profile broadens, the discharge transits back into 
the L—mode phase with Ty ~ 0.5 after 4300 ms, which is often observed in these 
discharges. Similar improvement of r y with li is also observed in current ramp 
experiments in K «* 1.2 and ~1.7 L-mode limiter plasmas. The data from these 
current ramp experiments are summarized in Fig. 3. In addition to the li depen
dence, the data may also indicate a possible dependence of T^H on K. 

In contrast, no improvement of confinement with 4 is found in a current 
ramp experiment in a ~ 2 ELMing divertor H-mode plasmas [3]. I is ramped 
down during the ELMing phase of an H-mode discharge, rather than during 
the L-mode phase as in the limiter H-mode case, and at a faster rate, from 2 
to 1 MA in about 300 ms, with PNBI ~7 .3 MW. W is observed to follow J 
and decrease during the current ramp phase from ~1.5 MJ to ~1.0 MJ despite 
a large increase in U from nearly 1.1 to greater than 2. A drop in electron 
density of as much as 60%, primarily in the outer plasma region, is observed. 
During the current ramp, K varies from ~2 to ~1.7 due to the effects of the large 
increase of/,- on the discharge shape control system. Although the interpretation 
of this experiment is complicated by this variation in «, the difference between 
the results from this experiment and those from K ramp and other current ramp 
experiments suggest that in addition to the peakedness of the current density 
profile, as measured by U, for strongly shaped H-mode plasmas other current 
profile parameters, such as their detail distribution near the edge region, may also 
play a role in the confinement enhancement by affecting the steep edge pressure 
gradients often observed in H-mode discharges. In DHI-D H-mode discharges 
with low edge current density, the edge pressure gradients are limited by the 
first ideal ballooning mode stability [12]. In strongly shaped divertor plasmas, 
the ballooning stability boundary is sensitive to the details of the edge current 
density distribution. 

4. H I G H pNH D I S C H A R G E S 

The current ramp technique has also been used to study the effects of 
current profile on /3 limits. The results of a f3 experiment in n ~ 1.2 L-mode near 
circular plasmas are summarized in Fig. 5. /?JV > 6 %-m-T/MA and values of 
the product fixfH >15 have been obtained by rapidly ramping down the plasma 
current at a fast rate, I < -2 MA/s, to produce a peaked current density profile 
with li as high as 2. 
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The maximum obtainable fa is observed to increase approximately linearly 
with t{, as is observed in confinement experiments. This result is consistent 
with both analytical and numerical theoretical predictions of the scaling of the 
8 limit with it based on the ideal ballooning stability theory [8]. Also shown 
in Pig. 5 are the ideal ballooning 8 limits computed numerically using MHD 
equilibria corresponding to these discharges reconstructed from external magnetic 
data. Detailed ideal stability analysis for a discharge near its peaked fa ~ 6%-
m-T/MA time using equilibrium reconstructed from measured kinetic profile, 
magnetic, and a single channel MSE data with a conducting wall at the vacuum 
vessel shows that it is unstable to a 1/1 internal mode if the axial safety factor, 
g(0), is less than 1 and stable to the n = 1 kink mode if g(0) is greater than 1. 
The equilibrium is marginally stable to the ideal ballooning mode. The n = 1 
calculation results are consistent with the fishbone oscillations often observed in 
these discharges. 

Only very limited attempts have been made to study the effects of current 
density profile on B limits using the K ramp technique. In a K ramp experiment 
at a magnetic field, B, of 0.86 T, fa greater than 5 and values of the product 
PifH close to 13 have been obtained in a divertor H-mode discharge. 

The faH values obtained in these current profile modification experiments 
are among the highest that have been achieved in DIII-D, although they are mod
est in terms of the absolute values in 8 and TE- These are summarized in Fig. 6 
along with the rest of the data in the DIII-D beam heated deuterium plasma 
database. The results suggest that with proper current profile control high per
formance tokamak operation is possible. Also shown in Fig. 6 is a theoretical 
limit for faH [13] derived from the 8 scaling expression, 8 < CpI/aB, 

& 3 < Cfi Bf'7 ^ B° 8 (T) *°'1B (MA) (1) 
o(m) yjpv (MW/m3) n0-1 (1020/m3) 

where Py = PT/V, d = V/(2ir2Ra2it), V is the plasma volume, Py is the total 
heating power, and e is the inverse aspect ratio. Here, Cpa w &£? for Cp = 4.51{. 
Equation (1) can be viewed as a form of the 8 limit rewritten to emphasize the 
confinement as well as the 8 aspects of this limit. These are discussed in detail 
in Ref. [13]. The observation that there are quite a number of data points from 
these profile modification experiments as well as many from VH-mode experi
ments [14] with enhanced confinement and high faH values lying close to the 
8 limit suggests that operating close to the 8 limit may not necessarily lead to 
poor plasma performance. 

5. CONCLUSION 

The results from these experiments indicate that high energy confinement 
and high 8 are obtainable with a peaked current density profile (high l{), sufficient 
degree of shaping, and perhaps some requirement for edge current density. With 
detailed current and heating profile control in shaped tokamak discharges, steady 
state and high performance tokamak operation may be possible. 
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Abstract 

HELIUM TRANSPORT STUDIES IN ENHANCED CONFINEMENT REGIMES ON THE Dffl-D 
TOKAMAK. 

A collaborative program has been initiated to measure He transport and scaling on DIII-D during 
L-mode, H-mode and ELMing H-mode plasma conditions. These diverted plasmas operating in 
enhanced confinement regimes are a good model for the International Thermonuclear Experimental 
Reactor (ITER). To simulate the presence of He ash in DIII-D, a 25 ms He puff is injected into a DIII-D 
plasma, resulting in a He concentration of ~ 10%. The time dependence of the He2+ density profiles 
in the plasma core is measured by charge-exchange recombination spectroscopy at 31 radial locations. 
The results show a tendency for enhanced He confinement during the 'ELM free' H-mode, and bulk 
plasma particle confinement is also improved such that there is no preferential He accumulation. In addi
tion, data from ELMing H-mode plasmas indicate that He is purged from the plasma edge during the 
ELM activity. 

1. INTRODUCTION 

For future steady-state tokamaks, such as the International Thermonuclear 
Experimental Reactor (ITER), continuous purging of the helium (He) ash is essential. 
Estimates [1] show that newly created He ions must be removed within 7 to 15 energy 
confinement times to maintain continuous reactor operation (x jjg / i E < 7-15) where 
X HE IS m e glottal He confinement time and xg is the energy confinement time. Recent 
measurements [2-6] on TEXTOR and other tokamaks demonstrate that He can be 
readily transported from the plasma core during L-mode plasma discharges. TEXTOR 
experiments use the Advanced Limiter Test-II (ALT-II) system, a toroidal belt pump 

This is a report of work sponsored by the US Department of Energy under Contract Nos DE-
AC05-84OR21400 with Martin Marietta Energy Systems, Inc. and DE-AC03-89ER51114 with General 
Atomics. 

1 Fusion Energy Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee USA. 
2 Oak Ridge Associated Universities, Oak Ridge, Tennessee, USA. 
3 Department of Nuclear Engineering, University of California, Berkeley, California, USA. 
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limiter [5] with turbomolecular pumps that can completely remove the He from the 
system. In other tokamak experiments, He transport with no He removal or with He 
removal from the plasma due to wall pumping have been investigated [2-6]. 

Next-generation tokamaks, such as ITER, are designed to operate in the 
enhanced confinement or H-mode regime, where the core plasma He particle confine
ment time is expected to be better than that for L-mode operation [7]. The ITER igni
tion requirements assume that helium density in the core can be regulated by low-level 
edge-localized modes (ELM) and sawtooth activity, without undue adverse effects on 
energy confinement. However, if He confinement in the core is too good in 
H-mode, very efficient particle removal schemes must be devised to remove 
the He ash. 

For the DIII-D experiment, which is currently without active He pumping, we 
investigate the influence of ELMs on He spatial profiles during high confinement 
H-mode discharges and compare these profiles with ""ELM-free" H-mode and 
L-mode He spatial profiles. 

In these experiments, we simulate the presence of recycled He ash in a tokamak 
plasma by puffing He into the plasma during neutral beam injection (NBI) to produce 
nHe/«e ~ ^%. The transport of He into the plasma core is followed using charge-
exchange recombination (CER) spectroscopy [11] in combination with NBI. 
Measuring spatially and temporally resolved ion temperatures and absolute densities 
using CER line intensities is a well-established technique on many tokamaks [11-14]. 
CER spectroscopy is used to obtain the local He2+ density in the plasma core at vari
ous locations along the minor radius by observing the He+ (« = 4 -» 3) transition at 
4686 A with absolutely calibrated spectrometers that view the neutral beam traversing 
the plasma. Detailed line shape analysis and modeling of neutral beam penetration 
allow determination of the He*1" density to ±30%. The relative error channel to chan
nel is about ±10%, thus the profile shapes are well determined. 

2. EXPERIMENTAL ARRANGEMENT 

On DIII-D, He2+ profiles are measured with the CER spectroscopy system pre
viously developed for ion temperature and rotational velocity measurements [13]. As 
presently configured, the system consists of four spectrometers, each with eight view
ing chords. A total of 31 chords are arranged to view across two neutral beam paths, 
with 16 chords viewing the beams traversing tangentially through the plasma and 15 
viewing vertically (one vertical chord views the plasma outside the beam envelope). 
Each chord is arranged such that the viewing volume, which intersections the neutral 
beam, is nearly tangent to the local flux surface and thus excellent radial resolution is 
achieved (approximately ±1 cm in the worst case). Both tangential and vertical view
ing chords extend from the plasma magnetic axis (R = 1.67 m) to beyond the separa-
trix (/? = 2.28 m). Absolute calibration of the sensitivity of each chord has been 
accomplished using standard calibration lamps, supplemented with two techniques 
involving (1) injection of the neutral beam into a gas-filled torus and (2) NBI into a 
pure He plasma. The absolute calibration of each CER chord and modeling of the 
attenuation of the DIII-D neutral beams is described in a forthcoming publica
tion [15]. For the He transport work presented here, an integration time of 10 ms is 
typically chosen. 
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FIG. 1. An H-mode discharge on DIII-D with an ELM-freeperiod of 500 ms between 2.0 s and 2.5 s, 
followed by a series of giant ELMs, which are separated by about 0.2 s. A 25 ms He puff is injected 
into the discharge at 2.0 s. Displayed are he, the divertor Da, and He (4686 A) signals, measured with 
photomultipliers that view the region near the divertor strike point. Decreases in ne are apparent with 
the onset of the giant ELMs. 

3. He EXPERIMENTS IN H-MODE 

The DIII-D plasma for these H-mode experiments had a major radius R = 
1.67 m, a plasma current Ip = 1.6 MA, a toroidal magnetic field of 2.1 T, and 
boronized walls. The magnetic configuration was a double-null divertor discharge. 
The D° beams were injected between 1.8 s and 3.8 s after discharge initiation, with a 
short (25 ms) He puff injected at / =2.0 s, causing a rise in the average electron densi
ty nc To induce H-mode, 10.4 MW of neutral beam power is injected for 200 ms. To 
maintain an ELM-free H-mode, the beam power is then reduced to 4.4 MW. In shot 
74773, an ELM-free H-mode of about 0.5 s is achieved. The resulting line-averaged 
electron density, the D a , and He signals (measured by an array of photomultipliers 
viewing the divertor floor at the strike point of the divertor flux) are shown in Fig. 1. 
Just after the He puff at 2.0 s, the line-averaged density increases and both the He and 
D a photomultiplier signals increase dramatically. The D a signal increase is most like
ly due to the dramatic increase in electron density, which results from the He gas puff 
in the divertor chamber. From 2.1 s to 2.5 s in Fig. 1, an ELM-free H-mode is main
tained before the appearance of six giant ELMs. During the ELM-free period, the 
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FIG. 2. Helium density evolution versus time for the H-tnode discharge shown in Fig. 1 at (a) two of 
the inner plasma radii (p = 0.32 and 0.63) and (b) two outer plasma radii near the separatrix (p — 
0.90 and 0.97). 

electron density continues to rise until 2.5 s when the first giant ELM appears; a slight 
drop in the density occurs with each of the subsequent giant ELMs. 

The He density for shot 74773 is displayed in Fig. 2 for four spatial chords ver
sus time (two chords near the plasma center, p = 0.32 and 0.63, and two edge chords, 
p = 0.90 and 0.97). The value of the normalized flux surface coordinate p = 0 indi
cates the magnetic axis of the discharge, and p = 1.0 indicates the separatrix. Just after 
the gas puff at t = 2.0 s the He appears at the plasma edge, but requires about 200 ms 
to reach the plasma center. During the ELM-free phase of the discharge (2.1-2.5 s), 
the He density remains almost constant, indicating a He recycling coefficient of unity. 
With the appearance of the first ELM at 2.52 s, the He density at the edge drops sig
nificantly, then largely recovers. It drops again with the occurrence of each successive 
ELM, but the central chords (p = 0.32 and 0.63) remain almost unaffected. This indi
cates that the ELMs are expelling He from the plasma edge, while the plasma center is 
not affected. In Fig. 3 the He density profile for shot 74773 is plotted versus p for the 
ELM-free period (r = 2.94 s, just before the ELM event) and compared to the electron 
density profile measured via Thomson scattering. During this ELM-free period both 
profiles have similar flat central profiles and steep edge gradients. The shapes of the 
electron density profiles and of the He density profiles are essentially the same. 
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During this ELM-free period the energy confinement time Tg is found to be about 
200 ms, as measured by the diamagnetic loops. 

To investigate the influence of ELMs on the He density profile, the electron den
sity profile and the He density profile are compared in Fig. 3 for the time just before 
(r = 2.94 s) and during the giant ELM at 3.0 s. The electron density profile (measured 
by Thomson scattering) in Fig. 3 indicates that density is lost from the edge plasma (p 
> 0.5) during the giant ELM. Similarly, the He density profile indicates that He is lost 
from the edge plasma for radii of p > 0.S, while the profile is not affected for p < 0.5. 
The He photomultiplier signals of Fig. 1 show that when the He is purged from the 
plasma edge, the He+ line emission from the divertor increases abruptly, suggesting a 
sharp increase in the divertor He content. This is a clear demonstration that ELMs 
purge He from the edge of the core plasma. If pumping were provided in the baffle 
region of DITJ-D, this He could be removed. 
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FIG. 4. The He density (points) as measured by CER and a spline fit to the electron density measured 
by Thomson scattering (solid line) versus p for shot 73922 at t = 3.0 s. 

Finally, for an investigation of He density profiles during high-frequency 
(-150 Hz) giant ELMs, Fig. 4 displays the He density profile versus p for discharge 
73922. For this discharge, Ip = 1.0 MA and 9.7 MW of neutral beams are injected 
from 2.3 s to 4.0 s with the 25 ms He gas puff occurring at 2.8 s. The increased neu
tral beam power increases the frequency of the giant ELMs from that observed in dis
charge 74773. With the high frequency ELMs, the He density profile drops quickly as 
you approach the edge (Fig. 4) and its general shape indicates that the ELMs are con
tinuously expelling He from the edge of the core plasma. The electron density radial 
profile is similar to the He density radial profile. The shapes of the radial profiles for 
this high-frequency ELMing discharge lie between the profiles observed for ELM-free 
discharges and those observed in L-mode[4] or singular giant ELM events. If He 
pumping were available in the divertor chamber of DHI-D, the He lost from the plas
ma during these ELMs could be removed. In general, it seems that, with appropriate 
control of the ELMs in a divertor tokamak, He removal can probably be achieved. 

4. SUMMARY AND CONCLUSIONS 

In the DIII-D experiments, a first look at the effects of ELMs on H-̂ node He 
radial profiles has been presented and detailed He density radial profiles were mea
sured. Generally, the He density profile was found to have the same shape as the elec
tron density profile. During ELM-free H-mode operation, the He and electron density 
profiles are both flat in the plasma center and steep near the separatrix[4]. During a 
giant ELM event, the He is purged from the plasma edge for p > 0.5, and it is 
observed in the divertor chamber as is evidenced by an increase in a He photomultipli-
er monitor which is positioned to view the divertor chamber. For giant ELMing 
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events, the He density profile is observed to approach the radial profile shape usually 
observed in the L-mode. For a discharge with high-frequency giant ELMs, the time-
averaged density profile is found to lie between that observed in an ELM-free 
H-mode discharge and that in an L-mode discharge. Again, the DIII-D results indi
cate that He is lost from the plasma edge during ELMing events and appears in the 
divertor chamber. These DIII-D experiments clearly indicate that ELMs modify the 
He radial profiles; this effect can be utilized to ultimately improve He pumping in a 
divertor tokamak. As part of the Advanced Divertor Project on DIII-D, a cryopump 
will be installed in late 1992. The cryopump could be conditioned with an argon frost 
layer to provide He pumping. This will permit measurements of both x HE and %E> 
similar to those done previously during the TEXTOR He experiments [2,3] for which 
active He pumping was available. 

It appears that additional work will be needed to understand He transport for the 
variety of H-mode conditions and the many types of ELMing conditions that can 
occur. He ash removal during high confinement H-mode discharges, like those pro
posed for ITER, will probably require flushing of He from the core plasma by ELMs, 
as observed on DIII-D. Future experiments on DIII-D will determine pumping effi
ciencies required in a divertor configuration to meet the requirement that x Hg/xg < 
7-15 and how this ratio, scales with plasma conditions and operating regimes. 
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Abstract 

NON-INDUCTIVE CURRENT DRIVE IN JET. 
Full replacement of the inductively driven plasma current at 0.4 MA has been achieved 

with Lower Hybrid Current Drive only and at 2 MA with the combined application of 2.3 
MW of LHCD power and 3 MW of Fast Wave power. Synergistic effects are observed 
resulting in an acceleration of the LHCD induced fast electrons by the Fast Wave. The 
physics of this synergy has yet to be resolved. In H-Mode conditions, 1 MA full current drive 
lias been sustained for 4 sec. Overall current drive efficiencies up to 0.25 1020m~2 AW'1 

have been achieved at n e = 2.8 1019nr3. Highly localised non-inductive currents have been 
produced by the Fast Wave resulting in large effects on MHD activity. Up to 0.4 MA of 
beam driven current has been produced with 133 keV tangential neutral beams. 

1. INTRODUCTION 

Non-inductive current drive is an important topic in tokamak fusion research as 
it would enable the operation of a steady-state fusion reactor. In addition, 
current profile control is a tool to stabilise MHD instabilities and to achieve 
improved plasma current configurations such as the negative shear 
configuration of the "PEP + H" mode on JET III. In both applications, non-
inductive current efficiency is a key issue owing to its impact on a reactor 
economy /2/3A Assessment of current drive scenarios in high grade plasmas 
and evaluation of non-inductive current drive efficiencies have been extensively 
studied at JET. Current drive has also been used to achieve long pulse 
operation in JET. 

The Lower Hybrid Current Drive system (LHCD), which accelerates a 
fraction of the electron population to energies in excess of 100 keV, has been 
specifically designed for current profile control. The physics data obtained with 
the LHCD prototype system will be reported in this paper, in particular the 
synergistic effects between the LH and Ion Cyclotron Resonance Frequency 
(ICRF) waves. Efficiencies during full current drive will be discussed. 

The ICRF system installed on JET has been very effective in heating ions 
and electrons /3/. Hardware modifications have allowed directional waves to be 
launched/4/, thus allowing current drive either by direct electron acceleration, 
Transit Time Electron Pumping (TTMP) and Electron Landau damping (ELD), 
or by acting on the fast ions (Ion Current Drive). The latter effect is very 
localised and will be described in this paper. 

1 See Appendix to IAEA-CN-56/A-1-1, this volume. 
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Non-inductive current drive generated by Neutral Beams (NBCD) on JET 
has been reported previously /5/. Recent data obtained by using beams at 
higher energies will be presented. 

During these studies, the total power available for current drive was 
limited. Consequently, most of the experimental data reported here have been 
achieved at low density, below a central value of 4.1019nr3, in limiter 
configurations, and in X-point configurations with low plasma current H-
modes. In many of these experiments, the poloidal beta was large, up to 0.74, 
and a significant fraction of the current was bootstrap-driven. 

2. LOWER HYBRID CURRENT DRIVE 

A prototype LHCD system fed by 8 klystrons at a frequency of 3.7 GHz was 
installed on JET in 1990. The LH power is launched by a multifunction type 
antenna (8 x 16 waveguides in the poloidal direction) with a parallel wave 
spectrum peaked at 1.8 and deposited via Electron Landau Damping on 
electrons with energy in the region of 100 keV. Both the phase between 
waveguides and the launcher position are feedback controlled in real time, for 
example to match a preset waveform or to maintain a given wave reflectivity /6/. 
Up to 2.5 MW of power for a few seconds and 1 MW for 50 seconds have 
been launched into the torus. 

2.1 Full LH Current Drive 
Full Current drive has been achieved in conditions where the LH waves can 
propagate to the plasma centre i.e. with the highest magnetic field (3.4 T) and 
central density lower than 3.1019m'3, as anticipated from theoretical 
considerations. A systematic comparison between LHCD current profiles as 
determined from X-ray radial profiles and theoretical predictions has shown a 
good qualitative agreement /7/. This agreement persists at higher density or 
lower magnetic field, where the measured fast electron profiles are hollow and 
the current profile broader than the initial ohmic profile. 

In Fig la, LHCD power is applied after ramping down the plasma current 
from 3 to 1.5 MA in order to achieve a target plasma with higher internal 
inductance, £{, and more peaked electron temperature. During LHCD, the loop 
voltage is negative, £{ is roughly constant or even increases. In addition, a 
reversal of the sign of the derivative of the primary current is observed 
indicating that some magnetic energy is supplied both to the plasma and the 
transformer. The radial profile of the X-ray emissivity induced by fast electrons 
is very similar to the plasma current profile as determined from a combination of 
magnetic analysis and polarimetry measurements and no transients in loop 
voltage are observed. 

In similar conditions, a 2 MA plasma is sustained with zero resistive loop 
voltage, no driving flux from the primary and constant plasma energy with 2 
MW of LH power for about 1.5 second. This time duration is limited by 
density increase and by trips in the LHCD system. 

The time duration of full LHCD current drive is limited by the toroidal 
field plateau available on JET at high magnetic field (8s). A maximum time of 6 
s at 1.5 MA with zero resistive loop voltage has been achieved /8/. This limited 
duration prevents the study of current diffusion. 
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An example of full current drive in combined LHCD and ICRF heated 
plasma in an X-point configuration is shown in Fig lb. Throughout all the 
elmy phase of the H-mode, the loop voltage is zero, li is constant and no 
primary flux is consumed. The central density reaches 3.6 1019nr3 and the 
poloidal beta a value of 0.74 with a corresponding bootstrap current estimated 
to be about 40% of the total current. Quasi-stationary conditions are maintained 
up to the onset of the elm-free H-mode phase where the density increases. 

2.2 Synergistic effects between LHCD and ICRF wave 
A 19 channel X-ray camera, analysing bremsstrahlung emission in the 100 to 
300 keV range, in combination with non-thermal ECE analysis,is the main tool 
to assess the radial profiles and the energy distribution of fast electrons. When 
the plasma current is sustained by LHCD alone at a level of 0.4 MA, the 
measured photon temperature is 38 keV (Fig. 2a). A detailed analysis 191 
indicates that this photon temperature can be simulated with a parallel electron 
temperature of 110 keV and a perpendicular temperature of 20 keV. At 1.5 
MA, the residual loop voltage during LHCD only remains positive and the 
photon temperature increases to 59 keV due to electron acceleration by the 
residual electric field. 

In combined LHCD and ICRF experiments, the resistive loop voltage can 
be maintained at zero for a plasma current of 1.5 MA. The photon temperature 
reaches 140 keV, which can be simulated by assuming a parallel electron 
temperature of 800 keV and a perpendicular temperature of 80 keV. Such high 
electron energies cannot be attributed to the residual electric field. A possible 
mechanism for this synergistic effect is direct damping of the ICRF on the fast 
electrons produced by LHCD /10/. In these experimental conditions, no fast 
electrons are created by the ICRF wave in the absence of LHCD power. 

The physics of the synergistic mechanism, e.g. direct TTMP or mode 
conversion of the fast wave, is still under study /3/. The amount of ICRF 
power coupled to the electrons as a function of launched ICRF power is shown 
in Fig. 2b. Up to 20% of the ICRF power can be coupled to the electrons at an 
optimum ICRF power level around 4 MW. This behaviour would be 
compatible with mode conversion of the fast wave at the Hydrogen-Deuterium 
hybrid resonance as the mechanism responsible for the synergy. 

2.3 Current Drive Efficiency 
The non-inductive current drive efficiencies plotted in Fig. 3a and 3b are 
computed as: 

"e RQ ILH „ "e R Q I C D 
Yphys- p C D Yeng- p T O T 

where ICD is the total non-inductive current, ILH = ICD - IBS. IBS is the 
bootstrap current, PCD = PLH + V X ICD + <* PlCRF. V is the loop voltage, a is 
the fraction of ICRH power coupled to the electrons and PTOT being the total 
launched power: PLH + PlCRF- With LHCD only, the "physics" current drive 
efficiency increases linearly with the electron temperature as already observed in 
JT-60 / l l / . However the data corresponding to combined LHCD and ICRF are 
scattered. This scattering disappears when data are plotted against nexTe. The 



592 JET TEAM 

% 

0.5 

0.4 

0.3 

Q 

0_° 
"5 0.2 

c 
cr 

0.1 

0k-

* LHonly 

+ LHonly full CD 

o LH+ICRH full CD 

(a) 

G 

O 

* * ^ ^ J 

J^ 

0.05 0.10 0.15 0.20 

<T>/(5+Zefr)(keV) 

0.25 0.30 

0.30 

0.25 

CJI 

J 0.20 
% 

t 

D.H0-15 

^ 
c" 
0C 0.10 

0.05 

0 

-
+ LHonly full CD 
a LH+ICRH full CD 

- • LH + ICRH full CD, 1MA H-mode / 

/ 
/ 

/ 
/ » 

/ 
/ / 

D / Q 

° / °D 
/ 

' + / 
/ 

/ 

rr I 1 1 

(b) 

i 
0.2 0.4 0.6 

n, <Te>/ (5+Z,,,) (10«keV/m3) 
0.8 

FIG. 3. LH current drive efficiencies: (a) 'physics' efficiency and (b) 'engineering' efficiency. 



IAEA-CN-56/E-1-1 593 

ratio I/P is independent of density within the domain considered (1.8 <neo < 3.6 
1019m~3) where the plasma current is fully non-inductively driven and synergy 
between LH and Fast Wave is observed. This is illustrated in Fig. 3b in which 
the "engineering" efficiency is plotted against nexTe/(Zeff + 5) for the full 
current drive data. 

2.4 Volt Second Saving 
Significant volt second saving (3 to 5 volt-sees) has been previously reported 
with LHCD on the one minute long duration pulse /12/ at a plasma current of 2 
MA. Recently, LHCD applied during the ramp-up phase of the current has 
significantly extended the time duration of the 7 MA limiter plasmas /13/. 

LHCD was applied early in the discharge at low density, for a few 
seconds during which the plasma boundary was in rapid evolution, requiring 
active feedback of the launcher position control. Current drive efficiency was 
high, in excess of 0.3 1020nr2A/W, due to the low density at the beginning of 
the ramp-up phase and to the large inductive electric field present in the 
discharge during the whole ramp-up phase. 

Application of 1.5 MW to 2MW of LHCD power for 4 seconds have 
saved 1.4 volts seconds allowing the 7 MA plateau to be extended by 2 seconds 
up to 8.6s. Reduction of the plasma internal inductance which occurs during 
the LHCD phase is maintained throughout the whole current rise phase. 

3. FAST WAVE CURRENT DRIVE 

The ICRF control and matching system has been upgraded so that currents of 
equal amplitude but arbitrary phase can be driven in the 2 antenna current straps 
in good matching conditions (Rc>4 Ohm). This facility has been exploited to 
perform Fast Wave current drive experiments. A wave with a directivity of 
66% can be launched with a phasing of 90°, the wave being centred at k//=3.6. 
This directivity is maintained in the core only if the damping per pass is high 
enough. Current can be generated by damping a directional Fast Wave either on 
the electrons (via TTMP or ELD) or on the ions (Ion Current Drive). In the 
latter case, the current is due to a different collisionality for ions travelling in 
opposite toroidal directions /13/. Both mechanisms can occur simultaneously. 

Pure TTMP current drive experiments, in conditions avoiding cyclotron 
resonance effects, were inconclusive and it is planned to return to these 
experiments with an upgraded antenna and matching systems and in plasma 
conditions of higher damping per pass. Only Ion Current Drive experiments 
will be reported here. 

Ion Current Drive is generated when the condition: co-toci = k// v//, where 
co is the wave frequency and C0ci the ion gyrofrequency, is fulfilled. Current is 
driven in opposite directions on either side of the resonance layer to form a 
highly localised current density perturbation with a bipolar radial profile /15/. 
Current drive effects can then be observed through changes in MHD instabilities 
since the response time of such instabilities to changes in plasma current 
gradients is much faster than the resistive diffusion time, particularly when the 
perturbation is localised at the q=l or q=2 surfaces. 
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In the experiments reported here, the fundamental or the second harmonic 
resonance of the Hydrogen species were located tangential to the q=l surface 
either on the inboard or the outboard side. As shown in Fig. 4a, monster 
sawteeth are produced with antenna phasing of +90° in a 2 MA limiter 
deuterium plasma with H-minority ICRF on the inboard side. Reversing the 
wave direction with -90° destabilises the sawteeth, which now have a short 
period (40ms) and small amplitude, and flattens the electron temperature profile 
within the q=l surface. When the resonance is outboard, the difference 
between opposite phasing is less dramatic but stabilisation occurs more easily 
with a -90° phasing. The sensitivity of sawtooth stabilisation to the resonance 
location is illustrated in Fig. 4b which shows the effect of ramping of the 
magnetic field. The large difference between the time duration of sawteeth 
when opposite phasings are applied can be observed. Stabilisation or 
destabilisation occurs when the resonance is around q = 1. When the resonance 
is close to the plasma centre, stabilisation is observed, independent of wave 
phase, in agreement with expectations from fast ion stabilisation models /16/. 

Ion current drive is sensitive to the energy absorbed by the resonating 
ions: at high energy per ion, collisions with electrons dominate over those with 
the majority ions and current drive of the Fisch type is lost. Also, if the 
perpendicular acceleration is too great, passing ions become trapped and the 
current drive will be due to a different process /17/. If the energy falls below 
the critical energy, the current drive efficiency also falls due to the increased 
collision frequency with the majority ions. This effect is illustrated in Fig. 5a. 
A scan of minority concentration, which changes the amount of power 
deposited per ion, was made at a power level of 5 MW. The stabilisation effect 
at +90° is lost when the minority concentration is raised from 6% to 43% but is 
regained by raising the power to 6.5 MW. In these experiments direct electron 
heating (TTMP or mode conversion) is measured to be about 20% of the input 
power and has to be taken into account in current drive calculations. 

The minority ion current density on each flux surface is calculated using a 
bounce averaged 2-D Fokker-Planck code in conjunction with ray tracing codes 
/15/. The output of the code is shown in Fig. 5b for two minority densities. 
The reduction of current drive in the inboard side at 30% concentration is partly 
due to reduced current drive efficiency and partly to the increased electron 
damping. Other observed effects such as reduced current drive at high power 
level are in qualitative agreement with ion current drive theory. 

4. NEUTRAL BEAM CURRENT DRIVE 

The JET neutral beam injectors have limited potential for neutral beam current 
drive experiments since they are composed of two banks of beams intercepting 
the plasma magnetic axis at about 53° and 65° respectively for optimum plasma 
heating. However, experiments have been carried out with 3.5 MW of 133 keV 
beam power using 3 MA limiter discharges with central densities up to 2.4 x 
10l9m-3. 

At a density of 1.5 x 101 9nr3 the measured loop voltage drop is 
consistent with a beam driven current of 400 kA. The uncertainty in this value 
is about 40%, mainly due to the relative uncertainty in the measurement of Zeff. 
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The beam driven current efficiency shows a twofold improvement 
compared with previous data using 80 keV beams 161 which is partly attributed 
to the effects of the higher beam energy and to a lower value of Zeff. The 
maximum achieved efficiency is 0.04 x 10^0 A/Wm^. Model predictions using 
the PENCIL code /6/ are consistent with the observed data. 

5. FUTURE DEVELOPMENT AT JET 

Both RF systems in JET will be modified and upgraded for the new pumped 
divertor configuration. Eight new ICRF antennae will be grouped in modules 
of 4 adjacent current straps, instead of 2, allowing a better directivity and 
narrower k// spectrum to be achieved. Provision for external compensation of 
circulating power will be added in order to accommodate arbitrary phasing in 
poorer coupling conditions. The control electronics will be changed to increase 
further the versatility and automation. 

An interesting application of Fast Wave current drive is to provide the 
seed current required to achieve substantial bootstrap current in high density 
plasmas. Physics scenarios have to be developed allowing to use both TTMP 
current drive and ion current drive to produce together enough current near the 
plasma centre, to provide the seed current. 

The LHCD system will consist in 384 waveguides fed by 24 klystrons, 
i.e. with 3 times more power capability and with a narrower launched wave 
spectrum. With a greater power capability, LHCD will be more effective in 
modifying the current profile in high performance plasmas, such as high current 
H-modes. In particular, the LH power should drive sufficient current to 
substantially change the magnetic topology with the hollow current profiles 
already observed at high densities. 

Although current drive efficiencies observed on JET in combined LHCD 
and ICRF experiments are among the highest already achieved, further increase 
by a significant factor/3//4/ is needed in order to achieve steady state operation 
in a fusion reactor at high density with low aspect ratio [y > 1.5 1020rrr^ AW"1 

at <n> > 1020m"3]. Presently achieved efficiencies may be adequate if 
bootstrap dominated tokamaks with large aspect ratio and large magnetic field 
have the confinement properties required in an ignited reactor /4/. Synergy 
between LH and Fast waves is a possible route to achieve higher efficiency. In 
particular, a better understanding of the associated physics might allow more 
than 20% of the ICRF power to be coupled to the electrons. Other synergies, in 
particular with the alpha particles, can also be considered. 

6. SUMMARY 

Various active current drive techniques have been used on JET: Lower Hybrid 
Current Drive, Fast Wave Ion Cyclotron Current Drive and Neutral Beam 
Current Drive. 

First evidence of the production of highly localised non-inductive currents 
by Fast Wave Ion Current Drive has been obtained on JET, resulting in large 
effects on MHD activity. 
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Full replacement of the inductively driven plasma current has been 
achieved at 0.4 MA with 2 MW of LHCD power only and at 2 MA with the 
combined application of 2.3 MW of LHCD power and 3 MW of ICRH power. 
In H-mode conditions, 1 MA full current drive has been maintained for 4 sec. 
Synergistic effects resulting from an acceleration of the LHCD electrons by the 
Fast Wave have been studied for the first time. 

Current Drive efficiencies with Lower Hybrid increase linearly with 
electron temperature, up to values of 0.30 1020nr2 AAV. With LH and Fast 
Wave synergy, efficiencies tend to increase linearly with the product ne <Te>» 
up to 0.45 1020nr2 AAV for the "physics" efficiency and up to 0.25 1020nr2 

A/W for the "engineering" efficiency, where the total launched power is taken 
into account. No apparent saturation is observed, for central densities up to 3.6 
10»m-3. 

Up to 0.4 MA of neutral beam driven current has been produced with 
133 keV neutral beam at ne0 = 1.5 1019m-3. 

Current drive data with each of the techniques used at JET are consistent 
with theoretical predictions, except that the physics of the synergy between 
LHCD and Fast Wave has yet to be resolved. 

Both ICRF and LHCD are being upgraded for the new pumped divertor 
configuration, allowing current drive scenarios such as current profile control 
and full current drive to be used in higher grade plasmas. 
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DISCUSSION 

K. USHIGUSA: You showed a temperature dependence of the current drive 
efficiency similar to that we reported on JT-60 about four years ago. Your confirma
tion validates the temperature dependence and is very encouraging for the application 
of LHCD to high temperature plasma in ITER. I want to ask you how you estimated 
the fast wave absorption power by the fast electrons? Is the estimation sufficiently 
accurate? The accuracy of this power may greatly affect CD efficiency.' 

C. GORMEZANO: The amount of fast wave power absorbed by the electron 
population is estimated by measuring the radial time derivative of the bulk electron 
temperature during LHCD and ICRF modulation experiments. The accuracy is not 
very good, in the range of 20%. The resulting error in 7phys can then be up to 10%. 
Note that the estimate of ymg is not dependent upon this estimation. 

D.E. BALDWIN: You reported calculations and measurements of the radial 
distribution of energetic current carrying electrons. Did you include radial diffusion 
of these electrons and, if so, what diffusion coefficient did you use? 

C. GORMEZANO: We have the capability of using an arbitrary radial diffusion 
coefficient in our code as an 'extra knob'. There was, however, no need to use this 
knob in order to simulate the experimental data presented here (full current drive, 
LHCD only, 0.4 MA). 

R.W. CONN: You mentioned in your summary that lower values of yphys are 
acceptable for reactors that have higher aspect ratio and higher field than JET-like 
machines. Is your only concern the database for confinement time at higher aspect 
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ratio and, if so, what are your concerns about the A = 4 JT-60U experiments reported 
in paper A-1-3? 

C. GORMEZANO: My concerns relate to the demonstration of improved con
finement in high aspect ratio plasmas with the simultaneous achievement of quasi-
steady-state plasmas with high bootstrap content (>60%, for example). Also, the 
economics of a reactor with high bootstrap content and the large magnetic field (9 T) 
required to produce enough fusion power (comparable to a low aspect ratio tokamak) 
must be assessed in more depth. 

F.X. SOLDNER: Did you see any correlation between energy confinement and 
current profile in the non-inductive current drive experiments reported here? 

C. GORMEZANO: Improved confinement on JET, with large 4, occurs with 
changes of ^ in the range of 1. Changes in £ due to LHCD in these full current drive 
discharges are rather small, in the range of 0.1 to 0.2, so it is difficult to assess 
changes in confinement due to LHCD current profile changes. 
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Abstract 

CONFINEMENT AND TRANSPORT OF ENERGETIC ELECTRONS DURING LOWER HYBRID 
CURRENT DRIVE. 

The first campaign of JT-60U lower hybrid current drive (LHCD) experiments with 
PLH < 2.6 MW concentrated on the physical understanding of LHCD plasmas. It is shown that a 
linear dispersion relation and the accessibility condition for LH waves are valid in a tokamak plasma. 
The power lost directly through energetic electrons during LHCD is identified by measuring the X ray 
signal from the divertor plates. For h^ < 1019 m"3, N| > 1.4 and Ip = 1.2 MA, less than 5% of the 
injected power is lost through the energetic electrons in JT-60U. The confinement of energetic electrons 
is improved by increasing the plasma current. Both a power modulation method and measurement of 
direct loss of energetic electrons indicate that the slowing-down process of energetic electrons produced 
by LH waves dominates their radial diffusion in JT-60U LHCD plasmas. 

1. INTRODUCTION 

High power (~ 5 MW) and efficient current drive (efficiency ?7CD = 
0.34 x 1020 m"2-A-W-1) was demonstrated in lower hybrid current drive (LHCD) 
experiments in JT-60 [1]. On the basis of these results, the LHCD programme in 
JT-60U [2] (Rp = 3.45 m, ap « 1 m, « « 1.45) aims at further progress in LHCD 
in order to demonstrate the feasibility of a steady state tokamak reactor. After a low 
power (~2 MW) experiment carried out from 1991 to 1992 by using a multijunction 
launcher (consisting of a 24 X 4 waveguide array), high power (~ 10 MW) LHCD 
experiments will start in 1993 by adding a new large multijunction launcher 
(48 x 4). 

Although progress in driven current, current drive efficiency and understanding 
of LHCD plasmas was obtained by recent experiments in many machines, some of 
basic physics of LHCD such as wave propagation, the role of the accessibility condi
tion, the effect of fast electron diffusion or the spectrum gap problem are still unclear. 

1 STA fellowship. 
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During the experimental period from 1991 to 1992, low power (<2.6 MW) LHCD 
experiments were devoted to a study of such basic physics items. 

LHCD experiments were carried out in the parameter range n<. = 
(0.3-3) x 10 i9nr3, Ip = 1-3 MA, B, = 2.5-4 T, PLH =0.7-2.5 MW, f = 2 GHz 
in divertor configurations with mainly hydrogen plasmas. The launcher can 
excite waves with a peak parallel refractive index, Njf" , from 1 to 3 with a 
half-width of AN» « 1 [3]. A maximum RF current of 2 MA was driven by 
1.2 MW of LH power at a density of —0.3 x 10" m"3, which corresponds to 
VCD = 0.17 x 1019 m"2-A-W"' [4]. It was confirmed that the dependence of the 
CD efficiency on the launched wave spectrum is well described by the spectrum 
weighted NB [4-6]. A maximum efficiency of ~0.25 X 1019 m"2-A-W"' was 
achieved in this series of experiments. Since the observed efficiency tends to increase 
with the electron density and the plasma current, a higher efficiency can be expected 
in upcoming experiments at higher density (low Zeff) and higher current (high Te) 
with high power injection. 

2. DISPERSION RELATION AND ACCESSIBILITY CONDITION 

The beam probe method was developed to identify the wave dispersion relation 
[7, 8]. The critical density for the interaction of LH waves and neutral beam injected 
particles is a function of the ratio of electron temperature to the injected beam energy 
which corresponds to the ratio of the perpendicular and parallel wavenumbers. A 
previous study has shown that the change in the critical density by scanning the wave 
frequency is consistent with the cold dispersion relation of the LH waves [8]. In order 
to compare the critical density and the dispersion relation more clearly, the injected 
beam energy was systematically scanned from 40 to 90 keV without changing any 
other parameter. The wave frequency divided by the lower hybrid resonance fre
quency is plotted against the ratio of perpendicular and parallel wavenumbers in 
Fig. 1, where the curve shows the theoretical dispersion relation and Ihe solid circles 
are data taken at the critical density for each beam energy. The experimentally 
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FIG. 1. Theoretical and experimental dispersion relations. 



IAEA-CN-56/E-1-2 603 

1 2 
ne(x1019)(m-3) 

0.8 

I 
0.4 

.7 0.8 0.9 1.0 1.1 1.2 
N||Bec/N||peak 

FIG. 2. (a) Maximum photon and electron energies versus electron density. The curve represents an 
estimate from the accessibility condition and the circles refer to measurements from the hard X ray spec
trum, (b) Probe signal and calculated non-accessible power fraction versus 

observed data agree very well with the theoretical dispersion relation. It can be con
cluded that the cold dispersion relation for LH waves is valid in a tokamak plasma. 

Detailed studies were performed in JT-60U to check the validity of the accessi
bility condition. Figure 2(a) shows the observed maximum energy of hard X ray pho
tons from die central plasma region plotted against the line averaged density, where 
open and solid symbols show data with Np** = 1.28 and 1.92, respectively. By 
increasing the density from 0.5 X 1019 to 2.5 X 1019 m~3 in these experiments, the 
value of Nf* for the accessibility condition changes from 1.2 to 1.4, where the line 
average electron density and the central toroidal field (4 T) were used in estimating 
Nf0. The curve in Fig. 2(a) shows the energy of electrons resonant with waves at 
the accessibility limit. The maximum photon energy decreases with increasing den
sity for the case of Nj = 1.28. This decrease in the maximum energy is consis
tent with that estimated from the accessibility condition. For the case of 
N] = 1.92, there is no large change in the maximum photon energy because the 
launched wave satisfies the accessibility condition in this parameter range. 

A Langmuir probe on the divertor plate was connected to a frequency spectrum 
analyser to detect the density perturbation at the pump wave frequency in the divertor 
region, which is considered to be caused by non-accessible wave power. A detailed 
parametric study of the received perturbation at the pump wave frequency was per
formed by changing the launched Nt, the electron density and the toroidal magnetic 
field. The received probe power is plotted against Nfcc/Njeak in Fig. 2(b), where cir
cles, squares and triangles are the data from the N8 scan, the Bt scan and the density 
scan, respectively. The curve in Fig. 2(b) is the non-accessible power fraction calcu
lated from the launched wave spectrum. Figure 2(b) shows that the received probe 
signal is well explained by the non-accessible wave power and the parametric depen
dence of the accessibility condition is valid in tokamak plasmas. Since it was 
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observed that the radiation loss increases rapidly when Nf^/Ni > 0.8, non-
accessible wave power staying at the plasma edge or in the divertor regions may 
enhance the impurity influx. 

3. RADIAL DIFFUSION OF ENERGETIC ELECTRONS AND DEPOSITION 
PROFILE 

To study the effect of radial diffusion of the energetic electrons produced by LH 
waves, sinusoidally modulated LH power was injected, and the time response on the 
perpendicular and parallel hard X ray (HX) emissions was measured. The phase shift 
between these HX signals and the modulated LH power can be described by 
<p = tan~'{«7sD/(l + 5.78 (D7So/a2)}, where w, rSD, D and a are the angular fre
quency of the power modulation, the slowing-down time, the radial diffusion coeffi
cient of the energetic electrons and the plasma minor radius, respectively [9]. Since 
the slowing-down time can be estimated by the launched wave spectrum, as will be 
shown later, the effect of the radial diffusion of energetic electrons can be studied 
by measuring the phase shift. Figure 3(a) shows radial profiles of the phase shift 
between these HX signals and the modulated LH power with the modulation fre
quency as a parameter. The dashed and the dotted lines in Fig. 3(a) are the radial pro
files of the calculated phase shift with TSD = 8 ms and 13 ms, respectively, where 
DTSD/a2 < 1 is assumed. The slowing-down times of the high energy electrons with 

FIG. 3. (a) Radial profiles of phase shift with modulation frequencies of 5 Hz (O), 10 Hz ( • ) and 
20 Hz (O). Solid, dashed and dotted curves are calculated phase shifts of 5 Hz, 10 Hz and 20 Hz, 
respectively. Lower and upper curves correspond to TSD = 8 ms and 13 ms, respectively, (b) Deposi
tion profiles ofN\ = 1.44 and 2.24 with diffusion coefficient as parameter. 
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velocities corresponding to the launched Njieak and Nj"'" are 7 ms and 17 ms, respec
tively. These values are consistent with the curves in Fig. 3(a). This result indicates 
that the slowing-down of energetic electrons is the dominant process in the plasma 
and the radial diffusion of energetic electrons is small compared with their slowing-
down (the diffusion coefficient is assumed to be DrSD/a2 < 0.1). 

The power deposition profiles were estimated by using the Abel inversion of the 
hard X ray signals based on a Bessel expansion method, where the radial diffusion 
process is taken into account [9]. Figure 3(b) shows the estimated power deposition 
profiles for Njj,eak =1 .44 and 2.24, with DTSD/a2 as a parameter. A centrally peaked 
deposition profile is formed by the injection of waves with Ny =1.44 , while the 
wave with N r ^ = 2.24 has a hollow deposition profile. These deposition profiles 
are consistent with the change in the plasma internal inductance, 1;; about 1.6 MW 
of wave power with Np"11 = 1.44 and 2.24 injected into plasmas with 
Ip = 1.2 MA, Bt = 4 T and n. = 1019 m"3 results in dl;/dt « 0.045 s"1 and 
-0.02 s"1, respectively. 

It was found that the toroidal rotation velocity of the plasma as well as the cur
rent profile can be controlled by changing N|*ak. This result is reported in these 
proceedings by Y. Koide [10]. 

4. DIRECT LOSS OF HIGH ENERGY ELECTRONS 

If there is a radial diffusion of energetic electrons produced by LH waves, some 
of the injected wave power must be lost through a direct loss of energetic electrons. 
In a divertor configuration, these lost particles will strike the divertor plates and radi
ate thick-target bremsstrahlung. Ress et al. [11] have shown that the thick-target 
X ray flux, measured by an X ray diode sensitive at photon energies much lower than 
the characteristic energy of the electron distribution, is directly proportional to the 
energetic electron power loss with little dependence on the electron velocity 
distribution. 

We have measured the X ray signal from the divertor plates during LHCD and identi
fied a direct loss of energetic electrons [12]. The decay time of the divertor X ray 
signal agrees with the slowing-down time of electrons with a velocity corresponding 
to NIT* . The divertor X ray signal is proportional to Pm/ne and increases with 
decreasing N| . A calibration of the divertor X ray signal was made by comparing 
the divertor X ray signal and the divertor heat load measured by the infrared camera 
during transient losses of energetic electrons. Such transient losses were observed 
only in very low density LHCD plasmas with high power and high NB injection. 

Figure 4(a) shows the direct loss rate plotted against the slowing-down time of 
electrons with a velocity corresponding to N|Peak. When the slowing-down process 
dominates the radial diffusion, the power loss through energetic electrons is 
described by PHEI0SS ~ (7W7dif)Pm> where Tdif is a characteristic time for the radial 
diffusion of energetic electrons. The linear dependence of PHEIOSS on TSD indicates 
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with ITER'S estimated rSD is shown by the box. (b) Directly lost power ratio versus lp. 

that slowing-down dominates the radial diffusion. This conclusion is consistent with 
the result of the phase shift measurement in the pulse modulation experiment men
tioned previously. The directly lost power is fairly low, which is consistent with the 
analysis of global power balance and confinement. 

Figure 4(b) shows the direct power loss against the plasma current, where 
B, = 4 T, N r * = 1.44 and He = (0.4-0.6) X 10I9m"3. The energetic electron 
loss decreases with increasing plasma current. This indicates that the confinement of 
energetic electrons is improved by increasing the plasma current. This dependence 
may reflect the loss mechanism of the energetic electrons. 

It is worth while extrapolating the direct loss power in ITER from the JT-60U 
results. In ITER, steady state operation is expected at n,. = 0.83 X 1020 m"3 with 
Njj*^ = 1.8. For these parameters, the slowing-down time is 2-3 ms. Then the 
direct lost power can be estimated to be PHEIOSS/PLH

 a 0.1-0.2%, as is shown in 
Fig. 4(a). When we consider the improvement in the confinement of energetic elec
trons due to the higher plasma current, the power lost directly through the energetic 
electrons during LHCD in ITER may be negligibly small. 

CONCLUSIONS 

First LHCD experiments in JT-60U were performed on power levels up to 
2.6 MW to study the physics of LHCD. An RF current of 2 MA was driven, and 
a current drive efficiency of I>CD = 0.25 x 1019 m^-A-W"1 was achieved. The 
beam probe method showed that the linear dispersion relation is valid in tokamak 
plasmas. Measurements of hard X ray and divertor RF probe data indicated the valid
ity of the accessibility condition. Sinusoidal modulation of LH power and measure-
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ment of hard X ray signals indicated that the slowing-down process of energetic 
electrons dominates radial diffusion. The power deposition profile was reconstructed 
on the basis of these measurements. A direct loss of energetic electrons was identified 
by measuring the X ray signal from the divertor plates. The direct loss of energetic 
electrons was characterized by the slowing-down time and indicated that the slowing-
down process of energetic electrons is dominant. The confinement of energetic elec
trons was improved by increasing the plasma current. By extrapolating these results, 
the direct loss power during LHCD in ITER is expected to be negligibly small. 
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DISCUSSION 

W.N. NEVINS: The result that radial confinement of LH tail electrons 
improves with Ip suggests that fast electron confinement scales like thermal energy 
confinement. Have you compared the fast electron confinement time with the thermal 
energy confinement time? 

K. USHIGUSA: It is very difficult to estimate the confinement time of fast elec
trons. All we can say is that the fast electron confinement time is much higher than 
their slowing-down time. For your information, the energy confinement time of 
LHCD plasma under present experimental conditions is several hundred milli
seconds, while the slowing-down time is in most cases of the order of several tens 
of milliseconds. 
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Abstract 

ELECTRON CYCLOTRON HEATING EXPERIMENTS IN RTP. 
ECRH experiments in the RTP tokamak are performed both with O-mode wave injection from 

the low field side and with X-mode injection from the high field side. Both heating methods are shown 
to yield very similar results. Detailed studies are performed of the O-mode wave transmission, and of 
the non-thermal electrons created by ECRH. Both are shown to be in general agreement with theoretical 
expectations. 

I N T R O D U C T I O N 
The R T P tokamak (R0 = 0.72 m, aUm = 0.17 m, B0 < 2.4 T) is equipped 
with two 60 GHz, 200 kW, 100 ms gyrotrons for Electron Cyclotron Reso
nant Heating (ECRH) [1]. The first gyrotron is connected to the low field 
side (LFS) of the tokamak. The waves are injected perpendicularly to 
the toroidal magnetic field. The waves can be injected either in O-mode 
polarization for ECRH at the fundamental resonance or in X-mode polar
ization for efficient ECRH at the second harmonic resonance. Recently, 
the second gyrotron has been connected by a transmission line to the high 
field side (HFS) of the tokamak. The waves are launched from a smooth 
mirroi located half-way between the midplane and the top. The mirror 
is movable in both the toroidal and vertical directions. A total range of 
toroidal injections angles from —30° to +30° with respect to the major 
radial direction can be covered, while the vertical injection can be varied 
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FIG. 1. Sketch of the geometry of high (HFS) and low field side (LFS) wave launchers. Also shown 

is the layout of the homs opposite the LFS launcher measuring the transmitted wave power. 

from —12 cm to + 1 2 c m with respect to the midplane at the geometric 
centre of RTP. The polarization of the waves is linear, with the wave 
electric field perpendicular to the toroidal magnetic field, which means 
that the power is injected almost ccrraletely in X-mode polarization. 

The first gyrotron has been operated reliably at its maximum power 
and maximum pulse length. The second gyrotron could only be operated 
at a power level of around 100 kW for 100 ms or higher powers for shorter 
pulse lengths due to arcing in the transmission line. The gyrotrons have 
also been operated simultaneously. 

The relevant diagnostics include an interferometer (19 channels), soft 
X-ray pulse heigth analysis, Thomson scattering, an Electron Cyclotron 
Emission (ECE) polychromator (6 channels) and an ECE-radiometer 
(20 channels), and a measurement of the transmitted ECR power (9 chan
nels). 

Here, we report on the results of the ECRH experiments. 

R E S U L T S O F T H E E X P E R I M E N T S 
Power D e p o s i t i o n Profile Measurements of the power deposition 
profiles are obtained from the initial temperature rise at the switch-on of 
ECRH. Results are presented in Fig. 2 for both LFS O-mode and HFS X-
mode heating. The deposition profile for HFS X-mode heating is broader 
than for LFS heating, which is at tr ibuted to the Doppler broadening of 
the resonance due to the oblique injection. The deposition profiles are 
consistent with ray-tracing calculations. 

Global H e a t i n g For low densities, ne — 1.0 to 2.5 x 
1019 m~3, and central heating, a regime with high central electron temper
atures and improved confinement is observed (the HET or High Electron 
Temperature regime). This regime has been observed both during central 
heating with LFS O-mode injection and during HFS X-mode injection. 
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FIG. 2. ECRH power deposition profiles for central resonance: (a) HFS X-mode injection; (b) LFS 
O-mode injection. 
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on-axis ECRH; (b) energy confinement time for a large series of discharges as compared with Rebut-
Lallia scaling law flj. The closed symbols refer to Ohmic discharges, the other symbols refer to ECRH 
(mostly LFS O-mode) discharges at various levels. 

A further characteristic of this regime is the increasing scatter of the 
measurements of the central electron temperature with decreasing den
sity. Typical temperature profiles for 120 IcW on-axis ECRH are shown 
in Fig. 3a. Clearly, the results for LFS O-mode and HFS X-mode heating 
are almost indistinguishable. Power balance analyses give about equal 
results for both types of heating. In all cases, the energy confinement is 
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found to be in good agreement with predictions from the Rebut-Lallia 
scaling law [2] (see Fig. 3b). 

At higher densities the efficiency of LFS O-mode heating drops well 
before the cut-off density of ne = 4.5 X 1019 m - 3 is reached. The higher 
cut-off of the X-mode allows ECRH at significantly higher densities, but 
again the efficiency drops well before cut-off is reached. This is due to 
a reduction in single pass absorption which according to theory drops 
below 50% above ne = 6 x 1019 m - 3 in a 1 keV plasma. 

O n / O f f - A x i s H e a t i n g Off-axis heating can be achieved in two 
ways: by variation of the toroidal magnetic field, and by variation of the 
vertical injection of the beam. On RTP the latter is only possible for the 
HFS X-mode heating. The toroidal magnetic field has been varied for 
both types of heating with similar results. In both cases efficient heating 
is limited to a small range of resonance positions between R = 73 and 
77 cm. An optimum is observed at B0 = 2.20 T, i.e. R = 74 cm. This 
result appears to be typical of the lower densities required for good O-
mode heating. For HFS X-mode heating also the vertical injection was 
varied. This resulted in central heating over a much broader range of 
posisitons. Central heating is observed for a vertical injection between 
Z = —8 and + 4 cm. 

E C R - T r a n s m i s s i o n Opposite the LFS O-mode launcher a 
set of 9 microwave receivers is placed to measure the transmitted power. 
Detailed measurements have been performed with this system over a 
broad range of plasma parameters covering both cases with and without 
the EC resonance inside the plasma. This allowed to check separately 

1 .5 

^ i .o 
> 
<D 

t 0.5 
t-

0 . 0 
0 1 2 3 4 5 

n e ( 0 ) ( 1 0 1 9 m - 3 ) 

FIG. 4. Optical depth T divided by central temperature Tc as a function of the central density. The 
curve gives the theoretical expectation [3]. 
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the theoretical predictions for wave dispersion and wave absorption. Over 
most of the parameter regime, the measurements are in agreement with 
theoretical predictions on both dispersion and absorption. Figure 4 shows 
the results of these measurements in terms of the ratio of optical depth 
(after correction for the wave dispersion) and the central temperature 
as a function of the central density. The curve shows the theoretical 
expectation. 

Non-Thermal Features Very high local power densities are a-
chieved during central ECRH. For the lower densities, ne below ~ 2 x 
101 9m - 3 , this leads to the creation of a large non-thermal electron pop
ulation. Clear signatures of non-thermal electrons are observed by both 
the soft X-ray and the ECE diagnostics. A particularly interesting phe
nomenon has been observed by the ECRH transmission diagnostic. In 
low density plasmas the wave absorption exhibits a toroidal asymmetry 
with the wave absorption being largest for the waves propagating in the 
direction of the electron current (see Fig. 5). The asymmetry disappears 
at higher densities and at off-axis heating. 

A series of quasi-linear Fokker-Planck code simulations of the ex
periments has been performed to study these non-thermal phenomena 
for the case of LFS O-mode heating. Good agreement is obtained be
tween the observed and calculated soft X-ray spectra. This is illustrated 
by Fig. 6 which presents the measured and simulated soft X-ray spec
tra for an ohmic and an ECR heated (180 kW LFS O-mode) plasma 
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with a central density of ne(0) « 2 x 1019 m - 3 . Note, that the non
thermal characteristics of the ohmic and ECR heated discharges are very-
different. Where the ohmic discharge exhibits an extended tail at high 
energies (Ttail = 26 keV), the soft X-ray spectrum of the ECRH discharge 
is highly non-maxwellian with a large, only mildly non-thermal popula
tion (Ttail = 4 keV). An important reason for this difference is the strong 
decrease of the toroidal electric field in the ECRH phase, which leads to 
a strong reduction of the run-away electron creation. 

Also the toroidal asymmetry of the EC wave absorption has been 
analyzed in detail with the help of Fokker-Planck code simulations. The 
curve in Fig. 5 gives the result of such a simulation. The asymmetry is 
qualitatively reproduced by the simulations and can be attributed to a 
synergetic effect between the EC wave absorption and the DC toroidal 
electric field [3]. The measurements do not show the quasi-linear reduc
tion of the wave absorption which is obtained in the Fokker-Planck code 
simulations around N» = 0, where the wave power density is maximum. 

Also experiments on non-inductive current drive have been carried 
out with HFS X-mode injection. So far, for injection of about 130 kW 
only an upper limit for the driven current of ^ECCD S 5kA could be 
established. This is about a factor of three below estimates from lin
ear theory, but full quasi-linear Fokker-Planck calculations show a large 
reduction of current drive efficiency for these high power levels. 
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DISCUSSION 

F.X. SOLDNER: How do sawteeth and the m = 1 mode behave in the case of 
central power deposition? Is the confinement enhancement in these experiments 
dependent on qa? 

F.C. SCHULLER: The confinement enhancement is clearest in high qa/low 
current cases. In discharges of this type, sawteeth in the Ohmic phase are either very 
small or absent. During ECRH the sawtooth amplitude increases, indicating inward 
diffusion of current density on a magnetic diffusion time-scale. With low qa7high 
current the confinement enhancement diminishes. 

D. MOREAU: Have you measured the internal inductance during the improved 
confinement regime? 

F.C. SCHULLER: We have no direct measurement of ^ yet since this is 
difficult to carry out with a circular cross-section plasma. However, lambda, the sum 
of beta poloidal and *•, increases slowly during ECRH, indicating a current density 
adaptation to the peaked Te profile on a magnetic diffusion time-scale which coin
cides with an increasing sawtooth amplitude. 

D. MOREAU: Could you please comment on the density pumpout you 
mentioned? 

F.C. SCHULLER: We found a hollow density profile just where the Te profile 
peaks. This suggests that the pressure profile maintains profile consistency. In my 
opinion this is related to the current density profile. In later stages of the ECRH pulse 
one sees that the density dip is filled up. 

T. CHO: During high field side X-mode injection, what are the effects of the 
mode converted electron Bernstein waves on the electron heating data? 
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F.C. SCHOLLER: Electron Bernstein wave effects were not investigated 
because they were not very manifest. During low field side launching, however, we 
observed anomalous conversion from O- to X-mode of up to tens of per cent of the 
power. This, inter alia, leads us to believe that collective scattering may be the reason 
for the unexplained loss in single path transmission. 
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Abstract 

ELECTRON CYCLOTRON RESONANCE HEATING IN THE MICROWAVE TOKAMAK 
EXPERIMENT. 

The results from a series of electron cyclotron resonance heating (ECRH) experiments on the 
Microwave Tokamak Experiment (MTX) are presented. On-axis heating at BT = 5 T (fra = 140 GHz) 
has been performed for a range of electron densities up to cut-off (n,. = (0.5-2.5) x 1020 m"3). Both 
a long-pulse gyrotron ( -200 kW, —0.1 s) and a pulsed free-electron laser (FEL) (1.4 GW, - 3 0 ns, 
single pulse) were used as microwave sources. Gyrotron experiments with power densities correspond
ing to 4 MW-m"3 resulted in bulk heating of n^AT^ up to 1 x 1020 keV-m"3. A far infrared (FIR) 
polarimeter measured peaking of plasma current profiles in some discharges during the ECRH pulse. 
During high-power single-pulse FEL experiments, single-pass microwave transmission measurements 
show nonlinear effects, i.e. higher transmission than predicted by linear theory. A tapered-corrugated-
wall duct was used in the tokamak port to increase the gradient of the parallel refractive index n| of 
the incident wave, and increased absorption was observed. Evidence of electron tail heating during FEL 
pulses was observed on soft x-ray and ECE diagnostics. These results are in agreement with predictions 
of non-linear theory; extrapolation of this theory to reactor-like conditions indicates efficient absorption 
and heating. A Laser-Assisted Particle Probe Spectroscopy (LAPPS) diagnostic provided estimates of 
the vacuum electric field of the FEL, which were consistent with the measured power. Multiple pulse 
(5 kHz, 50-pulse burst) operation of the ETA-II accelerator for the FEL has also been demonstrated, 
indicating the feasibility of high average power FEL operation. 

This work was performed under the auspices of the US Department of Energy by the 
Lawrence Livermore National Laboratory under Contract No. W-7405-ENG-48. 
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1. INTRODUCTION 

ECRH will be an important tool in future tokamaks for heating, 
plasma control, and current drive. Because it is a resonance 
technique, very localized heating is possible, which in turn enables 
localized control of plasma profiles and disruptions. Efficient 
absorption is achieved with launching structures far removed from 
the plasma edge. Enhanced confinement, such as the H-mode, has 
been achieved with ECRH [1,2]. 

One major issue with the use of ECRH is the efficient and 
reliable generation and transmission of high-power microwaves at the 
required frequencies. Machines such as the International 
Thermonuclear Experimental Reactor (ITER) are designed with a 
toroidal field in the 5-T range, requiring microwave sources with 
frequencies of -140 GHz for fundamental heating; we describe here 
the first ECRH experiments at 140 GHz. Current high-power 
technology uses a fixed-frequency gyrotron coupled via a waveguide 
system to a transmitting horn near the plasma. The goal of the MTX 
experiments is to compare this conventional approach with 
microwaves generated by an FEL. For both systems, we have utilized 
a new, efficient quasi-optical transport system. When fully developed, 
the FEL provides several advantages, including the generation of 
power in the desired mode (e.g., HEn) , and the capability to sweep 
the microwave frequency and thereby the heating zone in the plasma. 

The present discussion first describes gyrotron heating 
experiments on MTX (Section 2). We then discuss, in Section 3.1, 
recent advances in FEL technology that have enabled the generation 
of ~2 GW pulses at 140 GHz. Pulses from the FEL were injected into 
MTX plasmas for transmission measurements, which are discussed in 
Section 3.2. Recent burst-mode operation and a summary are 
presented in Section 4. 

2. GYROTRON HEATING EXPERIMENTS 

A 140-GHz gyrotron (one in a series under development by 
Varian Associates) was used to inject microwaves (~200 kW, 0.1 s) into 
the MTX plasma at 5 T for on-axis fundamental O-mode heating 
experiments. In Fig. 1, we present on-axis T e data from a 15-channel 
ECE polychromator during three different plasma conditions. In Fig. 
la, the Te increase is due to injection of a 200-kW ECRH pulse into a 
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FIG. 1. Electron temperature data from ECE during gyrotronECRH heating experiments, (a) Temper
ature rise during 200-kW injection during a quiescent discharge, (b) Increases in radiated power cause 
a decrease in T€ and sawtoothing stops; injection ofECRH restores the discharge to normal. On simi
lar shots without ECRH, the discharge disrupts, and data from the FIR polarimeter show hollow j(r) 
profiles, (c) Large radiated power at the beginning of the discharge causes low Te and nearly a disrup
tion; application ofECRH restores the discharge. The j(r) (solid) and ocTe(r)LS (dashed) profiles 
before (d) and after (e) ECRH are also shown. 

quiescent discharge (ne = 0.9x1020) with an ohmic input of ~450 kW. 
The ohmic neo-Alcator x™ for this shot is 9 ms; the central Te 
increased in 3-6 ms, and the x^ decay obtained from a specially-
compensated diamagnetic loop is nearly equal to Tg". In Fig. lb, we 
present a case where Te is decreasing prior to the ECRH pulse due to 
increases in radiated power (presumably due to increases in impurity 
radiation). On a similar shot without ECRH, the shot disrupted, and 
FIR polarimetry shows a hollow plasma current density j(r) profile [3]. 
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Injection of ECRH causes a recovery of the discharge to a normal, 
sawtoothing plasma. In Fig. lc, the discharge begins in a low-
temperature (radiation-dominated) mode, and application of ECRH 
causes recovery into a normal sawtoothing shot. FIR polarimetry data 
show that j(r) [and ^TeCr)1-5, the dotted line] goes from a hollow 
profile (Fig. Id) before ECRH to a peaked profile (Fig. le). These data 
demonstrate the bulk heating (Fig. la) and plasma control capabilities 
due to localized heating (Fig. lb-d) of ECRH at high frequency. 

3. MICROWAVE TRANSMISSION MEASUREMENTS WITH 

THEFEL 

3.1. Advances in FEL Technology: Generation of 1-2 GW Pulses 

Initial FEL experiments on MTX [4] were limited to -200-MW 
single pulses; no evidence of nonlinear absorption was seen at this 
power level, as expected. To reach higher power levels (several GW), 
theoretical models [5] indicated that we needed to reduce the 
corkscrew motion of the electron beam from 1 cm to about 0.1-0.2 cm, 
with an energy sweep of ±1 %. 

Several accelerator modifications to implement these changes 
were first done on a 3-MeV section (20 cells) of the ETA-II accelerator. 
After successful testing, the modifications were added to the 
remaining 60 cells. The energy regulation was improved with a multi-
cable distribution system to the induction cells, resulting in ± 1 % 
energy stability for 35 ns at the ~6-MeV operating point. The 
corkscrew beam motion, which is due to energy sweep and the 
magnetic misalignment of the ETA-II solenoidal transport system, 
required new alignment methods. Better alignment dur ing 
construction was achieved with a Stretched Wire Alignment 
Technique (SWAT) [6] in which misalignments cause deflections in a 
current pulse propagated in a wire stretched on the axis of the 
accelerator. During electron beam operations (1 Hz), a computerized 
system (MAESTRO) achieves better alignment by minimizing the 
corkscrew motion directly. The computer scans the current in a pair 
of magnetic trim coils in each induction cell while the beam motion is 
measured and the corkscrew is computed. Usually, a minimum is 
found in the motion as a function of trim coil current for each cell, in 
agreement with theory [7]. All of the 120 trim coils can be adjusted by 
the MAESTRO system in a few hours. Once the tuning is completed, 
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the corkscrew motion is reproducible from day to day. The result of 
the modifications is that the measured beam motion at 6-6.6 MeV, 
2.5 kA is 1.5 mm [8], an improvement of an order of magnitude over 
previous operations. Coupled with the beam energy results, the beam 
quality required by theory was achieved. 

The output of the ETA-II accelerator is coupled to the IMP 
wiggler with a set of magnetic lenses. The IMP wiggler is a steady-
state hybrid laced wiggler; i.e.., it uses a combination of permanent 
and electromagnetic magnets and can be tuned to resonance 
(matching the beam energy) and tapered (varying the magnetic field 
with length to keep the electron beam and wave in resonance). 
Careful alignment resulted in magnetic errors less than 0.2%, again 
comparable to requirements based on theoretical models. 

The FEL is operated in an amplifier mode. The gyrotron 
(mentioned above) was reconfigured and used as the master-oscillator 
driver; the measured input drive power was 7 kW. The first ~2 m of 
the wiggler was operated at a constant field of ~3 kG, in resonance 
with the ~6 MeV beam energy. Beyond this point, the wiggler was 
empirically tapered to maximize the output power. 

Efficient tapering resulted in an output power at the FEL of 
nearly 2 GW, a new high-power achievement at 140 GHz (1 GW was 
produced at 35 GHz [9]). The microwave power was measured at the 
FEL output with a calibrated receiver and at the input to MTX with a 
calorimeter supplied by the Japan Atomic Energy Research Institute 
(JAERI). Peak powers as large as 1.4 GW were measured at MTX, 
implying a transmission of at least 70% compared to a theoretical 89%; 
detailed comparisons are in progress. Spatial measurements of the 
FEL output power were consistent with a TEn mode. Estimates of the 
electric field of the FEL (vacuum, no plasma) were obtained by the 
LAPPS [10] diagnostic and are consistent with the measured ~1-GW 
input power. 

3.2 High-Power Microwave Transmission Measurements in MTX 
Plasmas 

A single high-power FEL pulse was injected into each MTX 
discharge. Two diagnostics, mounted on the inside wall of the 
tokamak, are used to measure the single-pass transmission data: a 48-
channel calorimeter that measures transmitted energy and a single-
channel microwave horn that measures transmitted power versus 
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FIG. 2. Representative FEL microwave transmission data from the central channels of the calorimeter. 
Data are shown from high-power FEL shots both without (solid circles) and with (open circles) an insert 
to increase the divergence of the microwave beam. Low-power data (from an on-axis microwave horn) 
are presented (diamonds) for reference; these agree well with linear theory corrected for on-axis refrac
tion. Theoretical calculations of nonlinear absorption at 1 GW with (on-axis) refraction are shown for 
cases with and without the insert. 

time. Normalizations (e.g., signals during no-plasma shots) are 
applied to the data to obtain fractional transmission data. 

A complete comparison of the transmission data with theory is 
beyond the scope of the present discussion. Figure 2 presents 
representative transmission data from the central channels of the 
calorimeter (± 2 cm) for high-power pulses (solid circles) as a function 
of the central electron density. The peak input FEL power for these 
data ranges from 0.8 to 1.3 GW; the energy is 20-30 J per pulse. For 
reference, low-power (driver only, ~5 kW) transmission data 
(diamonds) from the on-axis microwave horn are also shown; these 
data agree with linear transmission theory corrected for refraction. 
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Note that the high-power transmission is greater than that at low 
power, as predicted by nonlinear theory [11]. Detailed comparisons of 
these data with theory are in progress; we present in Fig. 2 one 
theoretical calculation of transmission (solid line) for 1-GW input 
power with an on-axis correction for refraction. Here, we have 
performed only semi-quantitative comparisons of this theory curve 
with data because of several details, including the variation of the 
power across the calorimeter tiles and off-axis refraction corrections. 
Detailed code modeling is in progress to address these issues. 

The reduced nonlinear opacities, validated by (low T e ~1 keV) 
experiments here, are not limiting for future machine applications 
such as ITER (with much higher Te). Additionally, the absorption can 
be increased [12] (in some cases, even above linear theory) by 
increasing the gradients in n\\. To test this theory, a corrugated-wall 
tapered insert was installed in the MTX port to compress the 
microwave beam radius at the launch point and thereby increase the 
microwave beam divergence. These transmission values (open 
circles) are less than those without the insert, indicating that the 
absorption is increased. For semi-quantitative comparison, a 1-GW 
theory curve (dashed line) is included for comparison. 

Several diagnostics were used to measure the presence of hot 
electrons in the plasma: a fast multi-channel (energy and spatial) x-ray 
system provided by JAERI, several ECE systems (including a 
heterodyne detection technique), and a Thomson scattering system 
(emphasizing the spectrum away from the bulk). All of these 
diagnostics observed increases in signals during operation with the 
insert (i.e., conditions with better single-pass absorption). Estimates 
from x-ray measurements indicate electron energies in roughly the 3 -
30 keV range; signals increased with increasing input power. 

4. SUMMARY 

We have performed the first ECRH experiments at 140 GHz on 
MTX using a gyrotron and a high-power (1-2 GW) FEL. Gyrotron 
experiments demonstrated plasma heating and control. During FEL 
experiments, the measured microwave transmission was greater than 
at low power; these results are in semi-quantitative agreement with 
theory. Nonlinear absorption can be increased by either increasing 
the electron temperature or increasing the gradient in the parallel 
index of refraction. Experiments on MTX showed absorption was 
increased by increasing the divergence of the microwave beam. 
Detailed comparisons of the transmission data with theory are in 
progress. 
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Recently, burst-mode operation of the ETA-II accelerator has 
been demonstrated. Each power supply has been operated 
independently for 50 pulses at a 5-kHz repetition rate. The whole 
accelerator has been operated at 1 kA, 3 MeV at 2 kHz with a new 
timing feedback system. Ten-pulse bursts have been achieved at full 
beam parameters (2 kA, 6 MeV). These results indicate the feasibility 
of high-average power FEL operation. 

We acknowledge the extremely useful collaboration with the 
JAERI group on MTX. Support by the MTX and ETA-II engineering 
and technician groups was essential for the overall success of this 
experiment. This work was performed under the auspices of the U.S. 
Department of Energy by the Lawrence Livermore National 
Laboratory under contract W-7405-ENG-48. 
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DISCUSSION 

J. JACQUINOT: What is the efficiency of the main FEL systems, e.g. wiggler, 
transmission, auxiliary systems? 

S.L. ALLEN: The efficiency of the microwave transport system has been 
measured in several ways and is of the order of 80-90%. The efficiency of the FEL 
in the present experiment is currently being determined in detail. Earlier tapered 
wiggler experiments at LLNL, however, reported an efficiency of 30-35% at 
35 GHz. The efficiency of the power supplies driving the accelerator (magnetic com
pressors) depends on the exact operating point. Experiments in a side lab indicate that 
values of 50-80% should be achievable. 

J. JACQUINOT: What is the reason for the scattering of the single pass damp
ing measurement using the FEL? 

S.L. ALLEN: Several factors contribute to the scatter in the on-axis single pass 
transmission data plotted versus electron density. We expect a Te dependence in the 
data, and we have included a range of electron temperatures in the data set. We are 
currently refining the normalization technique used to analyse the data obtained from 
several different days of operation (that is, plasma and no-plasma shots are com
pared). We also plan to use the measured electron density profiles on each shot to 
correct the data for refraction. 

C. GORMEZANO: How much heating did you expect from these FEL pulses? 
How many pulses are needed for real heating to occur? 

S.L. ALLEN: The energy in a single FEL generated microwave pulse is of the 
order of 20-30 J (~ 1 GW for 20-30 ns), so it would be difficult to detect changes 
in the plasma stored energy at this level. However, we did detect X ray and ECE sig
nals during these experiments. A burst of microwave pulses at 2 kHz has been 
achieved, and the system is designed for 5 kHz (these pulses have not been injected 
into the tokamak). The 2 kHz pulse rate corresponds to an average power of about 
40 kW, or about 20% of the power used in the gyrotron experiments where signifi
cant increases in Te (~ 500 eV) were observed with multichannel ECE. A burst of 
these pulses for a duration greater than the energy confinement time (5-10 ms or 
10-20 pulses) should be sufficient for measurable bulk plasma heating. 

R.J. HAWRYLUK: Was there a difference in the electron heating deposition 
profile when the FEL was used as compared with the gyrotron? 

S.L. ALLEN: Our analysis of the FEL transmission data has so far concen
trated on measurement of the absorption near the axis. We are currently analysing 
the profile information from the multichannel calorimeter, including a detailed cor
rection for refraction. We have also performed toroidal field scans (thereby moving 
the resonance location). These data are also under analysis. 
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Abstract 

SECOND HARMONIC ELECTRON CYCLOTRON CURRENT DRIVE AND HEATING ON THE 
T-10 TOKAMAK. 

Results are described of second harmonic ECRH and ECCD experiments on T-10 which were 
performed using new gyrotrons with a high output power of = 1 MW per unit. 

1. INTRODUCTION 

Previous ECRH and ECCD experiments on T-10 [1, 2] have created a good 
opportunity for further investigating the current profile and, in particular, the nega
tive shear effects on confinement and stability in the plasma core. It is possible to 
carry out these investigations under the condition of sawtooth absence (in steady 
state) even at low limiter q values. 

The main goal of these investigations is to determine the conditions under which 
the regimes with the maximum pressure profile peakedness, and hence with the 
maximum central ]3T, can be realized. Regimes with high |3T(0) are those with a 
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high central density, n,(0) - 1 X 1020 m~3. Previous first harmonic experiments 
have shown that the refraction of the EC waves becomes significant above the line 
averaged density n,, = 3 X 1019 n r 3 (Fig. 1(a)). As a result, the absorbed 
HF power decreases (Fig. 1(a)) and its profile becomes broader (Fig. 1(c)) with the 
density rise, which significantly reduces the possibility of current profile control. 

For this reason second harmonic ECRH and ECCD experiments were very 
interesting for us. A twofold increase of the gyrotron frequency, fg, results in a cut
off density increase from 0.7 to 1.6 X 1020 nr 3 and, therefore, in a sufficient 
decrease of refraction effects in the range up to the T-10 density limit. 

2. GYROTRON SET-UP 

To carry out these experiments, a new gyrotron set-up was installed on T-10 
which used two new gyrotrons with a high output power of about 1 MW per unit. 
One of the gyrotrons, with fg = 140 GHz, launched the HF power into the plasma 
at an angle of 21 ° to the major radius via a metal mirror. It was used for the ECCD 
study. The second gyrotron, with fg = 157 GHz, launched the HF power perpen
dicular to the toroidal magnetic field, BT. It was used for the ECRH study. In both 
cases the HF power in the X mode was injected from the low field side. 

Tests of the operational capability of the new gyrotron set-up, along with second 
harmonic ECRH and ECCD investigations, were the main goals of these experi
ments. The HF pulse duration was 100 ms for the gyrotron with perpendicular 
launch at the maximum input power PHF = 0.7 MW (which corresponds to the 
gyrotron output power Pg = 0.9 MW). This was enough for the ECRH studies. At 
reduced power, i.e. PHF = 0.45 MW, the HF pulse duration for the gyrotron with 
oblique launch was extended up to 400 ms to detect the EC current more reliably. 
Thus the operational capability of both gyrotrons was confirmed. 

3. SECOND HARMONIC ECRH STUDY 

The diamagnetic measurements of the absorbed HF power, Pab, have shown 
that Pab was in excess of 90% of the input power, PHF, for both perpendicular and 
oblique injection. 

For comparison of the energy confinement for second and first harmonic 
ECRH, we have chosen the previously described discharge [1] with the main 
parameters: Ip = 210 kA, n,, = (2.2-2.6) X 1019 m"3 and BT = 2.9 T (on-axis 
ECRH). The central electron temperature, Te(0), which is shown in Fig. 2(a) for 
both the second harmonic and the previous first harmonic data, coincides in the two 
cases at the same total power, Ptot. Figure 2(b) shows the confinement time, rE, as 
a function of Pto!, comparing the second harmonic with the previous first harmonic 
results. One can conclude that the plasma heating and confinement for the second 
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harmonic case do not differ significantly from those observed in the first harmonic 
experiments. 

The dependence of Pab on ne for the second harmonic is given in Fig. 1(a). 
Unlike the first harmonic case, Pab remains the same up to the density limit, where 
n<.(0) reaches a value of about 9 X 1019 m"3. At this n^O) the power deposition pro
file, Pab(r), stays peaked, localized near the resonance position (Fig. 1(b)), i.e. the 
refraction of the EC waves is negligible. This makes it possible to realize ECRH and 
ECCD at the second harmonic with a peaked power profile at high central density 
and hence at high central /3T. 

Thus the experiments have confirmed our expectations about second harmonic 
ECRH. 
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TABLE I. PARAMETERS OF FIRST AND SECOND HARMONIC 
DISCHARGES 

First harmonic 

Second harmonic 

(kA) 

140 

140 

B j 

(T) 

2.78 

2.47 

(10 " mf3) 

0.54 

0.54 

*HF 
(MW) 

0.75 

0.45 

Te(0) 
(keV) 

6.3 

3.8 

"eCO) 
(10" m"3) 

1.05 

1.05 

(kA) 

65 

£ 1 0 

(A/W) 

0.1 

£0.025 

4. SECOND HARMONIC ECCD STUDY 

More complicated results were obtained in the investigations of second har
monic ECCD. As in the previous experiments [2], for more reliable detection of the 
EC current, IcD, we used a method of co and counter current generation. The main 
experiments were conducted in discharges with PHF = 0.45 MW and Ip = 180 kA. 
The density was varied over a wide range, n,, = (0.5-1.5) X 1019 m~3, at 
BT = 2.35-2.65 T, which corresponded to the shift of the ECR layer relative to the 
plasma centre in the range AR = —11.5 to +7 cm. 

In the previous first harmonic experiments [2], the loop voltage difference 
IJcounter — Uco increased in time up to saturation (Fig. 3(a)). In the second harmonic 
experiments we could not see any signs of current drive in any of the discharges 
under study. The values of Uco and ucoumer remained the same during the whole 
HF pulse (Fig. 3(b)). The traces of ISXR(0) and Te(0) demonstrate the identity of the 
co and counter discharges (Fig. 3(c)). 

For a more detailed comparison of the ECCD efficiency with previous results 
[2], the experiments were conducted in the same discharge as for the first harmonic. 
The parameters of the discharges are given in Table I. 

The central electron temperature was lower because PHF was lower. 
Figure 3(b) shows the absence of signs of ECCD in this regime, as was also observed 
in the other regimes under study. 

The minimum detectable difference Ucoun,er - Uco = 20 mV, which deter
mines the ICD detection threshold: 

( Tjcounter TTC0 

T J counter i TJCO 

and, correspondingly, the threshold value of ECCD efficiency: 

TJCD = -^2_ < 0.025 A/W 

Pab 

J > 10 kA 
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Taking into account the difference in the electron temperature we obtain the result 
that the second harmonic ECCD efficiency was at least 2.5 times lower than that for 
the first harmonic. 

Theory also predicts a lower value for the second harmonic ECCD efficiency. 
In accordance with the data of Ref. [3]: 

7?cg (O mode) = 

r,%$ (X mode) 

In addition, the ray tracing calculations (TORAY code) give: 

T?CS (O mode) = 

T^S (X mode) 

for the regimes considered (see Table I). If one takes account of the difference in 
PHF and Te(0), these calculations give the value ICD = 13-14 kA, which is close to 
the detection threshold. Therefore, it would be premature to analyse the reasons for 
the ECCD efficiency being lower than that predicted by theory. For more detailed 
studies of ECCD efficiency it is necessary to carry out second harmonic experiments 
at a higher PHF, sufficient to generate a detectable EC current. 
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Abstract 

CURRENT AND PRESSURE PROFILE MODIFICATION EXPERIMENTS WITH LOWER 
HYBRID CURRENT DRIVE AND ION BERNSTEIN WAVE HEATING IN PBX-M. 

The Princeton Beta Experiment-Modification (PBX-M) tokamak has started an experimental pro
gram to evaluate the usefulness of current and pressure profile control with Lower Hybrid Current Drive 
(LHCD) and Ion Bernstein Wave (IBW) heating. Among its unique capabilities are a new two-
dimensional hard X-ray imaging system and a multichannel motional Stark effect (MSE) diagnostic for 
current profile measurements. In plasmas with LHCD and neutral beam injection (NBI), for example, 
the hard X-ray data show a radially-hollow distribution of superthermal electrons, which appears 
immediately after the onset of LHCD. The off-axis current drive suggested by these hollow energetic 
electron distributions should lead to changes in the q-profile from discharges with only NBI. This was 
consistent with preliminary analysis of the MSE data. These results are a first demonstration of current 
profile modification with LHCD on PBX-M, and stability analyses of these plasmas are in progress. 
Plasma pressure profile modification studies with IBW have begun, including an investigation of thresh
old conditions for the onset of parametric instabilities. The effect of m = 1 divertor biasing on the onset 
of H-modes was studied, and only modest biasing power levels (500 W) were needed to lower the NBI 
power threshold by about 25 %. These results are important steps toward expanding the tokamak opera
tion regime beyond the present /3 limit, and accessing the high /3/high /?p second stability regime. 

1. Introduction 

Recent experiments on the PBX-M tokamak have begun to use its 
specialized capabilities for LHCD and IBW heating. They include a 
4.6 GHz LHCD system with programmable phasing, a novel 
tangential hard X-ray imaging camera, and a motional Stark effect 
(MSE) q-profile diagnostic. 

The LH wave damping is a function of the phasing of launched 
waves, which in the PBX-M system is controlled by digitally-
programmable ferrite phase shifters, one in each of 32 separate 
waveguides. Full variation of the phase shift from 0 degrees to 360 
degrees within 2-3 ms was achieved. This rapid phase shifting 
capability is unique to PBX-M, and the measured dependence of the 
reflected power on the phase angle is in good agreement with 
predictions of the Brambilla code.[1] 

The LH power deposition in the plasma can be determined from 
the superthermal electron bremsstrahlung emission. This is measured 
with the hard X-ray imaging camera. The camera provides a time 
sequence of two-dimensional pictures, which is available after each 
plasma shot since the images do not have to be reconstructed from 
discrete detector signals.[2] Bremsstrahlung emission measurements 
were made for the first time during deuterium NBI into deuterium 
plasmas, since the PBX-M imaging system is not as sensitive to the 
background from nuclear reactions as other hard X-ray detectors. 
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Changes in the q-profile are determined with a motional Stark 
effect (MSE) diagnostic, which was first developed on PBX-M.[3] It has 
been improved to measure the magnetic field pitch-angle at ten 
spatial locations during each discharge. Since the MSE system has a 
dedicated diagnostic neutral probe beam, it can obtain these data 
over a wide variety of plasma conditions without the perturbing effect 
of a multi-megawatt neutral heating beam. The new multichannel 
MSE system has systematic errors that vary from sightline to sightline. 
These have not yet been fully accounted for in the data presented in 
this paper, and the uncertainties in the q-profiles reflect this. Since the 
correction relates primarily to the absolute values of q, however, 
conclusions can still be made concerning their relative changes with 
plasma conditions. 

2. Experimental Results 

2.1 Lower Hybrid in Low-Density Circular Ohmic 
Discharges 

Experiments to modify the current profile with LHCD were first 
performed in Ohmic discharges. In circular plasmas at low densities, 
and hence minimized loop voltage, a peaked hard X-ray emission 
profile was observed. The upper plot in Fig. 1 shows the time 
evolution of the X-ray intensity along a vertical chord through the two-
dimensional hard X-ray image. The q-profiles with and without LHCD 
for the circular plasmas are compared in the lower plot in Fig. 1, and 
the decrease in central q coincides with an increase in the internal 
inductance. According to soft X-ray diode measurements, the 
inversion radius of the sawtooth oscillations increased with the 
addition of LHCD. The Abel-inverted data showed a change in minor 
radius from about 5.6 cm to about 8.9 cm. This is consistent with the 
measured increase in the radius of the q=1 surface. 

To compare these results with LHCD theory, calculations were 
performed with the Tokamak Simulation Code (TSC), which includes 
a recently-developed lower hybrid simulation package (LSC).[4] The 
model showed that absorption with the spectrum computed from the 
Brambilla approach was essentially zero at low phase angles. Since 
the circular plasmas in this experiment also had a high aspect ratio, 
they approached the symmetry of a round, cylindrical plasma. In this 
limit, the model predicted that waves with high phase velocity remain 
trapped in the edge of the plasma at velocities far removed from the 
bulk electron velocity, in contrast with the experimental observations. 
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A clear feature of the hard X-ray camera signal is its strong 
peaking and continuous rise throughout the LHCD pulse. The hard X-
ray flux detected by an external scintillator counter also grows during 
this period. These results indicate the presence of runaways driven by 
the reduced but still finite loop voltage, and this is probably 
responsible for the observed central current drive. The acceleration of 
slide-away electrons by the DC electric field in the plasma thus has to 
be a part of any model for the data, and including this effect in 
TSC/LSC is planned. 

2.2 Lower Hybrid Phase and Plasma Density Scans 

Hard X-ray measurements were obtained during scans of the 
LHCD phase angle and the plasma density in bean-shaped Ohmic 
plasmas. The signal along a vertical chord through the two-
dimensional hard X-ray image is plotted for various phasings of the 
LHCD system on the left in Fig. 2. The signal was measured early in 
the discharge, in order to determine where the RF power was being 
deposited. Unlike the profile for the circular discharge in Fig. 1, the 
plasmas in Fig. 2 have a central minimum that reflects a "hollowness" 
in the superthermal electron distribution. 

A notable feature is the small variation in the relative maximum of 
the hard X-ray emission as the phase angle is changed. The phase 
scan was investigated with the TSC/LSC model, and the calculations 
for a bean shape show a behavior similar to experiment. This 
suggests the following heuristic explanation. The launched wave 
spectrum, regardless of phase, has parallel phase velocities much 
faster than the bulk electron velocities in these low temperature 
plasmas. If the wave components are allowed to reflect at the plasma 
boundary, however, the parallel phase speeds can change up or 
down due to toroidal effects as the path unfolds. Waves at high 
speeds cannot penetrate according to the basic properties of the 
dispersion relation, so they slow down and the penetration 
consequently increases. Absorption then occurs after the phase 
velocity approaches the bulk electron velocity distribution. This 
process thus has. little dependence on the original phase speed. 

Results from a density scan at constant phase angle are shown on 
the right in Fig. 2. The off-axis peaking in the hard X-ray emission is 
observed at the higher densities, but at lower densities, the signal is 
more centrally peaked. Under all of these conditions, the bulk 
electrons are still very slow relative to the parallel phase velocities of 
the launched waves. The observed trend in the hard X-ray emission is 
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thus most likely due to factors other than wave clamping. Other 
possibilities include variations in the distribution of runaway electrons. 

2.3 Radial Diffusion of Superthermal Electrons 

Among the more significant features of the hard X-ray 
measurements is that when the emission pattern associated with a 
radially-hollow profile occurs, it appears immediately after the onset of 
LHCD. As it evolves with time, the hollowness fills in. This observation 
encourages an attempt to estimate the radial diffusion for the 
superthermal electrons. 

As a first approach, the hard X-ray images were modelled with a 
non-local response function to the absorbed RF.[5] The calculations to 
date simply balance the time rate of change and radial diffusion, 
using a Green's function solution, with RF absorption that is assumed 
to be a delta function in time, radius, and momentum. The value of the 
diffusion coefficient is varied until the X-ray profile based on the 
calculated fast electron distribution function fits the data. 

The hard X-ray measurements were compared with the results 
from a simple diffusive model that does not include collisions or 
scattering, and assumes a very narrow RF deposition location at 
r/a=0.35. Four values for the diffusion coefficient (0.1, 0.2, 0.4, and 0.6 
m2/sec) were tried, and the best match was obtained for 0.2 m2/sec 
with those at 0.1 and 0.4 clearly deviating beyond the experimental 
error. This is less than the global thermal diffusivities for comparable 
Ohmic plasmas without LHCD, which are in the range of 0.5 to 1 
m2/sec. 

This result is very tentative, as there are other factors that affect the 
measured hard X-ray emission. There is evidence for electron 
runaway formation in most of these discharges, which still have a 
nonzero electric field during LHCD, and this has yet to be accounted 
for in the modelling. The full Fokker-Planck formalism, which has the 
effects of collisional slowing down, pitch angle scattering, and electric 
field, needs to be implemented as well. Other factors that could be 
included are radial spread of LH absorption, particle-induced waves, 
non-circular geometry, time-dependent electric fields, and a non-
constant radial diffusion coefficient. The addition of these refinements 
is in progress. 

2.4 Sawtooth Suppression during NBI with LHCD 

The application of LHCD to bean-shaped plasmas (By = 1.53 T, 
q95 = 7.5) with neutral beam heating can suppress sawtooth 
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oscillations, and create a long quiescent period without exciting 
global MHD modes. An example is shown in Fig. 3, where 0.35 MW of 
LHCD, with an n// = 2.3, was applied at t = 0.25 sec just after the 
bean-shaped configuration was formed. Without LHCD, small 
sawteeth were excited with 0.55 MW of tangential neutral beam 
injection, and the amplitude of the sawtooth crash gradually 
increased with time. With the addition of LHCD, these sawteeth were 
suppressed. In experiments involving LHCD and neutral beam 
heating on other devices, tearing modes (m=2, n=1) have been 
encountered.[6] In the present case, global MHD activity was not 
observed after the sawtooth supression. 

During the initial sawtooth suppression period (0.25-0.32 sec), the 
sawtooth inversion radius gradually decreased from about 10 cm to 
between 4 and 5 cm. After sawtooth suppression, a very small m=1 
mode (=1% on the soft X-ray diode signal) was observed over the 
period of =0.1 sec, but only near the center. When this mode 
disappeared, no other MHD modes were observed. During this 
quiescent period, the electron temperature and density profiles were 
peaked, and it was not uncommon that Te(0) /<Te> reached 2, with a 
corresponding ne(0)/<ne> of about 1.8. As the quiescent period was 
achieved, the 2D hard X-ray imaging showed the LHCD creating 
energetic electrons off-axis, forming a "hollow" profile. This indicated 
that the LHCD-induced current should flow off-axis and broaden the 
current profile. 

A plasma with similar parameters, including neutral beam heating 
and LHCD, was simulated with the BALDUR Bonoli Kesner (BBK) 
code. This contains the Bonoli/Englade lower hybrid package,[7] 
which performs 3D ray tracing and solves a 1D Fokker-Planck 
equation for the electron distribution function. An n// = 2.3 was 
assumed, and among the predictions were off-axis absorption and 
off-axis current drive, along with a substantial drop in the loop voltage. 

A comparison of q-profiles from a preliminary analysis of the MSE 
data at t = 0.53 sec is shown in Fig 4. They indicate an increase of 
central q and a broadening of the current profile with the addition of 
LHCD, as expected from off-axis current drive. As discussed in the 
introduction, however, the absolute values of q relative to unity are 
still open to question, and the difficulties in reconstructing equilibria 
for non-circular, neutral beam heated plasmas relative to the circular 
discharges add to their uncertainty. More study is thus required to 
determine whether sawtooth suppression is due to a central q 
becoming larger than one or to changes in the local shear (dq/dr) with 
the central q remaining below unity. 
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2.5 Ion Bernstein Wave Heating 

On PBX-M, IBW is employed to heat bulk ions for additional 
heating and pressure profile control. The bulk ion heating is 
advantageous from the confinement point of view, particularly when 
the heating is off-axis. In order to confirm the bulk ion heating 
properties of IBW, the Charge Exchange Recombination 
Spectroscopy (CHERS) diagnostic was used for ion temperature 
profile measurements. The ion and electron temperatures were 
compared with and without IBW, up to a net injected power of =0.7 
MW, in a moderately bean-shaped 240 kA hydrogen plasma. A 1 MW 
perpendicular neutral beam was also applied for the CHERS 
measurement. In Fig. 5(a), A[Ti(0) <neL>], which is a measure of the 
net increase in the ion energy, is plotted as a function of the net 
injected IBW power. There is a nearly-linear increase in the ion 
energy with RF power. In addition, the measured central ion 
temperature with IBW is significantly above that of plasmas without 
IBW at similar density. At the 0.6 MW level, the measured ATj « 300-
350 eV at <neL> = 1.8 x 10 ' 5 cm"2. The ion temperature is above the 
electron temperature, confirming good ion heating with IBW. Higher 
fusion neutron yields are also observed, and the increasing ion 
temperatures result in elevated electron temperatures. 

Another noteworthy feature of IBW is the improved plasma particle 
confinement. In circular Ohmic plasmas, IBW produced a strong 
peaking of the density profile which resulted in the elimination of 
sawtooth oscillations.[8] In high-power (2 MW) NBI discharges, IBW 
produced strong density peaking relative to H-mode profiles, as seen 
in Fig. 5(b). Although the line-averaged density increases were 
similar with and without IBW during NBI, the central density was 
significantly higher for the IBW case. The central energy density was 
also higher with IBW and NBI, since the central ion and electron 
temperatures were comparable. This may be related to theoretical 
predictions of an improved confinement region near the RF 
absorption layer,[9] which is expected to be central for the present 
case. In that event, this region should be controllable by moving the 
ion cyclotron absorption layer position. 

Strong parametric instability activity was observed during IBW 
experiments in Dlll-D.[10] By moving the plasma position with respect 
to the antenna in PBX-M and measuring the edge profiles, its onset 
condition was identified. This instability activity increased by several 
orders of magnitude over plasma motion of several centimeters, in 
good agreement with theory including convective losses. Under the 
best conditions for heating, the parametric activity stayed low, 
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suggesting that the control of the plasma position relative to the 
antenna location is very important for optimizing IBW performance. 

2.6 m=1 Divertor Biasing 

The effects of m=1 divertor biasing were also studied as a means 
of improving the peripheral region of the plasma. In PBX-M, voltages 
were applied to elements of the passive stabilizer plate assembly so 
that the outboard divertor strike points, in a double null configuration, 
were biased with respect to the inboard strike points. This biasing 
scheme produces a poloidal perturbation (m=1) of the electrostatic 
potential at the plasma edge. With only modest biasing power levels 
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(Vb £ 25 V, lb = 20-30 A), the NBI power needed for H-modes was 
lowered substantially from 2.1 MW to 1.6 MW. No increase in the H-
mode power threshold was observed when the outboard divertor 
strike points were biased negatively in this voltage range. The energy 
confinement in biased and "conventional" H-modes was found to be 
similar. 

A fast reciprocating edge probe at the outboard midplane was 
used to measure the evolution of the edge plasma profiles. The 
electric field at the outboard side was found to be enhanced inside 
the last closed flux surface, possibly resulting in the formation of a 
transport barrier and the reduction of poloidally asymmetric plasma 
flow across the separatrix. 

There is some experimental evidence that the bias current may 
flow partly through the core plasma; the observed bias current is 
consistent with plasma conductivity due to neoclassical effects or ion-
neutral collisions. In addition, D a measurements indicate that the 
plasma flow in the scrape-off layer (SOL) can be directed towards 
either the upper or lower divertor by changing the bias polarity. The 
D a emission from the lower divertor increases by 50% for positive 
bias, whereas it decreases by 50% for negative bias. The opposite 
effect is observed in the upper divertor. This result can be explained 
by a modification of the edge electric field in the SOL, which then 
causes an EfXB^ plasma flow.[11] 

3. Other Results and Future Plans 

After a two-year suspension, plasma operations resumed on PBX-
M in December, 1991. Since that time, significant progress has been 
made in addressing issues of current profile modification with its 
unique combination of auxiliary RF and NBI systems and specialized 
diagnostics. In addition to experiments with LHCD, IBW, and limiter 
biasing, initial boronization results were obtained. Solid target 
boronizations (STB) were performed in real time during plasma 
operations, using boronized carbon-carbon composite[12] and 
boronized graphite probes. Preliminary observations found notable 
reductions in oxygen impurity radiation, bolometer power, and loop 
voltage. 

Tasks presently underway inside the PBX-M vacuum vessel 
include the addition of a second high-n// LHCD coupler and an 
improved boron nitride IBW antenna shield. Internal hardware for 
microwave reflectometry and a novel diagnostic to measure the radial 
diffusion of superthermal electrons from the microwave emission at an 
oblique angle to the plasma are also being installed. A second LHCD 
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power splitter/phase shifter will be delivered to PBX-M during the 
coming year. Differential biasing experiments at higher voltage, as 
well as unipolar biasing studies, are planned for more detailed 
investigation of edge plasma transport, stabilization, impurity 
behavior, and edge profile modification in high-p* discharges. 
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DISCUSSION 

M.E. MAUEL: Will your current profile control techniques allow PBX-M to 
access and control the second stability regime? 

R. KAITA: Access and control of second stability and other advanced tokamak 
regimes are the objectives of the PBX-M programme. At this stage, we are still 
assessing the effectiveness of the control and measurement tools and are increasing 
the power capabilities, with exploratory stability and confinement studies at each 
level. 



1AEA-CN-56/E-2-1 

RF HEATING AND CURRENT DRIVE IN TORE SUPRA 

D. MOREAU, B. SAOUTIC, G. AGARICI, B. BEAUMONT, 
A. BECOULET, G. BERGER-BY, P. BIBET, J.P. BIZARRO, 
J.J. CAPITAIN, J. CARRASCO, T. DUDOK DE WIT, C. GIL, 
M. GONICHE, R. GUIRLET, G. HASTE1, G.T. HOANG, 
E. JOFFRIN, K. KUPFER, H. KUUS, J. LASALLE, 
X. LITAUDON, M. MATTIOLI, A.L. PECQUET, Y. PEYSSON, 
G. REY, J.L. SEGUI, G. TONON, D. VAN HOUTTE 
Association Euratom-CEA sur la fusion, 
Centre d'etudes de Cadarache, 
Saint-Paul-lez-Durance, France 

Abstract 

RF HEATING AND CURRENT DRIVE IN TORE SUPRA. 
Recent lower hybrid and ion cyclotron heating experiments are reported with emphasis on 

phenomena related to profile control and having stationary potentialities. Long pulse operation (67 s, 
1 MA) has been very successful, with an equivalent of 41 Wb saved. Flux consumption during current 
ramp-up is investigated, and a scaling based on 1-D theory is given and compared with experimental 
results. The existence of a stationary, enhanced performance regime (LHEP) with improved confine-
mem and reduced magnetic shear inside a high temperature gradient zone (q0 » 1.2, T& ~ 8-10 keV) 
has been found, showing complete decoupling between the electron temperature and the current density 
profiles. The beneficial effect of boron carbide coating on the ICRH Faraday screens is assessed, and 
the duration of sawtooth free periods is increased and has reached 830 ms during combined ICRH/LH 
operation. 

1. INTRODUCTION 

An important part of the physics programme on TORE SUPRA [1] is devoted 
to the study of RF heating and non-inductive current generation. The main motiva
tions for this research are to investigate the confinement properties of either fully or 
partly driven plasmas and also to provide the necessary flux savings for achieving 
long pulse operation. Profile control and, in particular, decoupling of the electron 
temperature and current density profiles are ultimate goals whose achievement may 
be necessary to ensure plasma stability in a reactor during the various phases of the 
pulse (current ramp-up, plasma heating to ignition and high /S, ramp-down and trans
former recharge), with respect to a variety of modes (sawteeth, tearing, ballooning, 
etc.). Experimental results in this area are crucial for understanding tokamak scaling 
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laws and selecting between a number of reactor scenarios. The feasibility of a steady 
state, large aspect ratio tokamak with a large bootstrap component is also to be 
assessed in the long term, and in this respect the TORE SUPRA superconducting 
tokamak is a unique operating facility. 

In this paper, we shall report on the major results obtained along these lines, at 
3.9 T, with both the lower hybrid (LH) and the ion cyclotron resonance heating 
(ICRH) systems. 

2. LOWER HYBRID HEATING AND CURRENT PROFILE EFFECTS 

2.1. Wave coupling, power handling and long pulse RF operation 

A description of the LH system can be found in Refs [2, 3], together with an 
overview of past experiments, including some important results which will not be 
repeated here. A maximum RF power of 6.5 MW at 3.7 GHz has been coupled 
through two multijunction launchers for 2 s, and the power density level in the 
waveguides reached 45 MW/m2 in some modules. In a series of coupling experi
ments in which the plasma was lying against the inner wall, the launcher has been 
pushed away from the plasma boundary up to distances exceeding 10 cm. The global 
reflection coefficient was a few per cent, and coupling was well described by 
theory [4]. 

During the longest plasma shot, the total injected LH energy reached a record 
value of 170 MJ during a 62 s LH pulse, at a power level of 2.8 MW, corresponding 
to an averaged power density of 17 MW/m2. 

2.2. LH driven quasi-stationary plasmas 

The maximum current drive efficiency, 7, was of the order of 2 x 1019 

A-m"2-W"' for a total plasma current of Ip = 1 . 6 MA and at volume averaged tem
peratures not exceeding 1.4 keV. The OH-LH synergism was still significant, giving 
apparent efficiencies of 3.5 X 1019 A-m^-W"1 below 1 MW. With n,, = 1.5 
X 1019 m~3, Ip = 1.6 MA and PLH = 4.8 MW, the plasma loop voltage dropped by 
90%. Sawteeth disappear with PLH = 2.9 MW but large m = 1 oscillations are 
present. At Ip = 0.8 MA and He = 2.2 X 1019 m~3, the loop voltage vanishes with 
PLH = 2.9 MW, giving y = 1.5 x 1019 A-m^-W"1. 

Thanks to the LH primary flux saving (41 Wb), a 67 s long/1 MA quasi-
stationary inner wall discharge has been achieved, with a one minute flat-top and a 
central density of 3.5 X 1019 m"3 [1, 2]. The plasma was vertically swept (±4 mm) 
with a 16 s period in order to spread the heat load. About 0.8 MA was due to the 
presence of LH waves, and 'ray tracing/adjoint' computations show that ripple losses 
amount to less than 1 % of the power. At a plasma current of 1.3 MA and a central 
density of 4.5 x 1019 m"3, the maximum pulse length was 42 s. 
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FIG, 2. Lower hybrid enhanced performance (shot TS962J). (a) Time evolution of various plasma 
parameters. The normalized electron pressure gradient, amax, is calculated at the radius, where a is 
maximum, but with q = q^ (b) Electron density, temperature, bootstrap current density and a pro
files during the three phases of the discharge. 

2.3. Flux consumption scaling and profile control during current ramp-up 

Transforming the usual current drive figure of merit, y, into a figure of merit 
which is machine size independent (i-res) for the resistive flux economy, A<£res, leads 
to the definition [3]: 

£res = A<£, 
/ Jo Ka "e 

It is a measure of the current drive efficiency (equivalent to 7) boosted by the effec
tive loop voltage (Veff) in the plasma. Thus, extrapolations and/or optimizations 
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regarding surface flux consumption are not straightforward on the basis of | res. A 
more appropriate scaling can be found from 0-D considerations and has been con
firmed by 1-D numerical calculations (Fig. 1), taking into account profile effects as 
well as time varying plasma boundaries. For a given current increment, AIP, around 
Ip, this scaling relates the surface flux consumption, A$surf, normalized to the induc
tive flux, A$* = LeffAIp, to the LH power normalized to the power, P*, which 
steadily drives the full current. It reads: 

A$surf \ = _2jg_ / P L H _ A 
A$* J rres V P* / 

where rIp = (dlp/Ipdt)"1, and rres = Leff/Reff, the ratio of the effective inductance and 
resistance of the plasma, is profile dependent. The left hand side represents a normal
ized flux economy with respect to the inductive flux, i.e. with the convention that 
it is positive when the plasma is 'overdriven' by the RF (PLH > P*, Veff < 0), a sit
uation which could occur in the current initiation phase, and where rIp/7res should be 
maximized (low ramp-up rate, low conductivity). 

Experiments performed at various ramp-up rates with He between 1 and 2 
x 1019 m~3 were always in the 'underdriven' regime (minimum 7ip/rres). Some shots 
are represented in Fig. 1. They were characterized by £res = 0.25 x 1019 

Wb-nr'-MJ"1 above 1 MW, whereas £res varied between 0.5 and 1.5 x 1019 

Wb-m"1 -MJ"1 for PLH < 0.5 MW [5]. The minimum achievable rIp was limited by 
MHD stability, but a stable domain exists in the (PLH, dlp/dt) plane, indicating that, 
by using an adequate amount of LH power (which increases with increasing ramp-up 
rate), the current profile can be controlled, leading to a higher internal inductance 
05) than in the Ohmic case. Highest phase velocities led to the maximum increase of 
(i. In another set of experiments, imposing a constant voltage on the primary circuit 
and 2 MW LH power, the plasma current rose freely to 2.1 MA at a rate of 
0.16 MA/s without MHD activity. 

2.4. Profile decoupling and lower hybrid enhanced performance (LHEP) 

At Ip = 0.8 MA and n,. between 2 and 3 X 1019 m"3, fully and even over
driven discharges (transformer recharge) are obtained either by applying the LH 
power ( « 3 MW) during a current ramp-down phase [6] or directly on the flat-top 
(Fig. 2a). These discharges exhibit an improved global confinement (up to 40%) with 
respect to other discharges which generally follow the Rebut-Lallia scaling [7]. Small 
sawteeth disappear as soon as the LH power is applied. ^ is larger than in the Ohmic 
phase but the current density decreases on axis where the safety factor, q, varies from 
1 to about 1.2 (polarimetry), so that there should be no m = 1 mode. Then, about 
one second after a slight decrease in the central electron density (similar to the one 
observed in some ECRH experiments), the discharge enters a stationary phase where 
the electron temperature strongly peaks within r/a < 0.4, and the central tempera-
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ture, T^, rises to about 8-10 keV (Fig. 2(b)). The central hard X ray emission 
remains constant below 150 keV (LH accessibility) and slightly decreases at higher 
energies so that a sudden increase in the central power deposition is unlikely to occur. 
Within this region, the density profile rises to become flat again, the electron temper
ature gradient increases, and the normalized (ballooning) electron pressure gradient, 
a = (2/ioRq2/B2)(-dp/dr), locally reaches 0.2 or more, depending on the local 
value of q. Then, switch-off or partial breakdowns of the RF power generally lead 
to a minor disruption, Teo suddenly crashing to its initial level while strong MHD 
activity appears. 

From the analysis of the time variation of q0 (q on axis) at RF turn-on, we 
know that the LH current profile is flatter than the Ohmic profile at the centre of the 
discharge, i.e. the magnetic shear is reduced. Simulating the effect of resistive diffu
sion on the time dependence of q0, loop voltage and 4 it is possible to estimate the 
change in the current profile, relative to an assumed (consistent with Ip, q0 and 2t) 
Ohmic profile (Fig. 3). We cannot conclude on the value of the shear, but noting that 
the maximum bootstrap current density amounts to 10-15% of the total current den
sity on axis and is localized near the maximum pressure gradient, we are led to con
sider the possibility that the observed stationary lower hybrid enhanced performance 
(LHEP) is triggered by a small — perhaps negative as in the PEP phase of JET [8] 
— shear in the central region, thanks to the total decoupling of the temperature and 
current density profiles. 

3. ION CYCLOTRON RESONANCE HEATING 

3.1. Effect of boron carbide on the antenna and heating performances 

The ICRH system (35-80 MHz) is composed of three resonant double loop 
antennas [9]. Originally, they were equipped with Faraday screens (FS) having car
bon brazed tiles. To allow long pulse operation, new FS with cooled septum, tubes 
tilted along the magnetic field and boron carbide coating have been developed and 
installed on two antennas. 4 s, 3.6 MW pulses are routinely coupled to the plasma 
with a single antenna, and even up to 4 MW have been coupled, allowing a record 
power density through the FS of 16 MW/m2 to be reached. 30 s steady state RF 
pulses have been obtained, the antenna thermal equilibrium being reached after 12 s. 
Up to 54 MJ in a pulse have been delivered to the plasma. 

Having both types of FS mounted on the machine has allowed a thorough com
parison of the two systems. The new design shows improved performance. The 
vacuum RF losses in the antenna have been reduced by a factor of four, and the 
plasma loading improved typically from 2 to 2.5 Q/m. However, the major benefit 
is a significant reduction in the total power radiated by the plasma, both in monopole 
and dipole configurations. Data from UV spectroscopy, soft X ray and visible brems-
strahlung have been analysed by using an impurity transport code [10]. They clearly 
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show that both antennas produce the same amount of carbon which accounts com
pletely for the measured Zeff (< 1.5). the different ways of behaviour of the radiated 
power are only due to heavy impurities. Their production remains quite negligible 
though and cannot account for the disruptions observed during monopole operation 
with the old FS. It was found that disruptions are due to thermal loading rather than 
to RF induced impurity production. No such limitation has been encountered with the 
new FS, and the analysis of its behaviour after five months of operation does not 
show any significant erosion of this 150 fim boron carbide coating. 

3.2. ICRH 'monster' sawteeth in Ohmic and LH driven plasmas 

When operating in the hydrogen minority heating scheme dipole configuration, 
with the resonance on the magnetic axis (±6 cm), and with reduced size inner wall 
target plasmas (R = 2.28 m, a = 0.72 m), sawtooth free periods [8] are observed. 
The range of plasma parameters in which stabilization occurs is 5e = (3-5) X 
1019 m~3, Ip = 1.3-1.7 MA, and the threshold power is 3 MW. As is seen on other 
machines, the neutron yield and plasma energy content continuously rise until saw
tooth collapse, although the central electron temperature saturates. This results in a 
15 % increase of die confinement time. 

As in JET, an m = 2/n = 1 mode grows after the collapse, preventing any new 
stabilization until it disappears (Fig. 4(a)). A number of ripple trapped fast ions are 
systematically lost at the end of the rising phase of the 'monster' sawteeth but no 
MHD activity has been detected on magnetic loops or by soft X rays during these 
losses. A possible explanation is that during the sawtooth rise, the expanding q = 1 
surface enters the ripple loss region so that hot ions originally confined within this 
flux surface are expelled from the plasma. 

Another consequence of the continuous expansion of the q = 1 surface and the 
concomitant decrease of q0 is the eventual occurrence of a sawtooth collapse. 
Preliminary experiments using LH current drive have been carried out to prevent this 
evolution by partly decoupling the current profile from the electron temperature. As 
is shown in Fig. 4(b), the duration of the sawtooth free periods increases up to 
830 ms with increasing LH power. 

4. CONCLUSIONS 

A number of interesting RF phenomena have been observed on TORE SUPRA 
concerning plasma heating, confinement and long pulse operation. Lower hybrid cur
rent profile control is thought to play an important role in primary flux saving and 
plasma stability during ramp-up. 

The injection of LH power allows strong decoupling between the central elec
tron temperature and the current density profile, leading to enhanced performance 
and improved confinement in stationary plasmas. It may also be responsible for 
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increasing the duration of ICRH sawtooth free periods to 830 ms during combined 
ICRH/LH. 

The use of tilted, boron carbide coated Faraday screens, with cooled septa, is 
highly beneficial to the overall ICRH performance. 

REFERENCES 

[1] EQUIPE TORE SUPRA, IAEA-CN-56/A-1-4, this volume. 
[2] TONON, G., EQUIPE TORE SUPRA, in Radiofreqeucny Heating and Current Drive of Fusion 

Devices (Proc. Europhys. Top. Conf. Brussels, 1992), to be published in Plasma Phys. Control 
Fusion. 

[3] MOREAU, D., TORE SUPRA TEAM, Phys. Fluids B 4 (1992) 2165. 
[4] LITAUDON, X., et al., Nucl. Fusion 32 (1992) 1883. 
[5] VAN HOUTTE, D., et al., "Resistive flux saving current profile control during lower hybrid 

waves assisted by current rise in TORE SUPRA" (Proc. Int. Conf. Plasma Physics Innsbruck, 
1992), Vol. 16C, Part H, European Physical Society (1992) 945. 

[6] HOANG, G.T., et al., ibid., Part I, p. 27 and Part H, p. 885. 
[7] REBUT, P.H., LALLIA, P.P., WATKINS, M.L., in Plasma Physics and Controlled Nuclear 

Fusion Research 1988 (Proc. 12th Int. Conf. Nice, 1988), Vol. 2, IAEA, Vienna (1989) 191. 
[8] THE JET TEAM, Plasma Phys. Control. Fusion 33 (1991) 1657. 
[9] BAITY, F.W., et al., in Controlled Fusion and Plasma Heating (Proc. 13th Eur. Conf. Schliersee 

1986), Vol. IOC, Part H, European Physical Society (1986) 161. 
[10] TFR GROUP, Nucl. Fusion 25 (1985) 981. 

DISCUSSION 

C. GORMEZANO: Have you tried combining ICRF and LHCD in full current 
drive discharges in Tore Supra? 

D. MOREAU: Not yet. We have concentrated on combined operation in the 
regime where we observed sawtooth stabilization by ICRH. This is therefore at 
higher current and densities than for the full LHCD discharge. 

W.M. NEVINS: What is the maximum power (from both ICRF and LHCD) 
that you can inject into long pulse Tore Supra discharges, and what is it that sets the 
upper limit to the injected power in such discharges? 

D. MOREAU: As regards lower hybrid power, we have launched of the order 
of 3 MW in long pulse discharges. This is a power at which we obtain reliable opera
tion for a long time. In separate discharges, 30 s ICRH pulses have been obtained 
at the 2 MW level. In both cases, this represents about half of the short pulse power 
capability of the systems. The limitations were self-imposed and related to total 
injected energy. We were trying to limit either the slight radiation increase that 
occurs at the end of these long pulses or the plasma-wall interaction on the weakest 
components (hot spots oh some badly brazed tiles and the like). 
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R.J. HAWRYLUK: The evolution of the density in the one-minute pulses in 
JET and Tore Supra is quite different. In particular, in JET, the recycling coefficient 
appears to change with time, but this does not in Tore Supra. Would you please com
ment on this and give an estimate as to how long it would take to saturate the Tore 
Supra limiter? 

D. MOREAU: Unlike the JET long pulse discharge, our one-minute flat-top 
discharge was indeed very stationary. The recycling coefficient remained below 1 
throughout the pulse, showing the large pumping capacity of the inner wall. This was 
due in particular to the preceding helium glow discharges and vessel boronization. 
In this case, saturation of the inner wall may have taken up to two minutes, but this 
will depend on the history of the machine. It is one of the objectives of the Tore Supra 
programme, and of these experiments in particular, to quantify these effects fully. 

F.C. SCHULLER: There is a great similarity between your steep temperature 
gradient results with LH and those observed in RTP with ECRH. Could it be that 
you maintain this profile long enough for magnetic diffusion to allow a central current 
density to be built up in accordance with a constant toroidal electric field over the 
plasma cross-section? 

D. MOREAU: The time evolution of the central safety factor (Fig. 3(b)) is 
indeed the result of magnetic diffusion up to complete equilibrium, that is constant 
toroidal electric field at a very low value. After this resistive diffusion the discharge 
remains stationary until a drop of LH power occurs. This generally triggers a minor 
disruption (as is also the case when we turn off the power). 
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Abstract 

ICRF HEATING ON TFTR — EFFECT ON STABILITY AND PERFORMANCE. 

With the addition of two new antennas and two radiofrequency (RF) 
generators, the TFTR ICRF system is complete. The total complement of four 
antennas and six generators is designed for 12.5 MW operation. Experiments 
with this system have been performed recently on TFTR in the low recycling 
regime to increase the performance of supershot plasmas, in a non-resonant 
regime to explore electron heating, and in high recycling discharges with 
energetic ion tails to simulate fusion alpha particles. Noteworthy results 
include: direct electron heating observed with absorption rates in agreement 
with theory; electron heating of supershot plasmas (ATeO ~ 2 keV) via energetic 
ion tails that would increase the pressure of the alpha particles in DT plasmas; 
and the first observation of the toroidal Alfven eigenmode (TAE) instability 
driven by the energetic ion tail in hydrogen minority heating. 

1 Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA. 
2 University of Wisconsin, Madison, Wisconsin, USA. 
3 Massachusetts Institute of Technology, Cambridge, Massachusetts, USA. 
4 JET Joint Undertaking, Abingdon, Oxfordshire, UK. 
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1. TFTR ICRF Research Program 
ICRP heating is employed on TFTR in support of its goal to 

explore alpha physics in two ways: first, by increasing P„ during 
DT operations either through electron heating (to increase the a 
slowing down time) or by improving MHD stability properties of 
NBI driven supershot plasmas; second, to simulate a particle 
physics in DD plasmas through energetic ion tails. In addition, 
the program explores ICRF heating regimes, such as direct 
electron heating, of relevance to future devices. To pursue these 
objectives an ICRF system consisting of four antenna boxes has 
been installed on TFTR. Each box contains two radiating poloidal 
current elements. The elements have been used with the currents 
either in-phase (monopole) or out-of-phase (dipole). The antennas 
are fed by six RF generators, two of the antennas with a generator 
per element and the other two with a single generator feeding 
both elements. A fixed frequency of 47 MHz has been employed to 
date at power levels up to 7.8 MW in L-mode plasmas. At this 
frequency, allowed heating regimes include He-3 minority 
fundamental or T second harmonic at the full magnetic field 
value of 5.2 T (R=2.45 m) and H minority heating at 3.4 T. Heating 
of NBI fueled supershot plasmas in the He-3 minority regime is 
presented in section 3. Experiments have been performed 
utilizing direct electron heating at 2.4 T and at 4.8 T. Direct 
electron heating provides an alternative to minority ion heating in 
the DT experiments that does not require a diluting minority ion 
species. ICRF heating has also been utilized to study possible 
alpha particle driven instabilities. In these experiments an 
energetic hydrogen minority tail has been observed to drive the 
toroidal Alfven eigenmode (TAE) instability. 

2. Antenna Configuration and Performance 
The original configuration of TFTR antennas consisted of 

two antennas of significantly different design[l,2]. A considerable 
difference in antenna loading impedance and hence operating 
power level was found[3]. There were several possible 
explanations for this difference, including the different k z 

spectra, toroidal location (particularly with respect to limiters), 
and radial build of the antennas. One of the antennas was rebuilt 
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to resemble the other as closely as possible and the resulting 
system performed well at power levels up to 7 MW. Remaining 
differences in antenna performance could be attributed to the 
differences in the k z spectrum[4]. The design of the two new 
antennas added for this last run period built on this experience, 
but small changes in design were incorporated. Since radial build 
appeared to be an important variable, the Faraday shield designs 
were modified to further reduce the separation between plasma 
and radiating element, including on one antenna the elimination 
of one Faraday screen layer[5]. To improve the k z spectrum of the 
antennas, the slots in the side walls were doubled in width and 
the internal septum used to mechanically support the Faraday 
screen was reduced to a skeleton consisting only of a series of 
radial rods. This change, while improving the purity of the k z 

spectrum, led to a factor of three increase in the mutual coupling 
between radiating elements, which renders it more difficult to 
phase these antennas other than in monopole or dipole. Finally, 
the Faraday screen elements are slanted at an angle of six 
degrees to align with the total magnetic field for typical operating 
conditions. 

Since only six RF sources are available, each of the new 
antennas is fed from a single generator with the power division 
and phasing being accomplished with external resonant 
transmission line sections. This fixes these antennas in the 
dipole phasing configuration. In the limited operating time to 
date, both of the new antennas have performed at power levels of 
over 2 MW with peak antenna voltages of 25 kV. In comparison, 
the original antenna with the same toroidal width, operated at the 
same power level, has a peak voltage of 32 kV, leading to the 
conclusion that the reduced radial build of the antennas has 
increased antenna-plasma coupling. A total power of 7.8 MW has 
been delivered to a TFTR plasma by the four antennas. 

3. ICRF Heating of Supershot Plasmas 
The principal goal of ICRF heating on TFTR is to enhance 

performance of plasmas during the DT physics phase of 
operations. Since the highest reactivity discharges are obtained in 
the NBI fueled supershot regime, ICRF heating was combined 
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with these discharges. Supershots were first achieved by intense 
NBI heating of a low density target plasma with major radius of 
2.45 m and minor radius of 0.8 m[6]. To couple the ICRF power, it 
has been necessary to develop supershot plasmas at larger major 
and minor radius (R= 2.6 m, a= 0.99 m) so that the outer plasma 
boundary is within 1-2 cm of the ICRF antennas. Though initially 
supershot performance in these large plasmas was not as good as 
in the smaller plasmas, good supershot performance (in terms of 
plasma reactivity) has now been achieved in large plasmas[7]. 
The target plasma for supershots is fueled only by recycling from 
the limiter. Upon injection of the beams, the density rises rapidly 
and reaches a plateau in -0.3 s. During the density rise, it is 
difficult to couple RF power because of the change in loading 
impedance (the average level of which changes by a factor of five 
to six) and the eigenmodes observed during He-3 minority 
heating. RF power is applied during the flat top portion of the 
discharge to increase the electron temperature, which will, in DT 
plasmas, increase the a slowing down time and hence P„, and to 
stabilize the sawtooth instability. Though ordinarily sawteeth do 
not limit supershot performance, operation at the highest power 
levels of NBI and with a significant amount of alpha energy may 
require larger values of plasma current to avoid the observed P 
limit[8]. In Fig. 1, the effect of efficient RF heating of the electrons 
in the core of the discharge is shown. The addition of 4.5 MW of 
ICRF power in the He-3 minority regime is seen to increase the 
central electron temperature by 2 keV. In comparison, the overlay 
shot with 5 MW of additional NBI power is 1 keV lower in central 
electron temperature. While the DD neutron emission for the two 
discharges is comparable, in a DT plasma the central Pa will be 
higher with the ICRF heating, thereby allowing study of alpha 
particle physics over a wider range of Pa. When ICRF heating is 
applied in the H minority mode to a deuterium plasma, an 
increase in neutron emission is observed. TRANSP simulations 
and Fokker-Planck calculations indicate that this increase is due 
to second harmonic heating of the deuterium beam ions. This 
increase would not be as pronounced in a DT plasma where the 
beam injection takes place near the peak of the DT fusion cross 
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section. It must be noted that the effect of ICRF heating on DT 
supershot plasma performance cannot be inferred from just the 
behavior of the DD neutrons since, while the alpha particle 
slowing down time depends strongly on the electron temperature 
in high power discharges where the electron temperature is near 
10 keV, the deuterium beam particle slowing down time is nearly 
insensitive to the electron temperature in this range. Therefore, 
simulations such as those provided by TRANSP are required to 
fully evaluate the expected DT performance with added ICRF 
heating. 

4. Direct Electron Heating Experiments 
Direct electron heating offers an alternative to the normal 

ion resonant methods. It can be particularly attractive in DT 
experiments on TFTR since it does not require the addition to the 
plasma of a minority species which can deplete the reactive ion 
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species, and furthermore, in the case of He-3 minority heating, 
the presence of energetic He-3 ions can make alpha diagnostic 
measurements difficult. In addition, direct electron damping 
may lead to a viable current drive scenario for future steady-state 
operation. Direct electron heating experiments have been carried 
out in two regimes of operation. Results are comparable to those 
seen in previous work[9,10]. In order to maximize the electron 
heating, which is relatively weak, it is necessary to avoid ion 
cyclotron resonances in the plasma. In the low field regime, B T = 
2.3 T, the competing ion resonances include the fundamental 
hydrogen resonance at the high field edge, the second harmonic 
He-3 resonance at the center, and the third harmonic deuterium 
resonance, 0.4 m to the low field side of the plasma center. In the 
high field regime, Bi>= 4.8 T, the competing resonances include 
the deuterium fundamental and shear Alfven resonances near 
the high field edge and the He-3 fundamental resonance at the 
plasma center. 

Experiments were conducted in the low field regime with 
He-3 as the majority ion species. The RF power was 100% 
modulated with a 4 Hz square wave. The time evolution of the 
electron temperature indicated that significant direct electron 
heating was taking place. This heating was analyzed by two 
methods. First the power deposition profile was inferred from 
using the equation qe= 1.5neA(dTe/dt) where A(dTg/dt) is the 
change in the electron temperature slope at the time of RF power 
transition, assuming that at these times the electron heat 
transport does not change and that there is no discontinuity in the 
electron density. The second technique involves a Fourier 
Transform (FT) of the electron temperature data. Good agreement 
between the two methods indicates that the time scale of the 
modulation is faster than the characteristic times of energy 
transport. The results are consistent with the superposition of a 
broad profile and a centrally peaked profile from transit-time 
magnetic pumping (TTMP) and electron Landau damping (ELD). 
Measurements of the ion temperature evolution using charge 
exchange recombination from carbon ions show only a small 
response to the RF modulation, indicating that the second 
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FIG. 2. Direct electron heating of a supershot plasma is observed with modulated RF power in a D 
plasma with no minority species present (Bj(0) ~ 4.7 T, fgp = 47 MHz, R = 2.82 m). 

harmonic He-3 cyclotron absorption is weak. Measurements with 
a vertically viewing neutron collimator indicate that some third 
harmonic deuterium absorption is taking place on the doping 
beam used for the ion temperature measurement at a minor 
radius of 0.3 m. The measured volume integrated power absorbed 
by the electrons is found to be 30%-50% of the modulated power. 
The remaining power is presumed to flow to the ion resonances, 
especially the hydrogen fundamental layer near the inner plasma 
edge. 
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FIG. 3. Power deposition profile analysis and volume integrated power at time 3.6 s of Fig. 2. 

High field experiments, BT= 4.8 T, were conducted in the 
He-3 minority regime with no He-3 present. In this case, the only 
ion resonance present is the deuterium majority resonance on the 
high field side, where damping is expected to be weak, so the 
electron damping should totally dominate the results. A 5 Hz 
square wave modulated 1.5 MW RF pulse was applied to a 24 MW 
NBI preheated supershot plasma (Fig. 2). The time evolution of 
the central electron temperature (R = 2.82 m) shows a strong 
modulation. At these high toroidal fields, theory predicts that a 
large target p e is required for good absorption. This is provided by 
the NBI heating. The electron temperature response was again 
analyzed by the two methods described above and the results are 
shown in Fig. 3. Again, a strong centrally peaked electron 
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absorption is observed. Both calculations indicate that 60% of the 
power is absorbed centrally on electrons. The FT analysis has 
insufficient signal to calculate deposition further out in radius 
while the discontinuity analysis implies that an additional 20% of 
the power is absorbed in the outer half of the plasma. Central 
electron temperature increases of up to 1.5 keV were observed in 
this mode indicating that, since no diluting minority is required, 
it may be a viable alternative to He-3 minority heating for DT 
experiments. 

5. Observation of MHD Modes Driven bv RF Tail Ions 
Energetic ICRF minority tail ions are a good candidate to 

simulate alpha particle physics. In particular, alpha particle 
driven instabilities which require MeV energies can be 
approximated by ICRF heated tails which can reach the MeV 
range. One class of alpha driven instabilities that is of particular 
interest is the TAE instability. This instability has been observed 
at low toroidal field strength, driven by passing NBI ions in the 
100 keV range[ll,12]. This instability has also been predicted to be 
driven by energetic trapped ions as well[13]. Experiments have 
been conducted in gas fueled L-mode discharges with ICRF 
heating of a hydrogen minority at BT= 3.4 T, I = 1.4 MA, and 
<ne> = 1.5-3 xlO19 m"3. An instability is observed with the Mirnov 
coils and microwave reflectometer, shown in Fig. 4, at an RF 
power level of 5.2 MW. Several closely spaced frequencies are 
observed. For power levels near the threshold of 3 MW the 
instability appears -100 ms after the RF power is applied. This is 
consistent with the time needed to build up the energetic ion tail to 
exceed the instability threshold. As expected, this time lag 
shortens at higher RF power levels. Detailed magnetic 
measurements suggest that the threshold can, alternatively, be 
characterized by requiring that the stored tail energy exceed ~100 
kJ. The frequency spectrum of the instability is quite narrow. The 
frequencies are consistent with the TAE mode frequency 
co=v^/2qR for n e evaluated near q=1.5. The instability frequency 
varies inversely with the square root of density as expected. The 
multiple frequencies are assumed to be due to multiple poloidal 
and toroidal modes being simultaneously present. The inability to 
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FIG. 4. Observation of TAE mode at 170 kHz driven by RF tail ions, (a) Time evolution ofMirnov sig
nal data, (b) frequency spectrum of density fluctuations near plasma center (r ~ 10 cm), as measured 
by a microwave reflectometer. 

uniquely determine a mode number from the Mirnov coils 
supports this conjecture. The fast ion loss probes measure an 
increased signal whose envelope corresponds to the envelope of 
the Mirnov oscillations (Fig. 5). Note the clear threshold as the 
power level is increased from 2 to 3 MW. Estimates of the power 
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FIG. 5. Correlation between lost energetic particles and TAE mode amplitude. A clear threshold is 
seen as the power level is increased above 3 MW. (a) Signal from lost particle probe located 45° below 
outer midplane, (b) amplitude ofMirnov oscillations between 150 and 200 kHz, (c) central soft x-ray 
signal, (d) 1CRF power waveform. 

lost in fast ions indicate that only an insignificant amount (~50 
kW) is required to agree with the probe signals. This is in 
agreement with the global energy balance which shows no 
additional degradation in energy confinement over the normal L-
mode power dependence. The oscillation can be modulated by 
other MHD modes present, such as sawtooth and m=l 
oscillations. This modulation may be due to the variation of the 
energetic ion pressure gradient. All of these features are similar 
to the NBI driven TAE modes previously observed in TFTR[11]. 
Based on our current knowledge of the wave damping physics, 
collisional damping due to electrons near the trapped/passing 
boundary should be the dominant damping mechanism for our 
experiment. If this is correct, then theory predicts that at full 
magnetic field ~500 kJ of tail energy would be required to 
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destabilize the mode. This level should be achievable in He-3 
minority heating experiments, allowing an even closer 
simulation of DT alpha parameters. It should be pointed out, 
however, that as the background ion beta is increased, ion 
Landau damping may become important and further damp the 
mode. 

6. Summary 
ICRF experiments on TFTR have been extended by utilizing 

two new antennas and additional RF power. A new maximum 
power level of 7.8 MW has been achieved. ICRF heating of 
supershot plasmas has efficiently increased the electron 
temperature in DD plasmas. These increases extrapolate to 
increases in ($„ in DT plasmas. Direct electron heating has been 
observed in low and high toroidal field regimes where ion 
resonances have been placed only in the periphery of the plasma. 
In this regime, as much as 80% of the RF power can be damped 
directly on the electrons. Excitation of the TAE mode has been 
observed in L-mode discharges in minority heating experiments 
which produce an energetic trapped ion population. 
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DISCUSSION 

T.A.K. HELLSTEN: Have you estimated what fraction of the heating power 
is lost through excitation of the TAEs? 

J.R. WILSON: Estimates of the amount of power flowing to the lost particle 
probes indicate that —50 kW of power flows to the probes for 3 MW of ICRF power 
injected. This is consistent with magnetic measurements of the total stored energy, 
which shows no further degradation with power than is usual for the L mode. 
However, there is some indication that the fast particles are being redistributed within 
the plasma, thus reducing central heating efficiency. 

H.L. BERK: What are the jS values of the trapped energetic particles and the 
background plasma? 

J.R. WILSON: The 0 value of minority trapped particles is ~5 X 10"4 to 
10"3, the /? of the electrons is ~2.5 times greater, and the /3 of the background ions 
is approximately equal to the /3 of the minority. 

H.L. BERK: As you assume w-drift is of the order of w-bounce, what assump
tion have you made for the m value? 

J.R. WILSON: We have assumed that the mode numbers are in the range 5-8. 
This is consistent with the inability to distinguish a mode from the Mirnov coils. 

B. COPPI: What factor made you decide that the TAE was driven by the 
trapped particle population? 

J.R. WILSON: The instability threshold is better characterized by an excess 
perpendicular stored tail energy of 2:100 kJ. The power level of the threshold can 
vary somewhat under various conditions, but the presence of such a perpendicular 
excess is required. 
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Abstract 

NEW FEATURES OF ION BERNSTEIN WAVE HEATING IN THE JIPP T-IIU TOKAMAK. 
An ion Bernstein wave (IBW) heating experiment was conducted in the JIPP T-IIU tokamak. A 

relatively high frequency, 130 MHz, was used to reduce the impurity influx, and an IBW power of up 
to 400 kW was injected without plasma disruption. It was found that the radial profiles of electron den
sity, electron temperature, and ion temperature are all peaked during IBWH. It was-also found that the 
ion distribution function does not have a high energy tail above a certain critical energy. These are 
favourable and useful features in optimizing fusion reactivity in reactor applications. 

1. INTRODUCTION 

Several experiments were conducted to demonstrate IBW heating in tokamaks 
in the past several years [1-7]. Some of these experiments prove that IBWH works, 
and unique impact on plasma confinement has been reported [3,4]. However, there 
were other recent experiments that did not always reproduce these results [6, 7]. 
Further experimental studies are therefore needed in order to improve our under
standing of the physics of IBW heating. The difficulty in IBWH may partly be 
attributed to the delicate physics of wave launching [8, 10]. We further assume, in 

1 Department of Engineering, Kyoto University, Kyoto, Japan. 
2 Department of Applied Physics, Chubu University, Kasugai, Japan. 
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this paper, that the impurities, which were to some extent problematical in these 
experiments, may be another reason why previous experiments were inconsistent. 
This idea combined with the following model of impurity generation [11], made us 
choose an IBWH experiment at a high frequency of 130 MHz. A particle in an elec
tric field with frequency w was a velocity v, an equivalent energy e, and excursion 
length i; of the following form: 

qE 1 / qE V qE 
v » , e « —- m I , £ « — j (1) 

m« 2 \ mco / mar 

These expressions, with their inverse powers of w, suggest a prescription for reduc
ing the impurity problem by higher frequencies. High frequency also reduces non
linear effects such as ponderomotive potential and ionization. 

2. EXPERIMENTAL RESULT 

The toroidal magnetic field, B„ at the plasma centre is 3 T, and hydrogen is 
used as working gas. With this experimental set-up, the third cyclotron frequency is 
located at the plasma axis and the fourth harmonic layer behind the antenna. We are 
thus exploring a new regime of IBWH (third hydrogen cyclotron IBW branch), which 
is another interest we take in the present experiment. The antennas are three T-shaped 
Nagoya type-Ill coils in a toroidal array. The experiment was conducted in the 
density range of n,. = (2-6) x 1013 cm -3 . 

The experiment has demonstrated that IBW heating also works in the new 
regime of IBWH. To confirm this point, efforts were made to elaborate the diagnos
tics. A detailed ion temperature profile was measured by using charge exchange 
recombination spectroscopy [12]. A significant rise in the central ion temperature 
occurs during IBWH, even with simultaneous doubling of the central electron density 
(from 3.7 x 1013 cm - 3 to 7.5 X 1013 cm"3). As is shown in Fig. 1, the central ion 
temperature rises by a significant amount over that of an NBI heated target plasma. 
As is clearly seen in this figure, the ion temperature profile of the IBW heated plasma 
is peaked. The profile peaking is not limited to the ion temperature profile. Detailed 
profile measurements revealed similar peaking features of both plasma density and 
electron temperature profiles. Figure 2 shows the electron temperature profiles with 
and without IBWH. Here, gas puffing was applied for the shots without IBWH to 
simulate the density rise of the shots with IBWH. In this comparison with the same 
density, the effect of IBWH is even clearer, creating a marked difference in the cen
tral electron temperatures. Particularly, density peaking is noted in the comparison 
of two far infrared (FIR) interferometer signals viewing centre and periphery of the 
plasma (see Fig. 3). Improvement of particle confinement on the application of IBW 
has been reported in the PLT [3] and ALCATOR [4] experiments. The present 
experiment in JIPP T-IIU has confirmed that Ha decreases at least around the 



IAEA-CN-56/E-2-3 677 

1 

0 . 8 

H - 0 . 4 

0.2 

0 

0.8 0.9 1 1.1 1.2 
Maior Radius [m] 

FIG. 1. Ion temperature profiles ofNBI heated target plasma and IBW heated plasma. 
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FIG. 2. Electron temperature profiles with and without IBWH. Gas puffing was applied to the 'without 
IBWH' case to obtain the same averaged electron density as in the 'with IBWH' case. 

antenna. The peaking of the electron density profiles described above indicates an 
improvement of particle confinement in the interior of the plasma. 

In the past experiments ([1, 2]; 40 MHz IBWH), impurity accumulation 
occurred, causing plasma disruption and preventing a successful run at power levels 
higher than 100 kW. In the present experiment, an injection power of 400 kW was 
readily achieved. This difference by a factor of four indicates a better performance 
of high frequency IBWH with respect to the impurity problem. The index of the 
density peakedness, k, defined as some power of the parabolic profile, is plotted in 
Fig. 4. The sequential change of k shows that the density profile broadens on applica
tion of NBI to the Ohmic plasma, peaks when IBW is superposed and peaks further 
in the IBW-only phase after NBI has come to an end. 
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FIG. 3. Line integrated density of various lines of sight measured with FIR interferometers; central to 
peripheral chords from top to bottom. 

As another important observation in the experiment, we note that no high 
energy ion tail is produced during IBWH. The energy distribution measured with 
FNA is shown in Fig. 5. Although the tail grows with increasing injection power the 
distribution function drops above a certain energy level. This feature is quite different 
from that in other ICRF heating regimes and may be explained in terms of the quasi-
linear Fokker-Planck RF diffusion model which accommodates third cyclotron 
harmonic damping, i.e. 

with 

df = 

3t 

Q(f) = 

C(f) + Q(f) 

pZ2e 2 a2 

2m21 k, 

d v2n2 df 
^ 2 _ ) J ( z ) | 2 8 ( v ( r e s ) ) _ ^ _ 

7J- v, 9v, 

(2) 

Here, C(f) is the collision operator and Z = {kx\i_loi{)2. For higher harmonic ion 
Bernstein waves (n = 3), k± > p{ holds, and the Bessel function in Eq. (2) is better 
approximated by an asymptotic than by a power expansion, i.e. the strength of the 
wave-particle interaction is reduced with increasing ion energy. Therefore, the high 
energy tail drops off above a certain critical energy. 
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FIG. 5. Ion energy distribution function of IBW heated plasma. 

3. CONCLUSIONS 

An IBWH experiment using higher frequencies than before was carried out as 
a new attempt to alleviate the impurity problem. The validity of this idea was con
firmed by the fact that an IBW power four times higher than that used in previous 
experiments was injected without causing plasma disruption. 
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One of the unique features of IBWH is that the ion and electron temperatures 
and, in particular, the density profile display pronounced peaking. Another interest
ing property revealed in this experiment is that IBWH does not produce a high energy 
tail. 

These new features will be useful in optimizing fusion resistivity. 
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DISCUSSION 

C. GORMEZANO: With reference to your electron heating data, is electron 
heating due to improved confinement or to direct interaction with the wave? 

T. WATARI: Theory predicts that most of the RF power is absorbed by ions. 
As it is difficult to distinguish between electron heating and ion heating because of 
their collisional energy relaxation, we cannot discuss the change in xe as such. 
However, it is clear that Te and/or Tj are heated directly. Improvement of energy 
confinement occurs at the plasma core, so its contribution to global confinement is 
not very large. 

R.J. GOLDSTON: In your presentation you showed a nice plot of Te(r) with 
IBW versus Te(r) without IBW (Fig. 2). In the no-IBW case you puffed gas to raise 
the density to the IBW level. What was Zeff in both cases? 

T. WATARI: We are unable to give a comparison of those values because the 
Z-meter was not adequately calibrated in this experiment. However, other experi
ments on JIPP T-IIU lead us to believe that gas puffed shots have a smaller Z-effec-
tive value than IBW shots. 

F. WAGNER: JIPP T-II can operate in the improved Ohmic confinement (IOC) 
regime under Ohmic heating conditions. The improved regime you reported also 
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shows peaked density profiles. This leads me to speculate that the improved regime 
is an auxiliary heated IOC regime where the excessive IBWH radiation reduces the 
power flux across the last closed flux surface and, as a consequence, reduces the edge 
density. This might lead to a peaking of the density and thus to improved 
confinement. 

T. WATARI: I am not very familiar with the IOC mechanism but will try to 
answer you as best I can. As far as I know, IOC is a transition from a broad profile 
to a peaked profile discharge and is often triggered by the termination of gas puffing. 
The improved confinement that we are looking at in the present experiment resembles 
IOC from the profile peaking point of view. However, if it is to be called 'auxiliary 
heated IOC, there should be something like a threshold power which triggers the 
transition. We did not find such a threshold and so I tend to think that it is not IOC. 

If it is IOC, however, I would suggest the following effects as the possible 
cause: (1) ponderomotive force around the antenna; (2) electron heating at the plasma 
edge; (3) momentum input from the wave to the plasma, since the IBW wave is 
reflected as it propagates; (4) centrally peaked power deposition. 

M. ONO: May I add that, in the JIPP T-IIU IBW experiment, we can see the 
direct effect of heating from the initial rise of the diamagnetic signal. The heating 
efficiency can vary from 0.4 to 10, depending on the target plasma. The diamagnetic 
signal continues to rise during IBW. We believe that this slower time evolution is due 
to the effect of confinement improvement. 
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Abstract 

DIRECT ELECTRON HEATING AND CURRENT DRIVE WITH FAST WAVES IN DIII-D. 
Experiments on the DUI-D tokamak have been performed to evaluate noninductive current drive 

with direct electron absorption of the fast Alfven wave (FW) in the ion cyclotron range of frequencies. 
These experiments have employed a 2 MW 60 MHz transmitter connected to a four-element toroidally 
phased array of loop antennas located at the outside midplane of the DIII-D vacuum vessel. Efficient 
direct electron heating was obtained with (0, tr, 0, r) antenna phasing; H-mode confinement was 
obtained with direct electron absorption of the fast wave as the sole source of auxiliary heating. Current 
drive experiments were performed with (0, ir/2, it, 37r/2) antenna phasing at fast wave power levels 
up to 1.2 MW. Preheating with 60 GHz ECH was used to increase the single-pass absorption of the 
fast wave with a directive spectrum. When the fast wave is launched in the direction that aids the induc
tively driven current (co-current drive), up to 40% of the 0.4 MA plasma current is sustained noninduc-
tively. Counter-current drive strongly affects the sawtoothing behavior, and results in highly peaked 
electron temperature profiles (Te(0) S 6 keV) but much smaller driven currents. 

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

Active control of the current density profile has become an important area 
of tokamak research. Regimes characterized by improved energy confinement 
have been obtained by rapidly modifying the plasma current [1] or the discharge 
shape [2] to change the current profile. These experiments have used only induc
tive current drive, so that the improvement in confinement decays on the current 
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diffusion time scale. Extremely high values of central f3 (44%) have been obtained 
in DIII-D and found to be associated with an unusual current profile [3], with a 
region of negative shear around the center of the discharge. This current profile 
was achieved only by careful timing of the neutral beam injection, current ramps, 
and simultaneous shaping changes. The VH-mode of improved confinement in 
Dili—D also appears to be correlated with an unusual current profile [4], in this 
case a region of low shear near the edge of the discharge. The use of noninductive 
current drive techniques may allow extension of these high confinement regimes 
to the steady-state. Several experiments along these lines to date have employed 
lower hybrid current drive (LHCD). In completely noninductively driven dis
charges, the current profile near the center has been modified, influencing the 
sawtooth behavior and the confinement properties of the discharge. Strongly 
peaked electron temperature profiles were observed in LHCD plasmas in PLT [5] 
and ASDEX [6] when the sawteeth and m = l activity were suppressed. The effect 
on the confinement has been demonstrated to be linked with the different current 
profile obtained in high power LHCD discharges, compared with the "natural" 
Ohmic profile [7]. In this regard, it is important to note the difference between 
inductively and noninductively driven discharges: in the latter, the current profile 
can be decoupled from the electron temperature profile, permitting investigation 
of a new set of tokamak operational regimes. 

Thus, current profile control by noninductive current drive is a key feature 
of the DHI-D experimental program. The principal method of central current 
drive under study is direct electron current drive by fast Alfveh waves in the 
ion cyclotron range of frequencies, henceforth referred to as Fast Wave Current 
Drive (FWCD). In this technique, a directive wave spectrum is launched by a 
phased array of loop antennas, analogous to the phased waveguide arrays used in 
LHCD experiments. Just as in the LHCD case, the wave energy is absorbed by 
electrons satisfying the resonance condition V|| = w/k\\ (in which Aj|| = k- B / | B | is 
the component of the wavevector along the static magnetic field). However, the 
low electric field of the fast wave along the toroidal field leads to a much weaker 
absorption of the fast wave than of a lower hybrid wave of the same parallel 
phase velocity, so the fast wave can penetrate to the center of a large, hot plasma 
without being damped in the periphery. To obtain large single-pass absorption 
of the fast wave requires a high electron temperature, which can be achieved 
in DIH-D with the electron cyclotron heating (ECH) systems. Competing ion 
absorption at cyclotron resonances is avoided by operation at high harmonics or 
by keeping the cyclotron layers out of the central zone of the plasma. 

Both the four-element toroidally-phased array of loop antennas used to 
launch fast waves in these experiments [8] and the power division and phas
ing control system [9,10] have been described. Coupled power levels of up to 
1.5 MW have been achieved using a single 60 MHz transmitter. Antenna phas-
ings of (0,0,0,0) and (0,7r, 0,7r) have been used for electron heating experiments 
without the additional complication of achieving balanced antenna currents with 
asymmetric phasings. This difficulty has been overcome for the current drive 
experiments, permitting phasings of (0,7r/2,7r, 37r/2) [current drive phasing] and 
(0, — 7r/2,7r, —37r/2) [counter-current drive] with equal currents in the four anten
nas, despite the strong mutual coupling between the elements. 60 GHz electron 
cyclotron heating (ECH) at power levels between 0.4 and 1.2 MW has been em
ployed for preheating at toroidal fields of 2.1 T (fundamental) and 1.1 T (2nd 
harmonic) with X-mode launched from the inside wall. In these experiments, the 
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neutral beams have been used only for short pulses (10-20 msec) to obtain ion 
temperature profiles from charge exchange recombination spectroscopy. 

Two series of experiments are described in the remainder of this 
paper. In the first series of experiments, symmetric antenna phasings were used 
to study direct electron heating with the fast wave. Because ECH preheating 
was not used in this phase of experiments, a relatively wide range of toroidal 
field strengths and plasma densities were studied in this phase of the work. The 
second phase of the experiment used only the current drive and counter-current 
drive phasings, and were limited to either 1 or 2 T, so that ECH could be used 
effectively. Due to the limited power levels, and, at 1 T, the rather low cut
off density for 2 fie ECH, line-averaged densities were kept below approximately 
2 X 1019m~3. Plasma current levels between 0.4 and 0.8 MA were used in the 
current drive experiments; the loop voltage is always feedback controlled to keep 
the total plasma current constant at the desired level, so that in all cases studied 
to date, a residual dc toroidal electric field remains during rf injection. Deuterium 
discharges with a hydrogen fraction of less than 3% have been used for all of the 
electron heating and current drive studies. 

2. DIRECT ELECTRON HEATING WITH FAST WAVES 

Heating experiments [11] were performed using the symmetric antenna phas
ings (0,0,0,0) and (0,7r,0,7r) to measure the efficiency of direct electron absorption 
by Landau damping and transit-time magnetic pumping in the range of high ion 
cyclotron harmonics (w = 4 Op— 80x>). The coupled spectrum with (0,7r,0,7r) 
phasing peaks at a parallel index of refraction of |nj| | ~ 9, with a half width 
at half maximum of about Ara|| ~ 2. Measurements of the antenna loading re
sistance as the distance between the antenna and the plasma surface is varied 
show that the average ny of the coupled power is in agreement with calculations 
using the antenna geometry and Thomson scattering measurements of the edge 
density profile. When the toroidal effect on tin is accounted for (n\\R = con
stant), the single-pass absorption is maximized for electron temperatures in the 
2-5 keV range, so that absorption should be non-negligible even for typical Ohmic 
discharges in DIII-D at low density (Teo — 1.5keV). However, ray tracing calcu
lations using the experimentally determined profiles show that the absorption on 
the first pass is fairly weak even at this high n\\. First pass absorption ranging 
from 5%-30% is predicted, proportional to J3y3 [12]. Despite this weak first-
pass absorption, the global energy confinement time during fast wave injection 
was observed to be in accordance with the ITER-89 L-mode power law for TL, 
assuming all of the coupled fast wave power is absorbed, as is shown in Fig. 1. 
(This scaling law has been shown to reproduce the measured energy confinement 
time for ECH discharges and neutral beam heated discharges in DIII-D.) This 
indicates either that efficient multiple-pass absorption occurs or that some other, 
unknown damping mechanism is operative. 

The observed absorption efficiency does not depend on the toroidal field, 
while the calculated single-pass electron absorption, also shown in Fig. 1, is six 
times stronger at 1 T than at 2 T. Full wave code calculations show that even at 
2 T, where the second harmonic hydrogen resonance passes through the magnetic 
axis, the direct electron damping is about five times stronger than the proton 
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absorption for the experimental conditions. At lower toroidal field values, the 
hydrogen absorption is negligible. 

Though substantial increases in the central electron temperature were ob
tained at all values of toroidal field, efficient central electron heating was observed 
only when the ohmic target plasma had a central electron temperature above a 
threshold of around 1 keV. If this result is expressed in terms of the calculated 
first pass absorption, it appears that a minimum first pass absorption of a few 
percent is necessary for efficient central electron heating. The deposition profile 
of the FW power was 
measured by a pulse 
modulation technique 
[13]; the resulting high-
peaked deposition pro
file is in reasonable 
agreement with full 
wave calculations [14] 
performed using the 
FISIC code. 

H-mode discharg
es were obtained with 
fast wave direct elec
tron heating (u = 8 Ctjr,, 
so that ion cyclotron 
absorption is certainly 
negligible) as the sole 
form of auxiliary heat
ing [11]. Achievement 
of H—mode with a pow
er threshold somewhat 
lower than the thresh
old for H-mode with 
neutral beam injection 
or ECH again suggests 
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FIG. 1. Energy confinement time (O) normalized to the 1TER-89 
power law scaling as a function of toroidal field in FW heated 
discharges f(0, T, 0, ir) antenna phasing, R = 1.86 m, 
a = 0.48 m, Ip = 0.3 MA, ne = 2.5xlO19 m~J, K = 1.4]. Also 
shown is the first-pass absorption calculated using the measured 
profiles (•). 

nearly complete absorption of the rf power. The enhancement in energy confine
ment for H-mode discharges with FW electron heating ranged from TH/TL ~ 1.5-
2.0, with the larger confinement enhancements at higher FW power levels. Quasi-
steady-state ELMing H-mode periods as long as 1.35 sec were produced in some 
of the discharges with fast wave heating only. 

3. FAST WAVE CURRENT DRIVE EXPERIMENTS 

FWCD experiments have been performed with the directional phasings 
(0,±7r/2,7r,±37r/2) at launched power levels in excess of 1 MW [15]. For these 
phasings, the coupled spectrum is characterized by a peak parallel index of re
fraction |n|| | ~ 5 ± 2. That the coupled spectrum was indeed peaked at this value 
of ni| was verified by measuring the decay rate of the antenna loading resistance 
as the distance between the antenna and the separatrix distance was increased. 
The global heating efficiency with this antenna phasing was the same as that of 
2 fte ECH at 1 T, as is shown in Fig. 2. Considering the poor first pass absorption 
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expected at this low value of |ri|||, and the fact that the single-pass absorption 
of the ECH power under these conditions is nearly 100%, this result again indi
cates efficient multiple-pass absorption of the fast wave. Energy confinement with 
counter-FWCD is about 10% better than that obtained with co-FWCD. This may 
result from the different current profile obtained in that case (see below). 

Substantial electron heat
ing and decreases in loop volt
age (the total plasma current 
is held constant by feedback 
control) were observed during 
FWCD at toroidal fields of 1.0 
and 2.0 T, with or without ECH 
preheating. The level of non-
inductive current drive is mea
sured by comparing the plasma 
resistance determined from the 
loop voltage and toroidal cur
rent with that calculated from 
neoclassical resistivity [16]. In 
the calculation, full measured 
profiles of n e , Zen, Te, and Tf 
are utilized. This technique 
was benchmarked by compar
ing the predicted and observed 
loop voltages in ohmic and neu
tral beam heated discharges. 
Agreement within ~0.03V is 
typical. 

The largest fractions of 
noninductively driven current 
were observed with BT = I T , and n , = 1.0 X 1019m~3 with ECH preheating. 
Up to 0.16 MA of noninductively driven current was observed, with a total Ip = 
0.40 MA. A typical discharge of this kind is shown in Fig. 3(a), along with a 
comparison of the observed loop voltage with a time-dependent calculation of 
the loop voltage predicted from the measured profiles and neoclassical resistivity. 
The calculation includes the bootstrap current, so that the difference between 
the measured loop voltage and the calculated value indicates the rf-driven current 
(ECCD-f FWCD). Without ECH preheating, under otherwise similar conditions, a 
noninductive current (the sum of the FWCD and the bootstrap current) of about 
0.135 MA was obtained. Both with and without ECH, the bootstrap current 
contribution is calculated to be 40 kA. The two filled-in squares in Fig. 3(a) 
show the results of a calculation of the loop voltage based only on the observed 
profiles at those two times. The agreement between the time-dependent and 
"snapshot" calculations of the surface voltage was found to be usual for co-current 
FW injection, indicating that the electron temperature and ohmic current profiles 
evolve slowly enough that the loop voltage at the surface of the plasma is always 
equal to the voltage near the magnetic axis. This behavior was found to be quite 
different in the counter-current drive case, as is shown below. However, for both 
co- and counter-F WCD, effects resulting from back-emfs have not been taken into 
account; for co-FWCD with ECH preheating, the current drive efficiency may be 
somewhat underestimated for the relatively short ECH pulses employed to date. 
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are coupled FWand ECHpower, along with the timing of short diagnostic neutral beam pulses, the central 
electron temperature as measured by 2 fie electron cyclotron emission, the effective ion charge Z, the 
line-averaged electron density, the measured surface voltage (0), and the calculated surface voltage assum
ing no rf current drive (solid line). Also shown is the "snapshot" calculation of the surface voltage (filled 
boxes), (b) Behavior of an ECH preheated discharge similar to that of (a), except with counter-FWCD. 

A discharge with counter-current FW injection is shown in Fig. 3(b). The 
ECH antennas are at a fixed angle with respect to the plasma current, so that any 
ECCD is in the co-current direction in both cases. When the FW power is injected 
after ECH preheating, the central electron temperature rapidly increases to 4 keV. 
This sudden rise results from partial stabilization of the sawteeth, which was never 
observed in the co-CD cases. The stabilization may result from counter-current 
drive near the axis momentarily increasing the safety factor above unity near the 
center of the discharge. The central temperature drops very abruptly at the end of 
the sawtooth stabilized period. The rapid changes in central temperature cause 
the loop voltage at the surface not to be equal to the value near the magnetic 
axis, as is evident from the disagreement between the two methods of calculating 
the surface voltage in this phase of the discharge. When the time-dependence is 
properly taken into account (solid curve), the net current drive in the combined 
ECH+FW portion of the discharge is found to be + 3 5 ± 3 5 k A , the slightly positive 
value presumably resulting from the co-ECCD; in the FW-only portion of the shot, 
no net current drive was observed. 

Apart from the gross difference in the level of current drive, other, more 
subtle, differences between co- and counter-FW injection were observed. The 
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difference in sawtooth behavior has already been mentioned. In the co-FWCD 
cases, the minor radius of the g = 1 surface, determined from the soft X-ray 
signals, increases with the level of driven current from about 12 cm in the ohmic 
discharge to 22 cm with 0.12 MA of current drive. The behavior of the internal 
inductance li is also consistent with significant centrally-peaked current drive in 
the co-FWCD case and little or no counter-FWCD: £; increases by about 0.1 from 
the ohmic value when 1.0 MW of co-FWCD power is injected, and decreases very 
slightly or remains constant with counter-FWCD. The increase in the former case 
is proportional to the injected FW power. 

The level of co-FWCD is a strongly increasing function of fast wave power per 
particle. This is shown in Fig. 4, where the noninductive current drive (rf-driven 
plus neoclassical bootstrap current) expressed as a fraction of the total plasma 
current is plotted as a function of the FW power divided by the line-averaged 
density. Both discharges with and without ECH preheating are included. Since 
the total plasma current was fixed at 0.4MA and the major radius was 1.72 m for 
this group of discharges, the slope of the line connecting the origin to each point 
yields the current drive efficiency. In the best case, the efficiency in the customary 
units is 7 = neIrfR/PFW =* 0.028 x 1020 A/W/m 2 . If the bootstrap current 
of 43 kA is subtracted from the noninductive current, the resulting efficiency is 
7 ~ 0.020 X 1020 A/W/m 2 . Increasing the distance between the antenna and the 
plasma surface by a factor of two appears to increase the current drive efficiency 
by about 40%. The level of driven current is in approximate agreement with 
calculations based on multiple-pass ray-tracing, using the measured profiles. 

The current drive efficiency is evidently higher for the cases with ECH pre
heating than those with FW alone. This is primarily due to the higher central 
electron temperature obtained with preheating. Figure 5 shows that the cur
rent drive efficiency not including the bootstrap contribution increases with the 
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FIG. 5. Current drive efficiency y for the same 
discharges as in Fig. 4 as a Junction of central 
electron temperature. Also shown is the best-
fitting line that passes through the origin: 
y = 5.5 X 10'7 Te(0)[keV] A/W/m2. 
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central electron temperature for the same set of data in Fig. 4. In the direct 
electron heating experiments, a central temperature threshold of ~1.5keV had 
been observed for efficient central electron heating; similarly, there is a some
what higher temperature threshold for efficient FWCD, consistent with the faster 
launched spectrum in the FWCD case. Above this threshold, the measured ef
ficiency has substantial scatter, but it is not inconsistent with the scaling 7 ~ 
0.4Te(0)/10keV/(2 + Z^) suggested by recent full-wave code calculations [17]. 
Future experiments at higher FW and electron preheating power levels should 
permit fully noninductive current drive in DHI-D at the 0.4 MA level at fU ~ 
1 X 10 1 9 m - 3 , PFW = 2.0MW, and correspondingly larger effects on the current 
profile. 
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DISCUSSION 

K. ITOH: For counter-FWCD, you mentioned the generation of a new q = 1 
rational surface. Is it your interpretation that the counter-current is driven near the 
axis? Is this what theoretical estimations predict? 

R.I. PINSKER: Yes, our interpretation of soft X ray tomography is that a tran
sitory counter-current is driven near the magnetic axis, resulting in a broadening of 
the current profile in mat region. Unfortunately, this counter-current drive is not long 
lived enough to have an observable effect on the loop voltage measured at the plasma 
surface. 

Theoretically, we expect counter-current drive to be as efficient as co-FWCD, 
given the same profiles, because a non-zero toroidal electric field is predicted by 
Fokker-Planck simulations1 to have only a very weak effect on FWCD efficiency. 

R.J. HAWRYLUK: Can you provide time dependent simulations of the surface 
voltage which include and do not include die RF driven current for both the co- and 
die counter-case? 

R.I. PINSKER: Up to now, our time dependent simulations have not included 
the self-consistent evolution of the equilibrium or the time dependent effect of the 
current drive (back emf). For this reason, our estimate of die driven current is actu
ally a lower band for co-FWCD. It is the aim of our work in progress to improve 
our simulation in diese respects. 

S.I. ITOH: Comparing the co- and counter-FWCD cases, have you observed 
any differences in die density profiles n(r) and the toroidal rotation profile V^(r)? 

R.I. PINSKER: Ahhough we have obtained the data necessary to deduce the 
toroidal rotation profiles, we have not yet reached any conclusions on mis subject. 
No substantial difference in die density profile behaviour of co- and counter-cases has 
been observed, though a difference in the region around the magnetic axis cannot be 
definitely ruled out from the available measurements. 

1 HARVEY, R.W., et al., in FWCD in Reactor Scale Tokamaks (Proc. IAEA Tech. Comm. 
Meeting Aries, France, 1991), Euratom-CEA, Saint-Paul-lez-Durance (1992) 135. 
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R.J. GOLDSTON: It seems that a recurrent theme of this meeting has been that 
dq/dr < 0 correlates with very peaked central electron temperatures. Could you com
ment on the time correlation of the highly peaked Te(r) and the double q = 1 sur
faces in your counter-current drive experiments? 

R.I. PINSKER: There is indeed good time correlation between the unusual saw
tooth behaviour and the peaking of the electron temperature in the counter-current 
drive experiments. 
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Abstract 

NOVEL CURRENT DRIVE EXPERIMENTS ON THE CDX-U, HIT, AND DIII-D TOKAMAKS. 
Two types of novel, non-inductive current drive concepts for starting-up and maintaining tokamak 

discharges have been developed on the CDX-U, HIT, and DIH-D tokamaks. On CDX-U, a new current 
drive technique utilizing fully internally generated pressure driven currents has been demonstrated. The 
measured current density profile shows a non-hollow profile which agrees with a modeling calculation 
including helicity conserving non-classical current transport providing the "seed current". Another cur
rent drive concept, dc-helicity injection, has been investigated on CDX-U, HIT, and DIII-D. This 
method utilizes injection of magnetic helicity via low energy electron currents, maintaining the plasma 
current through helicity conserving relaxation. In these experiments, non-ohmic tokamak plasmas were 
formed and maintained in the tens of kA range, without the use of any ohmic transformer. 

I. INTRODUCTION 

To find acceptable methods for driving steady-state current is one of the 
important topics for improving a tokamak reactor. Two novel methods for non-
inductive tokamak start-up and current drive are presented here. One method 
utilizes internally generated pressure driven currents and the other employs an 
external injection of magnetic helicity. The current drive efficiencies for the 
methods investigated here are, in principle, independent of plasma density (with 
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a caveat of low collisionality condition for bootstrap current generation) and, 
therefore, may be used to startup and/or to drive currents in high density-high 
Ppol reactor plasmas. Experimental results presented here were produced 
without ohmic heating in the Current Drive Experiment-Upgrade Tokamak 
(CDX-U), Helicity Injected Tokamak (HIT) and Dffl-D Tokamak. The CDX-
U experiment (Ro = 32 cm, a = 23 cm, elongation =1.5, and steady-state 
toroidal field current NI = 300 kA), and the HIT experiment (Ro = 36 cm, a = 
25 cm, elongation = 2, and toroidal field current NI = 500 kA) are low-aspect-
ratio tokamak research facilities, and DIII-D (Ro = 170 cm, a = 67 cm, 
elongation = 2, and toroidal field ~ 2.1 T) is a conventional tokamak. 

II. ATTAINMENT OF 100% PRESSURE DRIVEN TOKAMAK IN CDX-U 

A new, non-inductive current drive concept, utilizing internally generated 
pressure driven currents, has been demonstrated on CDX-U[1], Electron 
cyclotron heating (ECH) (Prf < 8 kW, 2.45 GHz) is used to provide the heating 
power necessary to create and maintain a low collisionality (ve* < 1), high Ppol 
fePpol = 1 where e = a/R) plasma, the regime in which pressure driven currents 
are important. Taking advantage of the low-aspect-ratio geometry, a toroidal 
mirror configuration [Fig. 1(a), left] has been utilized to provide initial 
confinement for a hot, ECH produced, trapped electron (banana) population. 
With application of ECH through a simple non-phased waveguide, the plasma 
is initiated and the plasma current is increased from zero. The generated current 
scales inversely with the background neutral particle density, showing the 
importance of reducing electron-neutral collisionality. The current direction 
depends only on the applied poloidal field direction, not on the toroidal field 
direction, as expected from the theoretical model below. The currents flowing 
into segmented limiters are very small ( « 1 A), confirming that the currents are 
internally generated. With application of = 8 kW of ECH power, a toroidal 
plasma current of up to Ip » 1.4 kA has been generated with the CDX-U 
aluminum chamber acting as a passive stabilizer. This level was increased to Ip 
=< 2.4 kA by an addition of simple vertical field programming. For Ip > 600 A, 
the poloidal fields from the plasma currents are sufficiently large to form a low-
aspect-ratio tokamak plasma. A two-dimensional reconstruction of the magnetic 
flux contours is shown in Fig. 1(a), right. The mid-plane current profile is 
shown as a solid curve in Fig. 1(b). The Ppol hi this experiment is high with 

eppol - I-
To understand the nature of the generated currents, two-dimensional 

modeling has been performed. [2] Two pressure-driven toroidal currents are 
important here: the banana processional drift current and the neoclassical 
bootstrap current. In the open field line (toroidal mirror) configuration where 
all particles are trapped (e = 1), the generated net toroidal current is mainly due 
to the banana processional current The processional current can be estimated as 
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Jprec ~ e1'2 [P/(RBpol)] where P is the electron pressure and Bpol is the 
poloidal magnetic field. The diamagnetic current, which itself generates no net 
current, plays an important role of enhancing the precessional current by 
reducing Bpol in the high pressure central region. When the flux surfaces close 
(Ip > 600 A), the bootstrap current, Jboot ~ 2 e1/2 [(9P/dr) /Bpol], becomes 
dominant. From the measured plasma pressure profiles obtained from the two-
dimensional microwave interferometer system for ne(R, z) and Langmuir probe 
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measurement forTe(r) (neo«2x 1017nr3, Teo« 30 - 40eV,andV* < 1), the 
current profile has been calculated using the neoclassical model. Although the 
calculated total current level is within a factor of 2 of the experiment, the 
calculated current profile is hollow (since the neoclassical currents vanish at the 
plasma center) while the measured profile is non-hollow as shown in Fig. 1(b). 
Furthermore, the neoclassical hollow current profile cannot exist self-
consistendy without current on axis (the "seed" current). So to resolve this 
question, we added a helicity conserving non-classical current transport term [3] 
in the modeling calculation which yielded a model current profile that agrees 
reasonably well with the experimentally measured profile as shown in Fig. 
1(b). We note that non-classical current transport has been observed previously 
in the dc-helicity injection current drive experiment [4] and the possibility of a 
fully internally driven tokamak, which includes the effect of tearing modes and 
bootstrap current, has been pointed out by Boozer [3]. As an extension of the 
present result, one could envision starting up a tokamak plasma by an auxiliary 
heating method and then maintaining the burning plasma with heat from fusion 
alphas. 

IILDC-HELICITY INJECTION CURRENT DRIVE IN CDX-U, HIT AND 
Dffl-D 

DC-helicity injection current drive (DCHI) is achieved by building up and 
sustaining the magnetic helicity (X = J v A • B dV) [5], allowing plasma 
relaxation to maintain the equilibrium. This method is theoretically more 
efficient than RF or NB based systems and allows the use of relatively low 
voltage, low cost dc power supplies. Preliminary experimental results from 
CDX-U, HIT and DIII-D are encouraging, demonstrating non-inductive 
tokamak startup currents in the tens of kA range. 

CDX-U - In the CDX-U experiment, helicity is injected from a toroidally-
localized emissive cathode and the driven current has reached 10 kA, 
maintaining a tokamak plasma with q(a) * 6-10. The plasma position 
equilibrium was mostly provided by the 3 cm thick aluminum vacuum vessel 
wall acting as a passive stabilizer, helped by some vertical field programming 
for the higher current range. The magnetic reconstruction of flux contours has 
shown a formation of a tokamak plasma in a single-null divertor configuration. 
The current multiplication factor, the ratio of driven to injected currents, is quite 
high, = 20-30, with an applied cathode voltage of » 400 V. This result 
suggests that the power efficiency is relatively high in this experiment. 

HIT - The HIT experiment is a low-aspect-ratio tokamak designed for coaxial 
helicity injection current drive with vertical field provided by a passive 
conducting boundary as in CTX [6] without an ohmic heating transformer. 
After conducting successful helicity source characterization experiments, initial 
measurements of current drive were made in the following non-optimized 
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FIG. 2. Helicity injection experiment in HIT. (a) Ip for two conditions. Upper curve is with Ti getter-
ing. (b) Poloidal flux versus radius at the mid-plane. 

configuration. The conducting boundaries are a 2 mm thick copper sheet placed 
inside the 1.2 m diameter stainless steel vacuum wall, 30 mm thick aluminum 
end plates, and a 220 mm diameter, 12 mm thick aluminum pipe as the inner 
wall. Non-inductive tokamak currents of over 30 kA have been driven with = 
650 V source voltage. The toroidal field at Ro=0.36 m is 0.3 - 0.4 T. The 
helicity injection rate is 2 VgYg where Vg is the voltage between the electrodes 
of the injector and \|rg is the flux that penetrates the electrodes. For the ohmic 
heating transformer the helicity injection rate is 2 OtVi where Vi is the toroidal 
loop voltage and <E>t is the toroidal flux. Thus, assuming helicity conservation, 
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an effective loop voltage from electrostatic helicity injection can be defined as 
Veff = Vg\|fg / <E>t [7]. For the results discussed here \|/g = 4 mWb and <E>t = 
170 mWb. The plasma density is estimated from the Alfven transit time and die 
electron temperature is estimated from the spectroscopic lines of C, N, and O. 

Two conditions in the HIT experiment support the helicity model [7], The 
plasma current evolution traces for the two cases are shown in Fig. 2(a). In the 
first case, internal probes are used without discharge cleaning or Ti gettering. 
The observed plasma parameters are as follows: Ip = 10 kA, Te ~ 6 eV, Vg » 
540 V. The Veff is 13 V with the observed plasma current of 10 kA. The 
density is 8 x 1019 nr 3 at the beginning of discharge which drops to 1-3 x 1019 

nr 3 during the discharge. The total electrode current is about 5 kA. In the 
second case, with discharge cleaning and Ti gettering and no internal probe, the 
estimated T e ~ 12 eV and the density is around 0.5-1.5 x 1019 nr3 with no high 
beginning. The Veff is 15 V and the current increases as expected, ~ Veff 
T3/2, to 30 kA. The injected current was 7 kA giving an overall power 
efficiency (defined as Ip\}fg / <J>t Ig) of 10%. The measured poloidal flux profile 
at the mid-plane is shown in Fig. 2(b). The measured poloidal flux ~ 11 mWb 
is much larger than the vacuum value of = 4 mWb. With a toroidal symmetry, 
this indicates a closed poloidal flux, demonstrating tokamak plasma formation. 

COMBINED ELECTRODE AND ECH STARTUP IN DHI-D - A tokamak 
plasma was formed and sustained in DIII-D by a combination of DCHI using 
the cold axisymmetric divertor ring electrode [8] and ECH heating assist with 
the 60 GHz, 0.7 MW, extraordinary mode, high field launch ECH system. 
This experiment represents a considerable scale-up test of DCHI from the CDX-
U and HIT experiments. A steady-state equilibrium field, Beq, as shown in 
Fig. 3a, was designed to connect the ECH resonant absorption point (R = 1.59 
m, mid-plane, B j = 2.14 T) to the divertor electrode, to magnetize the 
electrode, and to have favorable curvature for passive positional stability. The 
vessel was filled to 0.04 - 0.08 mbar of D2 just prior to discharge initiation. 
The electrode was driven to + 700 V with respect to the wall. 

ECH alone broke down the gas but drove only ~ 1 kA of toroidal current 
The electrode alone could not break down the gas. Simultaneous application of 
electrode and ECH formed plasmas carrying 10 to 20 kA of toroidal current. 
An example is shown in Fig. 3(b). After a 20-30 msec transient, a steady-state 
discharge was sustained for the duration of the ECH pulse (300 ms). The 
current multiplication factor was ~ 100. 

Reconstruction of the magnetic configuration, by a modified version of the 
MFIT code [9], in Fig. 3(c) shows a closed separatrix boundary with R/a » 
1.75m / 0.4m. The closed configuration was established in less than 10 ms, 
and it continued to increase in volume and internal poloidal flux until reaching 
steady-state which had q(a) ~ 100. The necessary condition for the closed flux 
formation appears to be a toroidal current in the plasma shell large enough to 
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FIG. 3. Combined electrode and ECH startup in DI1I-D. (a) Predischarge conditions including 
equilibrium flux surfaces, divertor electrode, approximate ECH antenna pattern and resonant surface, 
and BT direction, (b) Time traces of various parameters, (c) Magnetic reconstruction of plasma at 
t = 150 ms. 

null Beq in the inner radius region. The plasma was at the toroidal equilibrium 
limit, eppol = 1. Only in the closed toroidal configuration, did the current 
continue to flow with ECH alone, as in Fig. 3(b), after removal of the electrode 
power. Because of the very large q, the collisionality is high, v* » 1 , that a 
significant bootstrap current is not expected. Therefore, the origin of the ECH 
sustained current is not understood. The monitoring of electric current flowing 
out of an instrumented protective tile covering 0.14m radially inward from the 
electrode [10] suggests possible inward helicity transport from the flux surfaces 
carrying directly driven electrode current. 
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DISCUSSION 

M.C. ZARNSTORFF: In the CDX-U experiment, what is the energy of the 
ECH heated electrons? Did you include finite banana width effects in your calcula
tion of the central current profile? 

M. ONO: The electron energy is about 30-40 eV. The banana width is typically 
about 1 cm. However, as r — 0, e — 0 and v* — large, and this tends to suppress 
the boostrap current further in the centre. Our estimate indicates that finite banana 
width effects would not change our conclusion, but this should be examined in more 
detail. 

M.E. MAUEL: For the CDX-U high j3p plasma produced with ECRH, what is 
the central q(0) of your equilibrium? Have you performed an ideal MHD stability 
analysis in order to test for m = 1 and m = oo instabilities? 

M. ONO: We obtain q(0) from the measured current density profile. The cen
tral q(0) is about half the value of q(a), which can vary from 5 to 15. We have not 
yet performed any ideal MHD stability analyses on our plasma. 

H.L. BERK: Have you taken into account non-standard orbit theory in estimat
ing bootstrap current? It might explain the seed current needed. 

M. ONO: We have not used non-standard orbit theory to see if it can explain 
the seed current. As r — 0, e goes to 0 and v* increases above 1, thereby ruling out 
regular banana orbit calculation. We should certainly look into this. 
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Abstract 

IMPROVED PARTICLE AND ENERGY CONFINEMENT WITH LHCD IN THE HT-6B 
TOKAMAK. 

A 2-6-fold increase in particle confinement time Tp has been observed during a lower hybrid 
current drive experiment with an inductive field. The plasma stored energy increased by a factor of 2. 
The improvement could only be obtained in an electron density window of 0.3 x 10 l3 cm"3 to 1.5 
x 1013 cm"3. The improvement is connected with the high energy electrons produced by LHCD. 

1. INTRODUCTION 

High performance in plasma energy and particle confinement has been observed 
in a variety of auxiliary heated plasmas with different configurations. Similar plasma 
behaviour was also found during LHCD experiments in several devices [1-4]. First, 
in Versator-H, particle confinement was improved. Then energy confinement 
improvement was achieved in Alcator C with a combination of OH and LHCD. An 
LHCD H mode was obtained in the JT-60 tokamak in 1990. In our small tokamak 
HT-6B, with a material limiter, improvement phenomena similar to those of the 
above experiments were also found. 

LHCD experiments were performed in the HT-6B tokamak, which has the fol
lowing parameters: R = 45 cm, a = 12.5 cm, Bt = 6-9 kG, Ip = 20-40 kA. The 
RF system consisted of a magnetron with 100 kW output power, 100 ms pulse 
length, 2.45 GHz frequency and a multijunction launcher composed of eight sub-
waveguides. The phase shift between adjacent sub-waveguides was ir/2 and the 
refraction index Nt = 3.2, with ANj = 2. Some results of LHCD experiments in 
HT-6B were published in Refs [5, 6]. This paper presents the improvement 
phenomena we observed in LHCD experiments, and our experimental approach to 
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the mechanism. In the experiments the following diagnostics were used: electromag
netic measurement, diamagnetic measurement, HCN interferometer, seven channel 
visible spectrometer, Langmuir probes, vertical ECE system, soft X ray measure
ment, scanning hard X ray energy spectrum measurement, line profile measurement 
of O(V) for Tj, and a bolometer. 

2. EXPERIMENTAL RESULTS 

2.1. Fundamental characteristics of confinement improvement with LHCD 

A typical discharge obtained in the experiment is shown in Fig. 1. The dis
charge was established by applying an Ohmic inductive field, with Bt = 8.4 kG. At 
10 ms, the discharge came to a plateau, Ip = 32 kA, n,. = 0.6 X 1013 cm"3. At 
12 ms, 20 kW RF power was launched and lasted 20 ms. Then the plasma current 
rose gradually from 32 to 38 kA at 23 ms. The loop voltage dropped gradually from 
2.0 to 1.0 V. The line averaged electron density increased to 1.2 x 1013 cm-3 at 
23 ms. The current drive efficiency ij was 0.5 X 1019 m"2-kA/kW at 18 ms. The 
H„ emission along different chords dropped sharply. When it reached a minimum at 
16 ms, the Ha emission from the edge (r = II cm) decreased to 1/10 of the value 
before the RF power was turned on. In the same time, the emission from the central 
chord dropped to half, or even less, of the original value. After that it increased 
gradually but still remained small. The ECE signals increased tremendously when the 
RF power was on (Figs 5, 6), which indicated that a large amount of energetic elec
trons had arisen. The plasma stored energy from diamagnetic measurement increased 
from 40 to 70 J (Fig. 1(b)). 

2.2. Particle confinement time 

The global particle confinement time is defined by the particle balance equation 

= N 
7p ~ S - dN/dt 

where N is the total number of electrons, S is the total ionization source, and TP is 
the global particle confinement time. According to Ref. [7], the number of ionization 
events per Ha photon is constant for Te > 10 eV, so we could obtain S approxi
mately by absolute measurement of Ha emission from seven chords of different radii 
from the plasma centre to the edge. In a normal Ohmic plasma the particle confine
ment is in the range 1.0-3.5 ms in the present operation range in HT-6B. Figure 1(b) 
shows the result of the LHCD experiment. During the improvement phase with 
LHCD, TP increased from 2.0 ms to its maximum, 12 ms, at 17 ms and then main
tained this value for 4 ms. The improved confinement lasted 10 ms in this discharge. 
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FIG. 2. Time evolution of plasma current, loop voltage, line averaged electron density, Ha emission 
(r = 11 cm) and RF power, with density less than 0.3 X 10ls cm'3. 

2.3. Upper and lower density limits of confinement improvement 

The improvement of confinement could only be achieved in a density window. 
With very low electron density, less than 0.3 x 1013 cm-3, improved confinement 
could not be seen. Even the loop voltage dropped to nearly zero (Fig. 2). The figure 
shows no drop in the Ha signal and no increase in electron density. When the elec
tron density before the RF power launch was higher than 1.5 X 1013 cm"3, no obvi
ous improvements could be obtained either (Fig. 3). The upper density limit was 
around the LHCD density limit (n^O) = 2.0 X 1013 cm"3 at B, = 9 kG). 

2.4. Edge parameters and fluctuation 

The edge electron temperature and density were measured by Langmuir probes. 
The fluctuations were deduced from the ion saturation current. The experimental 
results are given in Fig. 4. Figure 4(a) shows that the edge electron temperature 
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FIG. 3. Time evolution of plasma current, loop voltage, line averaged electron density, Ha emission 
(r = J] cm) and RF power, with density higher than 1.5 X 1013 cm'3. 

decreased from 12 to 6 eV, and the density decreased from about 6 x 1010 cm"3 to 
about 4 X 1010 cm"3. We take Iisat/Iisat as f^lr^ (Fig. 4(b)); the fluctuations were 
drastically suppressed during the improvement phase. The fluctuation spectrum 
shown in Fig. 4(c) indicates that the amplitude in the high frequency range was 
reduced. 

2.5. Correlation between energetic electrons and confinement improvement 

The ECE signals are very sensitive to cyclotron emission from the high energy 
electrons, so we take ECE signals as representing the energetic electrons. Figure 5(a) 
shows the ECE signals at different densities in this experiment. Figure 5(b) shows 
the signals with different RF powers. When the electron density was higher than 
1.5 x 1013 cm"3 there were few energetic electrons produced by the inductive field. 
Even when the RF power was on, energetic electrons were not produced, nor was 
the improvement brought about. When the electron density was less than 0.3 
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FIG. 4. (a) Edge density and temperature; (b) signal of ion saturation current; (c) spectrum ofTisal at 
the edge with and without improvement. 

X 1013 cm"3, a large amount of electrons with high energy arose during the Ohmic 
phase, then there was no improvement during LHCD. Only in the density window 
(0.3 x 1013 cm"3 to 1.5 x 1013 cm"3) could the improvement occur, accompanied 
by enhancement of the ECE. From Fig. 5(b) it can also be seen that the speed of the 
decrease of the Ha emission has a good correlation with the speed of the increase of 
the ECE. The speeds of the variation of the two signals are proportional to the 
RF power. 

2.6. Deterioration of confinement improvement 

The improved confinement could suddenly deteriorate (Fig. 6 at 22 ms). From 
Fig. 6 we can see that in the improvement phase the density was increasing, but when 
the density reached a certain value (1.4 X 1013 cm"3) the improvement state col
lapsed. This was characterized by the rapid decrease of Ip and n,,, the sharp increase 
of V, and Ha and a burst of ECE. In some cases, after the deterioration, the confine
ment could be improved again. 
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different RF power during the improvement phase. (1, 2) Pm = 60 kW; (3, 4) Fw = 25 kW; (5, 6) 
Pw = 10 kW. 

3. DISCUSSION AND CONCLUSIONS 

Our LHCD experiment yielded the following conclusions: (1) The particle con
finement time 7P increased by 2-6 times during combined inductive and lower 
hybrid current drive. The plasma stored energy increased by about 2 times. The 
improvement state could be sustained up to 15 ms. The edge fluctuation was greatly 
reduced during the improvement phase. (2) The improvement has lower and upper 
limits of electron density. (3) The improvement is closely connected with energetic 
electrons. (4) The improvement could deteriorate sharply upon reaching a density 
limit. 
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What are the reasons for the improvement? In our experiment, the results of 
measurements of ECE and hard X ray emissions from the plasma showed that the 
energetic electrons had parallel energy in the range 30-200 keV. These experimental 
results showed that just those energetic electrons produced by LHCD caused the 
improvement of plasma confinement. In the upper density limit case, LHCD could 
not produce this type of electrons. In the lower density limit case, confinement of the 
plasma with a large amount of slide-away electrons was also not improved by LHCD. 
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Abstract 

ION HEATING AND CURRENT DRIVE BY LOCALIZED ELECTROSTATIC WAVE 
STRUCTURES IN TOKAMAKS. 

Intense localized electrostatic waves in tokamak plasmas are able to generate superthermal 
electrons and ions. The velocity diffusion of particles is influenced by coherence properties, nonlineari-
ties, spectral density and amplitude modulation of the waves. These features are analyzed by test particle 
calculations and relativistic Vlasov-Poisson simulations. 

1. INTRODUCTION 

Interaction of particles with intense localized electrostatic (ES) waves 
leads to the production of fast electrons or ions. We analyze the fast 
particle generation and velocity diffusion in localized wave structures by 
solving the equations of motion 

| = v , | = , ( E + v x B 0 ) (1) 

for an ensemble of test particles. Nonlinear or geometric effects localize or 
modulate the electric field, which modifies the trapping and the Hamilto-
nian stochasticity of the particles. 

Stochastic ion acceleration in the field of intense lower hybrid waves 
[1] and ion Bernstein waves [2] has been proposed as a heating mechanism 
for ions. For monochromatic waves, the stochasticity threshold is E/B0 > 
i(fi/a>)1^3(w/A!x), where E and k± denote the components of the electric 
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field of the wave and wavenumber perpendicular to the ambient magnetic 
field B0, respectively. At lower fields, the ions are trapped [3] and are 
susceptible to acceleration during their bouncing on a slow time scale, 
which may indicate wave damping and hot ion generation or heating in 
localized fields [4,5]. 

In the current drive, rf waves generate fast collisionless electrons. In 
the conventional lower hybrid current drive (LHCD), the field consists of 
a relatively broad spectrum of fairly small-amplitude modes. Recently, it 
has been proposed that large-amplitude electron plasma waves (EPW) at 
w ~ u)v can be applied to current drive as well [6,7]. They can be excited by 
nonlinear coupling of pulsed high-power free-electron-laser (FEL) radiation 
in the mm-range. Recently, pulsed high-intensity operation of LHCD has 
also been suggested. The wave-particle physics of pulsed LHCD would be 
similar to that of the EPW current drive. 

2. TRAPPED ION ACCELERATION BY ELECTROSTATIC WAVES 

We analyze the wave-ion interactions by test particle simulations and 
calculate the energy change for an ensemble of ions in a given wave field. 
We consider both uniform and Gaussian envelopes at amplitudes well be
low the stochastic threshold. The wave intensities are chosen to be close to 
those radiated by the present-day antennas in ion Bernstein wave heating 
experiments. Integration of Eqs. (1) reveals that in the edge plasma the 
deuterium ions can achieve energies in the keV range for E > 50 kV/m 
when the perpendicular wavenumber is k± ~ 103m_ 1 and the frequency 
oj ~ ftp. Figure l a shows clearly the adiabatic oscillations in the par
ticle energy on a time scale long compared to the wave period, which is 
characteristic of a trapped particle with a conservative Hamiltonian [3]. 

For increasing fields, the maximum ion energy approaches a value of 
about 5 keV corresponding to the separatrix condition for trapped ions 
^(fcx^x/^i?) = 0 [2]. For electric fields accelerating the ions over this 
energy, the ion orbits become stochastic. We find that below the stochastic 
limit the maximum ion energy is fairly insensitive to the field phase and 
the initial energy of the ions. The dependence on frequency is noteworthy 
only in the vicinity of the cyclotron harmonics [4]. In the low-temperature 
edge plasma, the ion acceleration to superthermal velocities would cause 
nonlinear saturation or"damping of the wave. The waveform is probably 
also distorted by nonlinear effects. 

The previous results can be qualitatively analyzed by considering the 
ratio F = W/fakBTi), where W — e0u)(de/dw)E2 is the wave energy 
density, n; and Tj are the density and temperature of the ions and e is the 
wave dielectric function. For ion Bernstein waves we find at u> < 20, 
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F = ( 
2w2 JtJIu 4u>2 

w 2 - f i 2 rf-iWriikBTi 
(2) 

where J = vgW is the kinetic energy flux and vg is the group velocity 
of the wave. For simplicity, a plasma consisting of single ion species is 
considered. Assuming the parameters of Fig. 1 and deuterium ions with 
no = 1018m~3 and To = 50 eV, F exceeds unity for I exceeding 300 
kW/m 2 which corresponds to the field E = 50 kV/m above which the ions 
would be strongly accelerated according to Eqs. (1). This result indicates 
that the ES wave coupling from, e.g., ion Bernstein wave couplers can be 
difficult or may cause problems by generating fast ions in a low-pressure 
plasma in front of high-power antennas. In the DIH-D [8] experiments at 
high power levels (1 MW), the large value of F may give one explanation 
for the observed poor coupling of the wave. 

In the case of a localized field, ion trapping may damp the waves even 
when F is small. To study this we assume a Gaussian envelope for the field 
along the magnetic field. In this case, the electric field E in Eqs. (1) is 
given by JEJ0X exp(—z2/b2) X)ncos(^nX^ -f knZz — wni), where x denotes the 
perpendicular direction and z is along the magnetic field. As the particles 
move freely in the 2-direction, they see a varying field amplitude in time. 
Figure l b shows the average final energy Ef as a function of 6 for various 
field values EQ for an ensemble of ions which is initially Maxwellian at 
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Tx = 50 eV. The ensemble is assumed to be monoenergetic in the z-
direction. The observed increase in the average ion energy indicates a 
damping mechanism for the waves. The ion heating was found to be even 
more pronounced for broader spectra of 2 to 10 modes with a wavenumber 
spread of 10 %. For the high-energy points (Ef > 100 eV) shown in 
Fig. lb , the final ion velocity distribution was found to be strongly modified 
implying that self-consistent particle simulations are needed to properly 
describe the wave damping and ion heating. 

In rf applications, localized ES waves can be generated by nonlinear 
processes like parametric decay, by mode conversion or directly in front 
of the antennas [5]. In the present case, the ion acceleration takes place 
perpendicularly to the magnetic field. When hitting the side limiters con
nected by the field lines, the accelerated ions may have small glancing 
angles, which enhances the sputtering in the limiter. 

3. VELOCITY DIFFUSION IN EPW CURRENT DRIVE 

In the EPW current drive schemes, typical phase velocities of the 
plasma waves are around 0.9c implying very high energies of the resonant 
electrons. The train of short intense FEL pulses excites large amplitude 
plasma waves with a narrow frequency spectrum. Simulations indicate that 
nonlinear effects in the beat-wave and Raman coupling give rise to short 
wavelength modulations of the plasma wave [9]. These can also appear 
because of the coupling of EPWs to the ion modes. 

We analyze the velocity diffusion by solving the relativistic equations 
of motion (1) in the field of the plasma wave E(z) cos(kz —ut + <p). The 
group velocity of the long-wavelength EPW. is so small that a nearly sta
tionary localized electrostatic structure is formed. Eqs. (1) reduce to 

#A*T = p / ( l + p ) : / 2 ; dp/dT = af(Ocos{t-{vph/c)T + <f>) (3) 

where £ = kz, T = kct, p = jv/c is the normalized momentum, a = 
eE/kmc2 is the normalized field, <f> is a random phase, 7 is the Lorentz 
factor and m is the rest mass of an electron. Spatial modulations are 
described by Gaussian-type envelopes / (£ ) = exp[—(£/&)2"]- We assume 
parameters relevant to the EPW current drive (see Fig. 2) [7] so that the 
electron bounce time, tj = 27r/wp-^/a, becomes shorter than the transit time 
through the wave structure, itr ^ 2b/kv. Thus, the electron trajectories 
are strongly perturbed and the weak field assumption fails [10]. 

Figures 2a and 2b illustrate the momentum change Ap as a function of 
incoming momentum p t n for Gaussian and hyper-Gaussian wave structures. 
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0.1 and vph = 0.9c 

The incoming 2400 electrons were evenly distributed between p = 0.6 and 
3.6. The scattering patterns are inhomogeneous and strongly asymmetric. 
Below the momentum, pph = 2.06, corresponding to the phase velocity, 
most electrons within the spectral range gain momentum. In the hyper-
Gaussian case, the electrons at p ~ 1 show a bistable behaviour. 

Figure 2c shows the normalized diffusion coefficient 

D(p) = 
(Ap2) - (Ap)2 

2kLc/v (4) 

where L is the length of the path of an electron between FEL pulses. 
For instance, in an ITER-size tokamak, resonant electrons make N = 
vph/2irRi'rep ~ 700 revolutions around the torus between two pulses at the 
repetition rate urcp = 10 kHz. In the hyper-Gaussian case, the diffusion 
coefficient extends to lower velocities due to steeper edges of the wave 
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envelope as compared to the Gaussian case. The quasilinear approximation 
for the Gaussian envelope reduces in the relativistic limit to 

DQL(P) 
ir(ab)2v 

AkLc exp[ .£(1 _ ^f] 
A V 

VP>i\2l 
(5) 

which is also shown in Fig. 2c. 
To evaluate the modification of the electron velocity distribution, we 

compare the diffusion coefficient to the collision operator. The distribution 
starts to deviate from the Maxwellian when the velocity diffusion time falls 
below the collision time at D(v) = Tie4 In A(2+Z)^/47regm2v3 [11]. Taking 
the parameters of Fig. 2 and n = 1020 m - 3 , ve — 0.2c, Z = 1.5, R = 6 m 
and vTcp = 10 kHz, this occurs at kL D(p) ~ 2.4 x 10 - 3 (see Fig. 2c). Thus, 
the fast electron tail starts from p — 0.91 (v = 0.67c) in the Gaussian case 
and from p = 0.75 (v — 0.6c) in the hyper-Gaussian case. The quasilinear 
estimate (5) gives a higher value: p = 1.05 (v = 0.72c). 

4. VELOCITY DIFFUSION IN SELF-CONSISTENT FIELDS 

Velocity diffusion in less intense plasma waves with a discrete spec
trum, corresponding to the conventional LHCD, is simulated with a ID 
periodic Vlasov-Poisson code [12]. The electron behaviour is studied in the 
phase velocity range vph/vc ~ 3 to 4. The velocity diffusion is obtained 
from test particle calculations using self-consistent fields of the relativistic 
Vlasov-Poisson simulations. 

1.5 

0.5 0.5-

OVERLAP PARAMETER ct 

0 2 4 6 8 
OVERLAP PARAMETER ek 

FIG. 3. Relative diffusion coefficient D/DQL versus overlap parameter ek for discrete wave spectra: 
(a) 17 modes; (b) 33 modes. 
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In the explored parameter region, our simulations agree reasonably 
well \rith the quasilinear diffusion model. Figure 3 shows the diffusion 
coefficient D, normalized to the quasilinear value DQL = Tte2El/2kAv, 
as a function of the overlap parameter et = eEkfmk(Av)2. Here Av is 
the phase velocity difference between the discrete modes which have the 
wavenumber separation AkXp = 0.0125. Recall that the electron motion is 
stochastic above the threshold e* > 1/16. With a small number of modes 
(< 17), the nonlinear effects at large ejt reduce the velocity diffusion well 
below the quasilinear level. At e* ~ 1 to 2, the diffusion is slightly faster 
than quasilinear. 

5. SUMMARY 

Strong ion acceleration in perpendicularly propagating intense ES 
waves in a low-pressure magnetized plasma is found in the ion cyclotron 
range of frequencies. If ion heating takes place, it may give a viable ab
sorption mechanism for the various parasitically coupled ES waves in the 
fast wave heating [5] and may give one explanation for the poor coupling 
and peripheral heating in some ion Bernstein wave heating experiments. 

In the pulsed current drive, nonlinear effects modify the velocity dif
fusion of electrons and broaden the interaction region to lower velocities. 
The energetic electron tail extends well above the phase velocity, which 
improves the efficiency of the EPW current drive from the previously esti
mated values [7]. 
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Abstract 

ANALYSIS OF RF AND NEUTRAL BEAM HEATING AND CURRENT DRIVE IN TOKAMAKS. 
Synergy during simultaneous injection of lower hybrid waves (LHW) and fast waves (FW)/ion 

Bernstein waves (IBW) is studied by a 2-D Fokker-Planck code. It is shown that the linear regime holds 
for both IBW and FW at realistic values of the wave power flux. Synergistic effects are only found for 
FW and IWB power fluxes much larger than the LH power flux. Neutral beam current drive and deposi
tion for a model elliptic equilibrium is investigated, including multistep ionization and beam particle 
self-interaction processes. A parameter scan is performed for ITER. The largest value for the current 
drive figure of merit (rjnb = 0.6) is obtained at the largest beam energy (Eb = 1.3 MeV). The propa
gation of LHW is investigated analytically and numerically for realistic ITER equilibria. The depen
dence of wave penetration on elongation and triangularity is discussed. 

1. FOKKER-PLANCK CALCULATIONS FOR LOWER HYBRID WAVES, 
FAST WAVES AND ION BERNSTEIN WAVES 

The kinetic aspects of simultaneous injection of lower hybrid waves (LHW) and 
fast waves (FW) ion Bernstein waves (IBW) are studied by a 2-D Fokker-Planck 
code [1, 2], which includes the quasi-linear (QL) diffusion coefficients of the waves 
and relativistic effects. The diffusion coefficient acting in the electron momentum 
space can be written for the considered waves as follows: 

DRF (p±, p») = ~ - \ dn» D0 (nB)oA - ^ - \ 

with p± = iryyv.L, p( = nyyvii, y2 = 1 + p^ir^c2 and 

D0(n,) = 

(1) 

l E z ( n „ ) l 2 + ^ V
2 ' 2 lEy(n,)l 

+ CT±V2± Im ( E > , ) Ez(n„)) (2) 
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where c is the light speed, Qe is the relativistic electron cyclotron frequency, n± and 
n» are the perpendicular and the parallel refractive index components of the wave 
and EjjEj is the kj-th element of the wave electric field tensor (E2

ms = { dnB 

lE(nj)l2. The first term in Eq. (2) corresponds to the Landau damping (LD) inter
action, the second term to the transit time magnetic pumping interaction and the third 
term to the cross-interaction. 

From the 1-D theory we know that QL effects become important when the quan
tity Wj DN/(2 + Zeff) > 0.2, where W| = Pi/pthe a nd DN = DRF/y0p^e. Assuming 
w|/(2 + Zeff) « 5 we find the condition DN > 5 X 10~2 to obtain QL effects. 
According to Eq. (2), DN depends on the value of the electric field components 
which, in turn, are related to the perpendicular wave power flux S± through the 
relation lEkl2 = 87rgkkS_Jc3h0/3nx]~

1 (here ho = det(G) is the dispersion relation 
and gkj is the kj-minor of the dispersion matrix G [2]). In the following, we shall 
evaluate the dominant electric field components and the resulting DN for 
LHW, FW and IBW, showing that, at the current values of S x , only LHW produce 
QL effects. The Stix notation is used for the elements of the dielectric tensor. 

LHW. For LHW the dominant field is Ez, while Ey = 0. Let us assume the elec
trostatic dispersion relation: nx = (a^/u) ni; then: lEzl2 = (w/4wpe) n( (8TTSX/C). 

At Sx = 0 . 1 MW-nr2 the result is IEZI « 2 X 10"2 kV/cm (at f = 3.7 GHz and 
ne = 2 x 1013 cm"3, n, = 3) and DN is of the order of 1. 

FW. For FW the dominant field component is Ey. Let us assume the cold plasma 
dispersion relation: n\ = [(s - n

2 ) 2 - D2]/(S - n2) - D2 P"1], then: 

• v - M " - - * ^ ) ] ^ 
Im (Ez/Ey) = nxn„ ( D - aT« \ 

\ P(S - n2) Wce IHeC2 / 

TABLE I. VARIOUS RESULTS OF CALCULATIONS 

T x /T e 

(a) 1.2 

(b) 2.7 

(c) 3.1 

(d) 1.1 

(e) 6.0 

(f) 6.1 

(g) 8.0 

PTTMP 
(MW-nT3) 

0.13 

— 
0.23 

0.002 

-
0.004 

— 

PFW/IBW 
(MW-m-3) 

0.071 

— 
0.15 

0.13 

— 
0.12 

— 

(MW-nT3) 

— 

1.1 

1.1 

— 
0.2 

0.4 

4.0 

J 
(MA-irT2) 

0.4 

7.0 

8.6 

0.5 

1.8 

3.8 

30.0 

(A 
1 

•W-'-nT2) 

0.16 

0.18 

0.20 

0.12 

0.23 

0.21 

0.24 
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while Re(Ez/Ey) « 0. For S± = 0.1 MW-m"2 and the parameters of the JET 
experiment [3], lEyl « 6 X 10~3 kV/cm, while IE2/Ey I * 5 X 10"4. 

Although IEZ/Eyl < 1, the different terms in Eq. (2) are all comparable 
at low frequencies (u > coci) (kxV^/fie « 10"3). On the other hand, at high 
frequencies (w2 > w2j) the LD contribution dominates because of the favour
able scaling of IEZI2 with frequency. At f = 48 MHz for the JET parameters, 
we find DN = 10"5 at S± = 0.1 MW-m"2 and v x = v^ . At f = 433 MHz, for 
a FTU plasma [2] lEyl « 8 X 10"3 kV/cm, lEz/E>,l « 8 X 10"3 and DN * 10'3, 
at Sj. = 0 . 1 MW-m"2 and vx = v^ . Therefore, the linear regime holds for FW 
and a distortion in the distribution function appears only for high v x . 

IBW. We assume the simplified dispersion relation [4]: n2 + j^/a, = 0 (ao and a] 
are defined in Eq. (C8) of Ref. [4]). Then, we have: 

| E | 2 = la,l3'2D2 8irSx 
y 2laol5/2 c 

and 

laolMn, 
Im (EJEy) = 

a,i1/2DP 

At S± = 0.1 MW-m"2 we find IE,I = 6 X 10"4 kV/cm and lE j * 3 x 10"5 

kV/cm for the JET parameters. The dominant term in Eq. (2) is the LD term which 
scales as n,3. We notice that both lEy

IBWl and lEz
mwl are much smaller than IEZ

LHI 
at the same S± and ny and that the IBW diffusion coefficient is also quite small: 
DN ~ 10-2. Therefore, the linear regime holds for IBW too, unless we go to values 
Sj. > 5 times larger than the value assumed here. 

We note that D\f scales as n»lEzl
2 while D$[MP scales as n3 n2 \Ey\2\\-. 

Therefore, from the scaling of the field components, we obtain DNHW ~ wf2, 
DN W « W|T3 and DNW = wf3 w \ (for low frequencies, when TTMP dominates). If 
we compare these types of behaviour with the W|73 behaviour of the collisional drag 
we find that the QL-IBW diffusion, differently from LHW diffusion, acts with the 
same strength all over the resonant region, while FW diffusion scales with w x . 
Therefore, FW can develop a tail at sufficiently high v ± , even if DN < 5 X 10-2, 
whereas IBW can develop a tail only if DN > 5 x 10"2. 

LHW + FW/IBW. The picture emerging from the above considerations is the follow
ing: At realistic wave power flux, LHW produce QL effects while FW and IBW do 
not. In these conditions, FW and IBW can hardly affect the LHW absorption. On the 
other hand, absorption of FW/IBW can be modified by the presence of LHW, as 
reported in Ref. [2]. (Here it is shown that when FW have higher phase velocity than 
LHW, the FW absorption increases since LHW feed electrons into the FW phase 
velocity region and also enhance their perpendicular temperature). Therefore, to take 
advantage of combined LHW and FW/IBW injection, one has to exploit the low nt 

content (ni < niacc) of these waves and the improved absorption of those low n& 
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in the presence of LHW. However, since the FW/IBW diffusion coefficients are 
small, using LHW power only is more efficient for current drive than sharing the 
power between LHW and FW/IBW (see Table I, case g)). 

Combined injection of FW and LHW in JET [5] shows synergistic effects in 
the driven current (JLH + FW > JLH + JFW) and in T x , when a monopole spectrum 
is used for FW. As shown in Ref. [2], one can interpret these results within a 
combined FW + LHW scheme, only assuming Sx = 0.5 MW-m"2 for FW and 
Sx = 0.02 MW-m"2 for LHW. 

The rows (a), (b), (c) of Table I show the results of the Fokker-Planck calcula
tion obtained for JET by using the parameters quoted in Ref. [2]. The following spec
tra are used: nJ-H = 2.1-2.7, njj3w = 1.2-3.6. The presence of LHW makes the FW 
absorption by a factor of two larger. The driven current in the presence of both 
waves is larger than the sum of the single contributions, and the CD efficiency 
y) = lRFn.Ro/PRF increases, as well. An analysis of different contributions shows 
that 50% of the 77 increment is due to the low nt content of the FW spectrum, the 
remaining 50% is due to TTMP. 

Another possibility of explaining the above mentioned JET results is to suppose 
that FW convert to IBW at the resonance cut-off layer and that the IBW interact with 
the electron tail [5]. Again, a large value of Sx (0.5 MW-m"2) is needed for IBW 
to obtain appreciable effects on the driven current. Indeed, for this S x , IBW start to 
produce a QL tail in the distribution function. If the IBW spectrum contains higher 
nj than LHW, this enhances the LHW power absorption. The rows (d), (e), (f) of 
Table I show the results of the Fokker-Planck calculations for LHW+IBW. The fol
lowing spectra are used: n\u = 1.75-2.25, nB

IB = 1 - 3 . The driven current in the 
presence of both waves is larger than the sum of the single contributions, but the CD 
efficiency decreases. 

Finally, row(g) refers to LHW only with nJ-H = 1-3, and Sx = 0.02 MW-nr2, 
showing the advantage of using LHW only. 

2. NEUTRAL BEAM CURRENT DRIVE FOR ITER 

An analysis of the neutral beam current drive for ITER is performed. The neu
tral beam deposition profile for a model elliptic equilibrium is calculated by following 
Ref. [6]. As recent papers [7-10] indicate, multistep ionization (MSI) and beam-
particle self-interaction (BPSI) substantially affect the stopping cross-section and, as 
a consequence, the beam penetration. Here, both effects, as well as the dependence 
of the beam stopping cross-section on the beam and plasma parameters (Eb, Ab, Zeff, 
n,,), are fully accounted for. The neutral beam current density is calculated by using 
an approximate solution of the Fokker-Planck equation [11, 12]. This allows a scan 
in the parameter space with respect to the numerical solution of the Fokker-Planck 
equation to be obtained more easily. 

http://lRFn.Ro/PRF
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A parameter scan is performed by changing electron density, plasma tempera
ture, plasma effective ion charge Zeff, beam energy Eb and mass number, beam sec
tion and tangency radius of the beam centre. Upon changing these parameters, 
especially plasma density and beam energy, the driven current density profile can be 
controlled in an effective way. 

A beam energy between 1.3 and 1.5 MeV yields the highest value of the current 
drive figure of merit i7„b = InbnR/P both for H° and D° beam injection. Peaked 
deposition profiles and NB current density profiles are obtained in these cases. 
The shape of the current density profile can also be controlled by changing the 
vertical extension of the beam. An optimum tangency radius Re < Ro is found. 
As to the sensitivity to plasma parameters, it is found that an average density of 
<ne> « 0.64 X 1020 m~3 yields a peaked current density profile, while operation at 
<ne> « 1020 m~3 yields flat or even hollow current density profiles. The effect of 
changing the density profile is also studied, showing that flatter density profiles yield 
higher values of ?jnb. Finally, at the highest beam energies, the dependence of i)nb on 
Zeff is found to be not so important in the range 1.5 < Zeff < 3. The largest values 
for 7jnb are obtained for the largest beam energy (t)nb = 0.6 for Eb = 1.3 MeV and 
Zeff = 2), showing that neutral beam current drive can be successfully employed on 
ITER. 

3. EFFECTS OF ELONGATION AND TRIANGULARITY ON THE 
PROPAGATION OF LOWER HYBRID WAVES 

Lower hybrid wave propagation is studied for a general magnetic field configu
ration. The ray tracing equations in the geometric optics approximation are analyti
cally and numerically solved in flux surface co-ordinates by using asymptotic 
techniques [13]. The effects of elongation, triangularity and Shafranov shift on wave 
penetration is investigated for nearly equatorial injection angles (I0OI < 30°). For 
flat density profiles, in addition to the effect of toroidicity, the elongation and the 
Shafranov shift facilitate wave penetration when negative injection angles are used. 
On the other hand, for positive injection angles the above mentioned effects make the 
propagation more peripheral. The effect of triangularity is less pronounced than that 
of elongation and Shafranov shift. 

When peaked current density profiles are used the effect of elongation, which 
is the most important term associated with the departure from the simple circular flux 
surfaces equilibrium, tends to be larger. In the case of peaked density profiles, the 
effect of the equilibrium parameters tends to weaken the up-down asymmetry and 
to yield a more central propagation. 

A numerical investigation of the propagation for ITER equilibria has confirmed 
the analytical results. For the reference ITER scenario (5t = 0.43, K = 2.11, 
iSpo! = 0.8), a scan in frequency and nn0 has shown that a very central propagation 
can be achieved for nB > 1.9 and f = 8 GHz. 
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Abstract 

OVERVIEW OF HEATING AND IMPROVED CONFINEMENT (I-MODE) ON TEXTOR WITH 
NBI AND ICRH. 

A detailed description is given of the recently observed regime of improved confinement (I-mode) 
on the pumped limiter tokamak TEXTOR. I-mode discharges show a confinement improvement which 
is as good as that of supershots and of the stationary ELMY H-mode of divertor tokamaks. Absence 
of impurity accumulation in the core is an additional advantage of these discharges. The I-mode regime 
can be obtained with NBI-co or NBI-co in combination with NBI-counter or ICRH. Characteristics of 
these discharges are (i) hot-ion mode behaviour is obtained with central ion temperatures as high as 
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6 keV; (ii) the profiles for electron density and temperature near the limiter can be as steep as in divertor 
ELMY H-mode discharges; (iii) I-mode. discharges obtained with NBI-co + NBI-counter have a strong 
profile peaking similar to the one obtained in supershots. The existence of the I-mode is bounded by 
/?p and (3, limits. Values of neutron yield and fusion product so far obtained for TEXTOR are maximal 
in I-mode discharges. An isotopic effect has been found in I-mode discharges, showing up as a 35% 
increase in the confinement time of D° — D + discharges over H° — H + discharges. 

1. INTRODUCTION 

The results described in this paper are obtained on TEXTOR under the 
following conditions : large radius R = 1.75 m, small radius a = 0.46 m, plasma 
current l p between 200 and 500 kA and toroidal field Bt= 2.25 T. The plasma is 
circular in shape and is limited by the toroidal belt limiter ALT-II. The walls are 
boronized [1], The additional heating capability on TEXTOR reaches a total of more 
than 7MW, i.e. 1.7 MW for D°->D+or H°->H+ NBI co- or counter-injection with a 
maximum injection energy of 55 kV and 4MW of ICRH (H minority heating in D 
plasma). 

It is the purpose of the present paper to give a detailed description of the 
recently discovered I-mode regime on TEXTOR [2], which can be achieved in 
stationary discharges for a wide range of plasma densities and currents. Typical 
plasma parameters of an I-mode discharge (#50790) heated successively with 1.7 
MW NBI-co and 1.7 MW ICRH are summarized in Fig. 1. The central ion temperature 
(from CX recombination spectroscopy) and electron temperature (from ECE), with a 
maximum value of 5.5 resp. 2.5 keV, clearly show the hot-ion mode behaviour of 
this discharge. The ion temperature profile is generally more peaked than the 
electron temperature profile and for a given density both the width and the central 
value of electron temperature profile rise with increasing plasma current [3]. Note 
also the increase of the central ion temperature during the combined NBI-co+ICRH 
heated phase, due to an increased ion heating efficiency of ICRH in the presence of 
NBI-co. This efficiency amounts typically to 0.5 keV 1013cnr3 /MW for ohmic 
plasmas and to 1.35 keV 1013cnr3/MW for NBI-co heated discharges. It has been 
shown in ref. 2 that this effect is mainly due to the direct electron heating of the 
ICRH through the H minority, which increases the critical energy for the beam ions. 
The fraction of the beam power going to the ions is therefore larger in the presence 
of ICRH. Compared to the ohmic phase, a stretching of the sawtooth period is seen 
during the NBI-co heated phase. The sawtooth period is further increased when ICRH 
is added. At lower densities even full stabilization can be obtained, the range of 
densities where full stabilization occurs being larger at lower plasma currents. The 
sawtooth-free part of the discharge is characterized by q 0 < 1 [4]. The low and 
stationary radiation level (Prad/Ptot < 0.3) during the whole additionally heated 
phase indicates that there is no impurity buildup in the plasma; this result is 
confirmed by the central impurity lines and the negligible central radiation. It is as 
yet still not clear what the exact conditions are to set up the I-mode. A necessary 
condition to obtain I-mode discharges is the presence of NBI-co. Two other essential 
conditions are low recycling and the absence of MHD activity; occurrence of the 
latter leads to a sudden drop of the I-mode to an L-mode like regime [5]. 
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TeoIkeV] 
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[1013s-i] 

ne0[1013cm"3] 

2.8 
Time [s] 

FIG. I. Plasma parameters as a function of time for a TEXTOR I-mode discharge (No. 50790, 
Ip = 360 kA, B, = 2.25 T) obtained with NBI-co and NBI-co + ICRH. Shown is the time variation of 
the equilibrium and diamagnetic plasma energies, the central ion and electron temperatures, the neutron 
yield, the central line-averaged plasma density, the radiated power and the engineering values of the 
NBI-co and ICRH power applied. 

2. DESCRIPTION OF l-MODE DISCHARGES 

a. Confinement quality 

As there is a flurry of scaling laws for the H-mode, we will compare the 
confinement properties of TEXTOR l-mode discharges to the well-known ITER L89-P 
L-mode scaling law. The datapoints used for comparison are subjected to the same 
constraints as for the ITER L90-P scaling law, i.e. MHD energy is considered and 
discharges with a fast ion fraction > 40 % and/or a radiated power fraction > 60 % 
are excluded [7]. Total net heating power values (Ptot) are used. Therefore, the 
value for the NBI heating power has been corrected for charge-exchange and shine-
through losses. However, no correction has been applied for possible losses of the 
ICRH power. Under stationary conditions (1.8 < r7eo < 4.3 1013cm-3, 300 < lp < 500 
kA, 1.5 < Ptot < 3.4 MW) where the energies remain stationary for at least 20 times 
the energy confinement, time, the mean enhancement factor fy with respect to ITER 
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FIG. 2. Evolution of the enhancement factor and different plasma energies as a function of the plasma 
density in (a) deuterium and (b) hydrogen TEXTOR l-mode discharges obtained with 1.7MW NBI-co 
injection at a current of lp = 350 hi. The predictions of ITER L89-P are shown. In addition, energy 
values obtained in ohmically heated discharges are given. 

L89-P is 1.7 for Ee q u i (also called EMHD), 1-4 for E ^ and 1.1 for EWn (also called 
Ethermal)- For transient conditions these values are approximately 10 % higher. 
Edge electron density and temperature profiles near the limiter have been observed 
which can be as steep as in ELMY H-mode discharges. The strong central fuelling of 
the beams in NBI-co+NBI-counter heated discharges gives rise to centrally peaked 
density profiles similar to those observed in supershots and values up to 3.5 are 
observed for the density profile peaking factor (defined as ne(0)/<ne(r)>, with 
<ne(r)> the volume average of the electron density). The density profile peaking 
factor obtained with NBI-co heating is similar to the one obtained in NBI-co+ICRH 
heated discharges but does not exceed 2.5. Although the peaking factor is less in NBI-
co and NBI-co+ICRH heated discharges, the confinement enhancement can be as good 
as for the case of NBI-co+NBI-counter heating [4]. 

We have shown [2,4] that for TEXTOR l-mode discharges the confinement is 
as good as that of the ELMY H-mode of divertor tokamaks and that the functional 
dependence of the confinement time on l p and Ptot is in fair agreement with ITER 
L89-P. However, a strong density dependence has been found for the confinement 
enhancement, in contrast to the ITER L89-P scaling law. For l p = 350 kA and Pm = 
1.7 MW, this is illustrated in Fig.2, where the enhancement factor decreases with 
density, being larger than 2.5 at low density (nerj < 2.0 1013cnr3) and roughly 1.3 
at high density (neo > 4.0 101 3 cm*3). This behaviour can at least partly be 
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understood as a consequence of the broadening of the beam deposition profile 
(changing the heating effectiveness [8] from 0.82 at neos 1-4 1013crrr3 to 0.73 at 
neo = 5.0 1013cm-3) and the reduction of the fast particle contribution at high 
plasma densities. A similar density dependence has been observed in other enhanced 
confinement discharges, e.g. in the Dlll-D tokamak [9]. 

b. Isotopic effect 

A significant difference has been found in the confinement properties of 
deuterium and hydrogen discharges. The evolution of Eequi. Edia and the enhancement 
factor fH is presented in Fig. 2a and 2b for D°—»D+ and H°—•H* discharges heated 
with 1.7MW NBI-co at lp=350 kA. 

At low density Eequi is larger than Edia; at higher densities both quantities 
converge to the same value, due to a decreased contribution of anisotropic beam 
components in the plasma. The.difference between EeqUi and Edia is larger in D°-»D+ 
than in H°-»H+ NBI-heated discharges, since the population of high energy ions is 
larger in the case of D, caused by the dependence of the beam ion slowing down time 
on the mass of the injected ion. The ratio Eequi (D)/EeqUj (H) at high density is 
nearly 1.35, roughly in agreement with the Aj0-5 dependence given by ITER L89-P. 
The thermal energy content follows the ITER L89-P law in D°-»D+ discharges and is 
somewhat larger in H° -»H + plasmas. The ratio Teo{D)/Teo(H) is on the average 
1.17 and the density profile peaking factor in corresponding D°-»D+ and H°-»H + 

discharges is the same. 
The confinement behaviour of ohmic D and H discharges is also indicated in 

Fig. 2a and 2b. A saturation of the energy values is clearly seen at high densities, as 
also seen on other machines, e.g. the SOC of ASDEX [10]. The ratio Eequj(D)/Eequi(H) 
for ohmic discharges in the saturated regime is roughly the same as for high density 
H and D l-mode discharges. The ratio Teo(D)/Teo(H) is in this case approximately 
1.30. 

c. Beta-limits and fusion product 

For discharges at plasma currents above 300 kA, the global confinement 
scaling is roughly 1.8 ITER L89-P. The performance of discharges at plasma 
currents lower than 300 kA appears experimentally limited by a p p limit. This 
limit is already reached for a total net heating power of 1.7 MW at 205 kA and 3.5 
MW at 300 kA and can be obtained for different combinations of PNI-CO and PICRH or 
pNI-counter- Maximum beta values are found in balanced NBI-co+NBI-counter I-
mode discharges. They reach in stationary conditions almost pp = 1.5-1.6, (epp = 
0.39-0.42) and Pt= 1%, (i-e. P t=0 .7 PTroyon. or Troyon factor = 2.0). The 
domain of existence of l-mode discharges in parameter space can best be displayed in 
an ePp versus q a diagram, given in Fig. 3, which shows clearly the limits which are 
attained in l-mode discharges. The fusion product nD(0)Tj(0)TE reaches record 
values for TEXTOR in balanced NBI-co+NBI-counter l-mode discharges and ranges 
between 0.5 and 1.1 1026nr3 K s. 

d. Neutron yield 

At intermediate and high densities (neo > 2.0 1013cnr3), neutron production 
in l-mode discharges is mainly due to beam-target reactions; their number is 
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FIG. 3. Values of e0p as a Junction of qa diagram obtained in TEXTOR I-mode discharges. Full 
lines correspond to 0p = 1.6, {t$p = 0.42) and ft = 0.7(3Tmyon ft}, = /% or Troyon factor = 2.0). 

discharges at 205 < Ip < 530 
0.5 < P,„, < 3.9MW. 

roughly proportional to the number of fast ions present in the plasma times the 
thermal ion density and thus approximately scales as Te

1-5 . The number of beam-
beam reactions is proportional to the square of the number of fast ions in the plasma 
and thus varies as T e

3 / n e
2 ; therefore, at low densities (neo < 2.0 1013cnrr3), 

beam-beam reactions can contribute for 40% to the neutron yield in balanced NBI-
co+NBI-counter heated discharges. The reactivity of the plasma is enhanced by the 
addition of ICRH mainly due to the electron heating through the H minority, leading to 
an increase in the beam ion slowing down time [11]. This is illustrated in Fig.1 
where the neutron yield reaches 1.8 1013 s_1 during NBI-co, increasing up to 
2.7 1013 s"1 during NBI-co+ICRH. Maximum neutron source rates have been 
obtained in balanced NBI-co+NBI-counter discharges at low density where both 
beam-beam and beam-target reactions contribute appreciably to the neutron yield. 
Record values in TEXTOR of up to 2 1014 s"1 have been observed, giving rise to a QDD 
value of 7.3 10"5 or an equivalent Q D T = 1-7 10 -2 if the plasma and beam 
parameters of these deuterium plasmas were maintained in a 50/50 D+-T+ plasma 
upon injection of a neutral beam composed of 50/50 D°-T°. 
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Abstract 

CURRENT DRIVE IN TOKAMAKS UNDER CYCLOTRON AUTORESONANCE CONDITIONS. 
The method of current drive in tokamaks, based on electron cyclotron resonance (ECR) interac

tion in the autoresonance regime, i.e. for Nt = 1, is studied. In the ideal case of a collisionless plasma 
and a homogeneous magnetic field, the ECR interaction in the autoresonance regime results in an 
unlimited rise of energy as well as of electron momentum along the magnetic field, which means an 
unlimited increase of current. In the paper a number of factors affecting the phenomenon in real condi
tions are taken into account: Coulomb scattering, magnetic field inhomogeneity, etc. A numerical solu
tion of the model two-dimensional Fokker-Planck equation reveals a high efficiency of the method when 
the input ECR power is high enough. 

1. INTRODUCTION 

Electromagnetic waves with a frequency close to the electron cyclotron fre
quency (ECR waves) are widely used for plasma heating and current drive (CD) in 
closed configurations. Among the advantages of ECR waves there are simple launch
ing and locality of energy deposition. Gyrotrons — usual sources of ECR waves — 
generate waves with a very narrow (practically monochromatic) spectrum. Generally 
speaking, CD with the aid of such ECR waves is not very effective, because even 
small variations of electron energy and momentum detune the resonance (this state
ment is to a certain extent confirmed by experiment [1, 2]). If the wave phase is ran
dom, a narrow plateau is created on the distribution function. For this reason, the 
well known method of CD with the aid of ECR waves is not based on parallel 
momentum input but on the creation of an anisotropy in the electron distribution func
tion [3]. In this case, a current appears as a result of Coulomb scattering of the 
anisotropic distribution function. 

At first sight lower hyrid (LH) waves seem to be more attractive for CD, which 
is to some extent confirmed by the experiment [4]. LH waves are launched into the 
plasma in the form of waves with a wide spectrum of phase velocities along the mag
netic field. This spectrum determines the width of the plateau on the electron distribu
tion function. 
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At the same time, it was shown in Ref. [5] that rather a high CD efficiency can 
be achieved by ECR waves, as well, if resonance interaction takes place in the cyclo
tron autoresonance (CAR) regime. In this case even a monochromatic ECR wave can 
accelerate electrons infinitely (without formation of a plateau); in addition, the elec
trons gain parallel momentum from the wave, along with the energy. As a result, a 
'jet' is formed in the velocity space which corresponds to the electron flow along the 
magnetic field. 

The purpose of this paper is a further study of the CAR phenomenon, The 
dependence of the CD efficiency on the wave power is analysed by numerically solv
ing a two-dimensional Fokker-Planck equation. 

2. CYCLOTRON AUTORESONANCE CONDITION 

The CAR regime prevails for waves with their parallel refraction index, equal 
to unity, Ny = 1 (N = kc/co). Resonance interaction of electrons with such waves 
does not detune the resonance, i.e. the resonance condition 

w = nwe + k,vn (1) 

is not violated [6]. 
To explain the CAR phenomenon, let us consider the motion of an electron in 

the p t , p± velocity plane, under the influence of electromagnetic waves. From the 
energy and parallel momentum conservation laws for the absorption of an elec
tromagnetic quantum (5E = ha>; 6p( = #kj) it follows that 

PII^PI _ k|)V|| ,2) 

Pi^Pi w - kiv, 

This relationship is valid for arbitrary wave polarization. If the momentum vari
ations 6pi and S p / caused by the wave electric field Ey and E x do not satisfy 
Eq. (2), the necessary corrections are produced by the wave magnetic field rotating 
the electron velocity vector. 

From Eq. (2) it follows that the monochromatic wave displaces the electrons in 
the velocity plane along the lines 

7 = - 3 i - + const (3) 
NB 

where y = Vl + q2, qi, ± = piiX/mc, q2 = q2 + q\; m is the rest mass. 
The resonance condition (1) can be represented as follows: 

7 = q „ N a + ^ (4) 

where u^ is the non-relativistic cyclotron frequency. 
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For N0 = 1, the electron trajectory in the velocity plane coincides with the 
resonance condition (4), which makes the unlimited acceleration of electrons 
possible. 

3. AUTORESONANCE IN THERMONUCLEAR DEVICES 

The CAR phenomenon was observed experimentally in vacuum for parallel 
propagation of an electromagnetic wave along a homogeneous magnetic field and was 
used in masers for the generation of ultrahigh frequency (UHF) oscillations [7]. In 
thermonuclear devices an inhomogeneous magnetic field is used for plasma confine
ment. The inhomogeneity of the magnetic field modifies the phenomenon. In particu
lar, unlimited acceleration of electrons by a monochromatic wave with NB > 1 
becomes possible. The maximum energy up to which the electrons can be accelerated 
is determined by the variation of the magnetic field strength in the device [8]. On the 
basis of these considerations a model [9] was built that rather well describes the 
results of ECR plasma heating experiments in the OGRA-4 mirror machine [10]. In 
these experiments losses of electrons with energies of 0.1-0.6 MeV from the trap in 
the direction of the wave propagation were observed. 

In tokamaks, because of the significandy lower inhomogeneity of the magnetic 
field, a more exact fulfilment of the condition N[ = 1 is necessary for CAR to 
occur. 

Ray tracing analysis [5] shows that for the ECR wave (the extraordinary one) 
to approach the centre of the plasma core (the resonance zone of the fundamental 
cyclotron harmonic) with Ny = 1, the wave must be launched from the top (or bot
tom) of the tokamak. Besides, the launching angle with respect to the magnetic field 
line should be small enough. The wave propagation was described in the cold plasma 
approximation by the Appleton-Hartry dispersion equation. Examples of ray tracing 
trajectories can be found in Ref. [5]. 

We do not know of an experiment with such a geometry of ECR wave launching 
in tokamaks. 

4. QUASI-LINEAR DIFFUSION TENSOR D ^ FOR ECR IN A TOKAMAK 

The numerical solution of the Fokker-Plank equation for a determination of the 
CD efficiency under CAR conditions requires an expression for Da)3. In deriving 
this expression we took into account the main features of a tokamak experiment: a 
Gaussian profile of the wave beam, an inhomogeneity of the magnetic field, different 
trajectories of trapped and untrapped particles, relativity, overlap of cyclotron har
monics, etc. [11]. 
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For example, we represent the structure of the Da/3 tensor for untrapped 
particles' as follows: 

J -T n = -co 

(5) 

Da/3(x) = j co jEPlGlX^ 

where the subscripts a,j3 designate 'parallel' and 'perpendicular', <ob is the fre
quency at which the ECR beam is crossed by an electron, and G is a rather compli
cated function that characterizes the resonance broadening [11]. Furthermore, 

E .( | I ,„ l E .+AJ ,(^.)E | + lJ„ l E ,)/B o 

where E _ + j are the components of the wave electric field perpendicular, rotating 
with respect to the direction of electron and ion motion, and parallel. B0 is the mag
netic field at the tokamak axis: 

hx = 

1 - N , - L 
c 

Vb 
; h, = Vb tg0 (l + N, ^ - - M 

with 

= - ^ ^ - J l + tg^ 1- (cosx - 1); R = Ro + r 
7 \ R 

cosx; 

b = 
r + Ro 

Here, RQ is the radius of the torus axis, r the magnetic surface radius, and 6 the 
pitch angle at the point of minimum magnetic field on the electron trajectory (x = 0). 

Figure 1 shows level lines of the common part of the normalized tensor D 
(D = <Da;8(x)/hah1g>; the normalization is by c2/re, where re is the Coulomb scatter
ing time) for N| = 1.1 and parameters characteristic of the T-10 tokamak experi
ment. The figure shows the fundamental resonance for n = 1 (where a maximum 
value of D = 0.19 is achieved) and two sideband harmonics, n = 0, 2. 

Along the trajectories of the trapped particles, the poloidal angle varies in the range from 
-Xmall to Xmax (Xma* < ""). s 0 that ' n this range one should average DQ/3(x) to obtain a quasi-linear 
diffusion tensor for this electron population. 
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F/G. i. Common part ofECR diffusion tensor Dfor T-10 parameters: 1 — trapped particle cone; 2 — 
cone corresponding to point of intersection of wave beam with magnetic surface. Vertical launching of 
extraordinary wave: frequency 74.6 GHz, power 0.2 MW, wave beam diameter 14 cm, r ~ 20 cm, 
R0 = 750 cm, B0 = 2.8 T. The density and the temperature of the electrons on the axis are 1013 cm'3 

and 5 keV, respectively. 
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FIG. 2. Calculated electron distribution function for q, = 0.1; D = 0.1; e = 0.07: (a) N, = 1, 
A = 0.04; (b) N, = 0.34, A = 0.02. 

5. MODEL FOKKER-PLANCK CALCULATIONS 

To clarify the main features of CAR CD and to save computer time we have 
simplified the expression for D as much as possible and considered it to be constant 
in a narrow zone near the fundamental resonance in the velocity plane. The position 
of the resonance curve (4) in the velocity plane and the width of the ECR zone are 
determined by two parameters e and A through the relationship 

1 + e - A < WeO < 1 + e + A (6) 
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FIG. 3. Dependence of CD efficiency J IP on D for N, = 1; q, = 0.1; A = 0.02: (1) e = 0.03; 
(2) f = 0.07; (3) e = O.J5; (4) e = 0.3; (5) e = 0.6. 
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FIG. 4. Dependence of CD efficiency J/P on DforN, = 1; q, = 0.1; e = 0.07: (1) A = 0.1; (2) A 
0.07; (3) A = 0.04; (4) A = 0.02; (5) A = 0.01. 
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FIG. 5. Dependence of critical value Dc on «. 
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We have solved a relativistic Fokker-Planck equation of the form 

+ *s-('-^) 
d 

dpi 

x D(l - n2) 
dq \ 7 / dn 

(7) 

where q,2 = Te/mc2, Z is the effective charge, p - qi/q, and the time is normalized 
by Te, Furthermore, 

4 fu 
x2 „2 2u e-* x2 dx; C = A(l - A/2u2) + - = - e" ; u 

V7T V2q.. 
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FIG. 6. Dependence of critical value Dc on A. 

Trapped particles were taken into account in a model way. In the region of 
trapped particles in the velocity plane, the term 

d « 2, df 
—— v (1 - ft2) —— 
dp Qfi 

was introduced into the right hand side of Eq. (7), where the value of v was chosen 
to be large enough. 

In Fig. 2 the level lines of the electron distribution function are shown for two 
cases, N| = 1 and NB = 0.34. We see that under CAR conditions a 'jet' is formed 
in a velocity plane which transports the electrons into high energy region. 

Figures 3 and 4 show the dependences of the CAR CD efficiency on the magni
tude of the quasi-linear diffusion coefficient D for various values of e and A. For 
small values of D, the efficiency J/P does not depend on the input power and A, but 
depends strongly on e, in full agreement with Fish's theory [3]. The value of J/P is 
in accordance with the predictions of Ref. [3] for large e, no account taken of the 
trapped particles. So, for low levels of input power, CAR does not give rise to signifi
cant differences from the classical scheme because Coulomb scattering prevents the 
electrons from diffusion along the resonance curve. To maintain the influence of 
Coulomb scattering the quasi-linear diffusion coefficient must be greater than some 
critical value Dc. From Figs 3 and 4 we see that for D > Dc a rapid growth in effi
ciency is observed. The critical value, Dc, depends weakly on e and strongly on the 
resonance width A: Dc ~ A"1. Figures 5 and 6 represent tiiese dependences 
(Dc was determined from the data of Figs 3 and 4 at a level J/P = 0.5). 
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FIG. 7. Variation of energy spectra of current j(q) and absorbed power p(q) with increasing D for 
N, = /,- qi = o.l; e = 0.07; A = 0.07. 

Figure 7 shows how the energy spectra of current j(q) and absorbed power p(q) 
(J = {jdq, P = \ pdq) vary with increasing diffusion coefficient D. We see the for
mation of an energetic 'jet' for large D absorbing a significant portion of the input 
wave power. 

Calculations show that, within the framework of our model, the CD efficiency 
grows infinitely with increasing input power. Apparently, beginning from a certain 
power level it is necessary to consider certain additional factors such as synchrotron 
emission or instabilities. 
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6. CONCLUSIONS 

Our considerations reveal great possibilities of current drive in cyclotrort 
autoresonance conditions for a sufficiently high level of ECR input power. Model 
calculations show that in this case dependences of die ECR curve in die velocity plane 
on position e and width A are realized that are opposite to the well known depen
dences for Fish's current at low power level. 
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Abstract 

HIGH DENSITY AND LONG DURATION CURRENT DRIVE DISCHARGE WITH HIGH 
FREQUENCY LH WAVES IN TRIAM-1M (Part A), AND COMBINED CURRENT DRIVE OF 
ELECTRON CYCLOTRON AND LOWER HYBRID WAVES, AND ECH HEAT PULSE PROPA
GATION IN THE WT-3 TOKAMAK (Part B). 

Part A. Recent studies on particle and power control in long duration lower hybrid current drive 
(LHCD) operations in TRIAM-1M are presented. Particle control through gas puffing (t < 20 s) shows 
that steady coupling of LH waves is attained at 40 s from the initiation of the discharge. High power 
handling is carried out over 20 s under the power load of several MW/m2 for the poloidal limiters. 

Part B. Part B reports on an upshift frequency electron cyclotron current drive experiment in an 
LHCD plasma and on heat pulse propagation by means of localized EC heating in the WT-3 tokamak 
(Ro = 0.65 m, a = 0.2 m, Bt < 1.75 T). 
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PART A. HIGH DENSITY AND LONG DURATION 
CURRENT DRIVE DISCHARGE WITH 

HIGH FREQUENCY LH WAVES IN TRIAM-1M 
(S. ITOH et al.) 

1. INTRODUCTION 

TRIAM-1M has been exploring a new era of tokamak research for long time 
operations [A1-A4]. Recently, critical issues of long duration discharges have been 
largely recognized from the outcome of ITER CDA analyses [A5]. Steady current 
drive, power handling and particle control are the urgent physics R&D tasks with 
respect to a future machine [A6]. 

Here we report the results from two distinct discharge regimes having revealed 
their existence in recent TRIAM-1M experiments. In order to study the true steady 
state of lower hybrid current drive (LHCD) discharges, which have a much longer 
duration than T* (particle confinement time including recycling), we examine the 
figures of merit of the current drive as key parameters of the mutual steadiness of 
density profile and LH wave coupling. We also focus our attention on long time high 
density LHCD operation as the 'front discharge' with respect to long time power 
handling. 

5 SHOT 25310 

^ 1 0 - 1 1 00 1 0"! 1 02 1 03 1 04 

Time (s) 

FIG. Al. Temporal evolution of current drive efficiency, ri —ntlp R/Pgp; a figure of merit, lp/Pinj; the 
line averaged density, ne; and gas puffing rate, Sc, in a long time discharge. The initial RF power 
radiated from the launcher is 20 kW, and the plasma density is ~ 1.2 X 1018 m'3. 
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2. PARTICLE CONTROL IN LONG TIME OPERATION 

Significant progress has been made in the understanding and control of steady 
state plasma in the TRIAM-1M superconducting tokamak (Bt = 8 T, R = 0.84 m, 
a = 0.12 m, b = 0.18 m, SUS wall) [Al, A2]. A one-hour discharge under com
plete equilibrium conditions has been demonstrated [A2]. Particle control (through 
gas puffing with continuous evacuation by pumping) was critical in obtaining steady 
coupling of LH waves to the plasma. In establishing the one-hour discharge, we can 
study the temporal evolution of CD efficiency, r/, as well. In Fig. Al, we show the 
temporal evolution of CD efficiency, r{ — n,, Ip R/PRF; a figure of merit Ip/Pinj; the 
line averaged density, n,,; and the gas puffing rate, SG, where PRF = Pinj (1 - r), 
r being the reflection coefficient. To keep the neutral density constant, particle con
trol was carried out by reducing the gas puffing rate, SG, from 6 s to 20 s. After the 
change in SG (t = 20 s), a quasi-steady value of Ip/Pinj is obtained at around 40 s. 
The density enters a very slowly increasing phase. This is due to outgassing from the 
wall. The effective particle confinement time, T£, is roughly estimated to be given 
by T* ^ 4 s at t = 6 s; it becomes longer for t > 6 s. Steady coupling is seen 
after T*. 

3. HIGH DENSITY AND LONG DURATION DISCHARGE WITH HIGH 
POWER LOAD 

Figure A2(a) shows a typical high density discharge obtained with full LHCD 
by a new RF system (8.2 GHs, 200 kW). A plasma current of Ip » 55 kA and a 
plasma density of r^ » 2.3 X 1019 m~3 are maintained almost constant until 5 s. 
Thereafter, both Ip and n,, decrease, reach levels of 40 kA and 1.7 x 1019 m~3 

(5 s < t < 10 s), respectively, and remain constant until the RF power ceases at 
20 s. The peak power load for the molybdenum poloidal limiters amounts to more 
than 5 MW/m2. In these experiments, high power handling is carried out over a dis
charge duration of 20 s. The impurity line (Mo XIII) intensity increases gradually as 
is shown in Fig. A2(a); this discharge has not yet reached the equilibrium condition 
in plasma-wall interactions. The hard X ray emission profile, as shown in 
Fig. A2(b), is relatively peaked during the initial phase of the discharge and becomes 
broader later on (t > 10 s). On the other hand, the electron temperature decreases 
just outside the core region, and the profile becomes peaked, as shown in Fig. A2(c). 
From these results, the edge plasma density seems to increase through interaction 
between limiters and high energy electrons as observed in the previous experi
ments [A4]. 
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plasma positions and Mo XIII line intensity in a high density LHCD discharge (RF power: 110 kW; 
t < 20 s). 

SHOT 36899 
E«100keV 

FIG. A2(b). Time evolution of hard X ray emission profile for a photon energy of100 keV. The centre 
of the chord position r corresponds to a major radius of 0.84 m. 
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FIG. A2(c). Bulk electron temperature profiles 1, 4 and 6 s after initiation of discharges. Zp indicates 
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4. SUMMARY 

In long time low density discharges, it was found that steady coupling was 
attained at 40 s (20 s after gas puff switch-off) for a metal wall tokamak. This time 
is longer than the effective particle confinement time. The result explains the impor
tance of the time-scale of particle recycling, even for current drive. 

An effort at establishing a steady state plasma at high density has also 
been made. We have demonstrated the existence of a discharge with a plasma 
density similar to that of a burning D-T plasma in JET (central electron density 
n<.(0) = 3.6 x 1019 m"3). This discharge of 20 s duration was attained as a result of 
high power handling with a power load of several MW/ra2 for the poloidal limiters. 

Further studies are required to obtain a high density steady state tokamak 
plasma. 
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PARTB. COMBINED CURRENT DRIVE 
OF ELECTRON CYCLOTRON AND LOWER HYBRID WAVES, 

AND ECH HEAT PULSE PROPAGATION IN THE WT-3 TOKAMAK 
(T. MAEKAWA et al.) 

1. COMBINED EC AND LH CURRENT DRIVE 

In order to obtain efficient electron cyclotron current drive (ECCD), it is essen
tial to have electron cyclotron (EC) resonant electrons drifting with a large velocity 
along the toroidal field [Bl]. The parallel momentum input to the resonant electrons 
from the EC waves is proportional to Nj, i.e. the refractive index parallel to the 
toroidal field, which significantly increases the efficiency in the large drift velocity 
case and is also advantageous from the point of view of avoiding the trapped region. 
These conditions may be realized by selective EC heating of tail electrons in LHCD 
plasmas at an upshift EC frequency, in contrast to the downshift frequency case 
[B2, B3]. 

In Fig. Bl(a), the plasma current ramps up from Ip = 37 kA to 43 kA at a 
constant rate of dlp/dt « 100 kA/s by the injection of EC power (56 GHz, 200 kW 
max) into an LHCD plasma. The EC power is injected from the low field side at an 

:(a) 

• ,1, 
EC 90 kW 

LH 90 kW . 

30 

0.6 

0.4 

> 0.2 

^ 0.0 

-0.2 

-0.4 

FIG. Bl. 
waves. 

< 

=3 

150 

100 

50 

0 

" (b) 

• 

• 
• 

LH 

t 

I 

+ EC 

• • 
• 

• 

• 

I 

• 
• • 

• 
• 

. . ' • : 

i i i 

40 80 120 

TIME (ms) 

-1.0 -0.5 0.0 0.5 

N|| at R = R0 

1.0 

(a) Typical shot of current ramp-up discharges; (b) current ramp-up rate versus Nt of EC 



IAEA-CN-56/E-3-6 749 

angle of 6 = 60° to the toroidal field (Nt = 0.7 at the plasma centre) in the form 
of a linearly polarized mode (X-mode). The negative loop voltage (VL « -0.2 V) 
and the current ramp-up show an increase in the poloidal magnetic field energy WM, 
and its rate is dWM/dt = 12 kW for the present shot of PLH « PEC « 90 kW. 

Such a ramp-up discharge is obtained in a rather narrow parameter range of 
density, i^ = (1-2) x 1018 m"3, toroidal field, Qe(0)/o> = 0.75-0.85, where Qe(0) 
is the EC resonance frequency at R = Ro, and injection angle, 8 » 60-70° 
(Fig. Bl(b)). Examinations of the relativistic EC resonance condition for the fast 
electrons, y [1 — N] (Vi/c)] = i 0e/w, and the propagation characteristics of the 
EC waves suggest that absorption of EC waves via the fundamental resonance (I = 1) 
of the oblique X-mode at the upshift frequency (w « (1.2-1.3) X fle(0)) is 
dominant. 

Nearly the same current ramp-up rate is obtained for the same additional power 
injected by stepping up the LH power instead of the EC power while the increment 
of the electron cyclotron emission (ECE) as well as of the hard X ray emission is 
smaller than in the EC case. As is shown in Fig. B2, the energy spectra of the hard 
X rays emitted forward in the electron drift direction show a remarkable enhance
ment in the photon counts in the high energy range for the EC case, compared with 
the additional-LH case. This range is beyond the energy cut-off determined by the 
LH wave accessibility condition, suggesting that the fast electrons are further acceler
ated by the EC waves, against the reverse loop voltage. 
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FIG. B2. Hard X ray energy spectra: (a) forward; (b) perpendicular. 

2. ECU HEAT PULSE PROPAGATION 

Using localized EC heating [B4], we have studied the heat transport of bulk 
electrons. Here short pulse power is injected nearly perpendicularly to the toroidal 
field into a sawtoothing (ST) OH plasma and is deposited with the bulk electrons at 
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Time (ms) P*(cm2) 

FIG. B3. Heat pulse propagation after ECH pulse and sawtooth crash. 

the second harmonic resonance layer located at the plasma centre. Figure B3(a) 
shows a heat pulse propagating from the core to the periphery observed with a soft 
X ray (SXR) detector array. Each peak time of the SXR intensity from a chord apart 
from the centre by p is found to be delayed from the ECH off time as is plotted in 
Fig. B3(b). The peak due to the ECH pulse (denoted by solid arrows and circles) is 
seen to propagate slowly compared with the peak due to the ST crash (open arrows 
and circles). This difference arises mainly from the difference of the initial profiles 
of the temperature perturbation, An analysis taking account of the difference gives 
nearly the same thermal diffusivity for both cases, indicating that there is no enhanced 
transport due to the ST crash. On the other hand, the peak due to the ECH pulse in 
the LHCD plasma (solid squares) where no ST is present propagates slowly com
pared with the OH case, suggesting that the confinement is improved. 
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Abstract 

RECENT RF RESULTS FROM THE PHAEDRUS-T PROGRAMME. 
Experimental results from the Phaedrus-T tokamak Alfvgn wave current drive programme 

include Alfvfin wave heating of electrons and successful operation of an unshielded antenna with an 
insulating enclosure. The application of RF power in the Alfven (u < fy) frequency range produced 
a 30% drop in loop voltage with a 10-20% rise in central electron temperature. During these experi
ments the RF antenna was successfully operated without a Faraday shield. An insulating antenna 
enclosure was used to block RF driven particle currents to the antenna structure and so to reduce RF 
induced changes in the scrape-off layer plasma potentials and E X B driven edge transport. The results 
of numerical studies of the Alfve'n wave current drive for Phaedrus-T are also presented. 

1. ALFVEN WAVE HEATING RESULTS 

Alfv6n wave heating of tokamak plasmas has been neglected in recent years, 
because of lack of a successful demonstration of heating in a medium scale tokamak. 
Recently, however, the demonstration of electron heating by low frequency fast 
waves on DIII-D [1] has shown that direct electron heating by RF near the ion cyclo
tron frequency is feasible. Furthermore, owing to the proximity of cyclotron 
resonances in a large D-T machine such as ITER and the difficulties in avoiding RF 
heating of ions at cyclotron resonances, fast wave current drive at frequencies below 
the ion cyclotron frequency is of interest. Mode conversion to the shear or kinetic 
Alfv6n wave may be important in these operating scenarios. Phaedrus-T is the only 
mid-size tokamak on which Alfven wave experiments are being actively pursued. 

Experiments performed on the TCA .tokamak established the physics of Alfv6n 
wave coupling [2, 3] and produced observations of transient Alfvdn wave-electron 
interactions [4]. Electron heating experiments on TCA were complicated by plasma 

This work was supported by the US Department of Energy. 
1 Present address: Princeton Plasma Physics Laboratory, Princeton, New Jersey, USA. 
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FIG. 1. Alfven wave heating results at 7 MHz-

density increases during RF injection [5]. For the experiments described here, 
advances in the understanding of RF edge plasma interactions [6-8] allowed the 
design of antenna systems which minimize these problems. Injection of power at 
levels PRF — P0hmic hi the Alfve'n frequency range without density rise under some 
conditions has produced Alfv6n wave electron heating in Phaedrus-T. 

Phaedrus-T is an ISX-A class tokamak, with R = 0.93 m, a = 0.26 m, B < 
1 T, I < 100 kA, n,. <: 10" m~3, Te = 500-800 eV. A full poloidal carbon limiter 
is installed in the stainless steel vacuum chamber. The antenna used in these experi
ments was a two-strap fast wave polarization antenna capable of arbitrary phase oper
ation [8]. The poloidal extent of the straps was 60°, and the toroidal separation of 
the straps was 17 cm. 
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Alfven wave heating experiments were performed at frequencies of 7 and 
9.2 MHz, with the magnetic field adjusted to hold co/Q; ~ 0.7 on axis. Results for 
RF injection at 7 MHz are shown in Fig. 1. The primary diagnostic indicating RF 
electron interaction is the loop voltage, which shows a 30% decrease with ~ 150 kW 
of RF power. There is no rise in line density with the application of RF power. Soft 
X ray emission increases promptly on RF injection, which also indicates a rise in 
electron temperature. Under these conditions Thomson scattering shows a 15-20% 
increase in the core electron temperature for 150-200 kW of coupled RF power. The 
values of the loop voltage observed during Alfvdn wave heating (— 1 V) were the 
lowest ever obtained in Phaedrus-T, except for runaway electron discharges. The 
loop voltage drop, however, could not be sustained for much longer than 20 ms, 
which is a period longer than Te but less than the L/R time of the plasma. Antenna 
loading during RF injection was a few hundred mfl, or 3-5 times the vacuum loading. 

The Phaedrus-T experiments differ from previous Alfv6n wave heating experi
ments. The antenna enclosure is insulating. In addition, the Phaedrus-T experiments 
were designed to couple an evanescent fast wave spectrum excited by the antenna, 
rather than a propagating wave, into mode converted shear or kinetic Alfven waves. 
Finally, the antenna used in the Phaedrus-T experiments is a conventional two-strap 
fast wave antenna operated at 180° phasing — a localized antenna. As a result, a 
broad k[ spectrum is excited, in contrast to the sharply defined spectrum generated 
by a more extensive antenna set. The Arfv€n resonance condition v̂ , = vA(l -
(co/Q;)2)172, where v̂ , is the parallel wave phase velocity co/k| and vA is the local 
Alfven velocity, is therefore fulfilled for some excited portion of the k| spectrum 
over a broad region in the edge plasma. 
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FIG. 2. Computed radial profile of power coupled into mode converted Alfven waves, a = 0.26 m. 
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We compute the power coupled into the Alfv6n resonance as a function of the 
excited kj spectrum of the antenna, assuming a parabolic density profile. Peak 
antenna coupled power is predicted to occur at kB ~ 10 nr 1 (Ni ~ 100), which 
implies that v0 ~ vTe for 100 eV electrons — the antenna couples to very slow 
waves. The radial profile of power coupled into the mode converted Alfve'n waves 
is shown in Fig. 2. Since evanescent antenna fields are utilized here, the radial profile 
of coupled power is heavily edge loaded. Figure 2 does not necessarily represent the 
power deposition profile, however. Power coupled into the Alfv6n resonance is mode 
converted into the shear Alfv6n wave or, if v^ ~ vTe, into the kinetic AlfV6n wave. 
Although it is well known that the cold shear Alfv6n wave does not propagate across 
the magnetic field, the kinetic AlfV6n wave has been experimentally observed to 
propagate cross-field [3] on the high field side of the resonance. Since kinetic effects 
are important for the high Nj waves excited in this experiment, the power deposi
tion profile will be more central than Fig. 2 indicates, which could account for the 
observed increase in core Te. 

2. ANTENNA-EDGE PLASMA STUDIES 

The present insulating design of the Phaedrus-T antenna was motivated by 
recent studies of RF impurity production and edge interactions, which cite electron 
currents driven by inductive RF voltages as the cause of plasma self-biasing 
(increased time average space potential) in the scrape-off layer (SOL) plasma [6-8]. 
It was decided to eliminate particle currents to the Faraday shield by covering it with 
an insulating material. The final removal of the Faraday shield in favour of an all-
insulating enclosure was motivated by the successful operation of an unshielded 
antenna on TEXTOR [9]. 

Initially the Phaedrus-T antenna was fitted with an uncoated stainless steel 
Faraday shield. The results of a comparison of antenna operation with the metallic 
shield to operation with a Faraday shield fitted with insulating limiters, and finally 
to operation with a fully insulating enclosure with no Faraday shield, are shown in 
Fig. 3. The designs of the insulating enclosures for the antenna are more fully dis
cussed in Ref. [8]. Figure 3(a) displays the RF power dependence of the SOL plasma 
potential, estimated as Vf + 3.6 Te from triple probe data [8]. The data labelled 
S.S. denote measurements taken with the stainless steel Faraday shield. The data 
labelled G.L. denote measurements taken with a set of boron nitride 'guard' limiters 
installed on the Faraday shield which prevent collection of electron currents by the 
conducting shield along magnetic field lines in the SOL [8]. The reduction in the 
RF induced SOL potential increase is clear. During RF operation with the Faraday 
shield-insulating 'guard' limiter system, a residual iron influx was seen, possibly due 
to E x B driven cross-field plasma transport into the shield face, with subsequent 
particle collection by the shield and SOL plasma potential increases. The conducting 
shield was therefore eliminated entirely. In Fig. 3(b) the intensity of the Fe XVI line, 
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FIG. 3. (a) RF power dependence of the SOL plasma potential, with (G.L.) and without (S.S.) insulat
ing 'guard' limiters; (b) normalized intensity of the Fe XVI line during RF injection with a stainless steel 
Faraday shield only (S.S.), shield with 'guard' limiters (G.L.), and the unshielded, insulated antenna 
(V.). 

normalized to the plasma line density, is displayed as a function of RF power. Results 
with three antenna enclosures are displayed: the stainless steel Faraday shield, the 
Faraday shield with insulating 'guard' limiters installed, and the unshielded antenna 
with a completely insulating enclosure. The lowest impurity influxes were obtained 
when all exposed conducting surfaces in the antenna near field were eliminated. Note 
that antenna loading with the unshielded antenna is substantially the same as that for 
the shielded antenna with insulating limiters installed [8]. 
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The antenna enclosure and limiters were constructed from high purity binder 
free boron nitride. No surface damage or erosion to the boron nitride was seen after 
a full year of service, with the antenna enclosure coincident with or inside the main 
limiter radius. 

3. THEORETICAL MODEL FOR CURRENT DRIVE 

An expression for the steady state RF driven current density, J|, resulting from 
the wave-electron interaction, is obtained by averaging the electron momentum equa
tion over the RF period of the wave and over the tokamak magnetic surface for each 
magnetic surface. The steady state driven current, J|, can be expressed as the sum 
of two components, Jt = JM + JA. The first component, JM, is the current resulting 
from the wave momentum transfer to electrons, JM = —kiP^^ewT;) = — rj Pe, 
where e is the electric charge of an electron, n,, is the electron number density, w 
and k| are the wave frequency and the parallel wavenumber, vt is the electron colli
sion frequency, -q = mvjir^e2) is the parallel Spitzer resistivity (with m the electron 
mass), and rj is the current drive efficiency [10]. The electron absorbed power, Pe, 
includes all possible absorption mechanisms, P,. = PLD + PMP + PCR + PCOL-
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FIG. 4. Results of computations for the non-inductive current (unlabelled curve) in the GAW regime 
in Phaedrus-T at (n = 0.7% in H plasma. It consists of momentum transfer current (M), additional 
polarization current (A) and bootstrap current (B). 
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Expressions for the absorbed power due to Landau damping, PLD; transit time mag
netic pumping (TTMP), PMP; the cross-term effect, PCR; and collisions, PCOL> c a n 

be found in Refs [11, 12]. The current, JA, representing an additional polarization 
current, depends on the wave polarization and includes the non-resonant and helicity 
currents [12]. 

Figure 4 illustrates our calculations via the FASTWAC code for the Phaedrus-T 
tokamak in the case of a global Alfvin wave (GAW) at « < fy, which has |E + | 2 

> \E'\2 and positive helicity content. It shows the radial dependence of the non-
inductive current (unlabelled curve) which consists of the momentum transfer current 
(labelled M), additional polarization current (A), and bootstrap current (B). In this 
case the additional current has been found preferentially in the same direction as the 
momentum transfer current. 

4. CONCLUSIONS 

Experiments in the Phaedrus-T tokamak have demonstrated that AlfV6n wave 
electron heating of tokamak plasmas is feasible if competing processes such as RF 
induced density rises can be eliminated. RF operation is greatly improved through 
the use of insulating enclosures around the antenna straps, which eliminate particle 
collection on conducting Faraday shields. 
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Abstract 

BOOTSTRAP CURRENT DRIVEN BY ALPHA PARTICLES IN A TOKA
MAK REACTOR. 

In a tokamak reactor, the free energy in the fusion-born a pressure gradient 
may be comparable to that in the main plasma pressure gradient. Bootstrap 
current driven by the free energy in the alpha particles is calculated using a 
kinetic variational theory. It is found that the Coulomb pitch angle scattering 
effect significantly enhances the a bootstrap current over the result obtained 
from the slowing down effect only, yielding a leading term of order e1/2, where 
e is the inverse aspect ratio. In a burning tokamak plasma, the alpha driven 
bootstrap current fraction is typically over 20% of the bulk bootstrap current. 

Pitch angle scattering yields a bootstrap current of order e1^2, where 
e is the horizontal inverse aspect ratio, while the energy scattering alone 
can yield a bootstrap current of order e3''2 only. Previous calculations of 
alpha driven bootstrap current which neglected the pitch angle scattering 
effect predicted, as a natural consequence, a small amount of bootstrap 
current of order e3/'2. In reality, the "effective" pitch angle scattering 
rate, enhanced by the particle trapping phenomenon, is comparable to 
the slowing down scattering rate for the alpha particles in the burning 
core. Hence, a larger term of order e1'2 is expected to appear in the a 
bootstrap current when a more complete Coulomb collision operator is 
used [1]. 

It can be easily shown from an electron kinetic equation that a parallel 
flow Ua\\ of alpha particles in a tokamak results in a parallel current of 
the amount 

Ja = ZaeNaUa[[ (l - j^Fp) , (1) 

Work supported by US Department of Energy grant DE-FG02-86ER53223. 
1 Also at Korea Advanced Institute of Science and Technology, Seoul, Republic of Korea. 
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where Za = 2 is the alpha charge number, Zeff is the effective charge 
number of the plasma ions, Na is the a particle density, and Fp represents 
the electron trapping correction. 

In order to calculate Ua\\ driven by the free energy in the radial a 
particle gradients, we use a linearized drift-kinetic equation: 

n • v / a l - ce
a(fal) = -/si, • v(«|,/no)(a/a0/^), 

where C* is the linearized alpha collision operator, J = RBT, R is the 
distance from the toroidal major axis, BT is the toroidal component of 
the magnetic field, Qa is the alpha gyrofrequency, fao is the lowest order 
distribution function of the alpha particles, xp is the poloidal flux, and 
fai is the first order deviation (in banana width/radial scale length) of 
the alpha distribution function. 

Expansion in a small collision frequency, then, yields the usual solu
tion: 

/«i = -I(v\\/£la)(dfao/di>) + G, 
—• 

where G is constant along B and vanishes in the trapped region; and G 
in the passing region is determined from the solubility condition 

w-'iw+G))=0' (2) 

where { } represents the bounce average operation. The solution for G 
will determine the alpha distribution function and, thus, the alpha driven 
bootstrap current. 

The solution to Eq. (2) is easily obtained, and well known, when the 
alpha collision operatox contains pitch angle scattering only, or slowing 
down scattering only. Solving Eq. (2) for G keeping both scattering effects 
is quite complicated. A variational approach is taken in the present work 
as follows: By defining a variational functional 

H = 2D[y]-S[y,y], where 

%i,y2] = -<Jd3v(yi/fo)C(y2)>, 

B\y\=<jd\ylf0)C{g) > , and g = - /(wH /n a)0/o /cty, 

we can easily show that "H is extremal at y = G. 
Based upon required physical conditions, we construct the following 

variational trial function: 

(Ac - X)2GV + (AXY(v/v0 - xfGx 
y (Axy{v/Vo - x? + (Ae - xy ' 

where A is the ratio of magnetic moment to the kinetic energy, Gv is the 
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slowing-down-only solution, G\ the pitch-angle-only solution, and the 
factor (v/v0 — x)2 is included to adjust the pitch angle layer width by a 
variational parameter x. 

Using the above trial function y, Cordey's form for the collision op
erator [2], and a slowing down a distribution function, the equation 
S7i(x = £») = 0 has been solved. The variational solution for G = y(x*) 
is substituted into the alpha particle distribution function / „ i , and the 
alpha driven current is, then, calculated from Eq. (1). A simple analytic 
formula for the lowest order contribution (in e1^2) to the alpha driven 
bootstrap current Jbootstrap n a s then been obtained in an arbitrary flux-
surface geometry. 

In order to obtain the higher order terms in e, an analytic small aspect 
rat io solution is calculated by expanding the equation (2) in the small 
parameter A = 1 — e. A polynomial interpolation between the large and 
small aspect ratio results, then, yields 

JtooUtra, = ~ e 1 / 2 ( l - ^ - - F p ) ^ 0 ^ [ c 1 + ( 3 c 2 - 2 c 1 ) 6 1 / 2 + ( c 1 - 2 c 2 ) e ] 

for weakly collisional plasmas, where 

Fp = l - 1.46 (1 + 0 .67/Z e / / ) e1/2 + 0.46 (1 + 2.1/Zeff) e, 

Cl = l.l7s3
b
/2/(l + 5.25s;?), ca = (1 + 3.7s;! - 2.1af)/(3.0 + 30s3

c), sc is the 
a critical slowing down speed normalized to the a birth speed, sj is the a 
speed at which the a pitch angle scattering rate is the same as the slowing-
down rate, EQ is the a birth energy, and r , is the a slowing down time. 
For 50-50 mixture of D and T, we may use s% = 0.027Zeff(Te/20keV)3/2 

and s3
c = (5/3)Sf. 

FIG. 1. Radial profiles of bootstrap currents for ITER CDA parameters. 7.^ =1.8 has been used. 
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The direction, of the alpha driven bootstrap current follows the sign 
of (Zejf — 2)FP, which may yield a negative current for Zeff < 2 near 
the magnetic axis where Fp is ~ 1. However, for practical values of Zeff 
(larger than unity), the alpha driven bootstrap current is positive over 
most of the plasma volume due to the decrease of Fp value with increasing 
plasma radius. Hence, i n m o s t practical situations, the negative current 
effect is expected to be negligible. 

Studies with ITER and ARIES-I parameters show that the alpha 
driven bootstrap current can increase the total bootstrap current by a 
significant percentage (over 25 percent). More importantly, the alpha 
driven bootstrap current tends to be peaked at smaller minor radius 
than the thermal bootstrap current does, hence, it moves the peak of 
total bootstrap current profile closer to the plasma center (see Fig. 1). 
This effect could make a significant impact on the study of the equilib
rium and stability properties of a fusion reacting tokamak plasma. The 
small banana width approximation used here can be put into question 
near the magnetic axis where the alpha banana width tends to become 
large. However, the combined facts that the radial scale length is large 
and the bootstrap current is small near the magnetic axis make this ap
proximation still a good choice. 
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Abstract 

ICRF DRIVEN EDGE CONVECTION AND INTERACTION WITH THE H-MODE. 
It is shown that radiofrequency antenna sheaths can bias the edge plasma potential and drive 

steady state convective cells in the scrape-off layer. The resulting E x B convective flow opposes the 
natural direction of the sheared flow outside the last confined plasma flux surface. A two-dimensional 
fluid simulation shows that the interaction of the opposing poloidal flows produces secondary vortices 
which connect the edge of the confined plasma to the antenna tiles. Estimates for typical tokamak edge 
parameters suggest that the eddy transit time of particles and energy across these vortices is short enough 
to cause the broadening of scrape-off layer (SOL) density and temperature profiles observed during high 
power heating with ICRF antennas in monopole phasing. RF sheat driven convection is also a good can
didate for explaining the phasing dependence of the global confinement properties of ICRF H-modes 
on JET. A comparison of JET H-mode data with the theoretical modelling supports this idea and sug
gests that ICRF convection may be a useful tool to spread the heat deposition in the divertor and to 
extend the lifetime of the H-mode. 

The understanding of the ICRF edge plasma interaction has increased greatly 
in recent years [1]. One important result has been the virtual elimination of ICRF 
specific impurities during ICRF heating on JET [2, 3]. It has been shown that impu
rity release from ICRF antennas is an effect of radiofrequency (RF) sheaths [4]. An 
RF sheath based model gives good agreement with JET impurity influx data [2, 3] 
and suggests a practical prescription for reducing impurities to negligible levels. 
Another important development, made possible by the reduction in impurities, was 
the achievement of H-modes induced by ICRF heating alone [5]. ICRF H-modes 
were obtained with both in-phase (monopole) and out-of-phase (dipole) operation of 
the two strap ICRF antennas [6]. Dipole phasing yielded standard 3 MA H-modes 
of high quality: the threshold RF power was 5 MW, the energy confinement time was 
rE = 2.5-2.8 TG (rG is the Goldston L-mode scaling), and the plasma density and 

* This work was supported by the US Department of Energy and by the JET Joint Undertaking. 
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FIG. 1. Comparison of two H-modes on JET obtained with 10 MW of ICRF heating power (Pgf) in 
monopole and dipole phasing. The monopole shot is terminated by a monster sawtooth collapse. Note 
the greatly reduced impurity radiation (PraJ and longer duration in the monopole case. The global 
particle and energy confinement for the two phasings can be inferred from the line density (\njll) and 
stored energy (WDltl) time traces. 

impurity concentration typically increased with time until radiative collapse in the 
X-point region terminated the H-mode. By contrast, the H-mode obtained with mono-
pole phasing had a higher threshold power (8 MW), smaller increase in confinement 
(TE = 1.7 TG), a greatly reduced density rise, a longer duration and the absence of 
a radiative collapse (Fig. 1). These early results suggest that the monopole ICRF 
H-mode may provide a means of achieving density control and reducing the impurity 
accumulation in H-mode operation. 

In this paper, we describe simulation results and experimental data which pro
vide a possible explanation for the unique properties of the monopole ICRF H-mode. 
The simulation shows that RF sheaths, which form on the Faraday screen (FS) and 
antenna protection tiles in monopole phasing [3], drive large convective cells [7], 
which penetrate the scrape-off layer (SOL) and cause enhanced edge transport. This 

file:///njll
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is likely to inhibit the formation of the highly sheared, poloidal uniform H-mode 
transport barrier, although this effect is not in our simulation. An analysis of JET 
data, which supports the existence of phasing dependent ICRF enhanced edge trans
port in the experiment, is also discussed. 

The simulation model consists of an equation [7] for the slow time evolution of 
the field line averaged electrostatic potential $ (x,y) in the SOL, assuming fixed den
sity and temperature profiles. It is solved subject to the boundary condition that 
$ = $o at the antenna tile tangency surface (ATTS) and at the last closed flux sur
face (LCFS), where $0 = *RF<x,y) + 3Te(x) is the direct current (DC) sheath 
potential and x, y denote the radial and poloidal flux labels of an open field line. This 
condition ensures no net parallel current Jj leaving the plasma on field lines at the 
two radial boundaries of the SOL. The boundary conditions supply the drive for the 
Ex B flow in the simulation. In the SOL itself, a net Ji flowing to the axial bound
aries (limiters, diverter plates, etc.) is allowed and is balanced by T± due to the ion 
polarization drift. The ratio J|/Jx « X = W L | ) (Ly/irp^)4 depends on the parallel 
connection length L|, the poloidal scale length Ly, and the Larmor radii based on 
Te(ps) and $(p^). The limit of 1-D sheath theory is recovered as X—oo, and as X—0 
the convective cell equation reduces to the usual Navier-Strokes equation for 2-D 
incompressible flow neglecting pressure gradients. 

The rectified (DC) RF sheath potential ^^ has a maximum value at the ATTS 
and decays radially in the SOL on the scale of the electron skin depth; it varies poloi-
dally and drives Ex B convective cells, with the periodicity of the FS structure and 
also on the scale length of the antenna. Convection on the scale of the poloidal 
antenna length (Fig. 2) will have the strongest interaction with the plasma edge and 
would be present even if the FS were removed. The smaller convective cells gener^ 
ated by the FS periodicity have less penetration, but increase the poloidal asymmetry 
of the equilibrium and give the largest contribution to profile flattening because of 
the shorter convective time-scale for these cells. The Bohm sheath potential (~3Te) 

Convective cell 

Antenna 

Protections 
Central 

conductors 

b) Poloidal section a) Antenna cross-section 

FIG. 2. Schematic of a large convective cell driven by the spatial variation of the RF sheath voltage 
V(r, $). Not shown are the smaller cells corresponding to the FS periodicity. 
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FIG. 3. Computed <f?(x, y) contours from a simulation of the interaction of a single FS convective cell 
with the sheared flow layer at the LCFSfor Ax = 2 cm, rectified sheath potential $ATK = 1 keV, and 
typical JET H-mode SOL parameters. The arrows indicate the direction ofSxBflow. This intermediate 
interaction case represents an antenna-plasma separation of ~ 2k". Note the secondary vortices spun 
off by the interaction of the RF convective cell with the sheared flow near the LCFS. 

becomes the dominant term near the LCFS. Te is assumed to have no poloidal varia
tion so that the thermal sheath drives a radially sheared E x B flow in the poloidal 
direction which opposes the RF induced convective flow. 

We solve the time dependent coupled equations for the slow time evolution of 
the potential $ and vorticity w = V 2# using a combination of finite differencing 
and spectral techniques and study the interaction of the two counter-streaming flows. 
The simulation of a single FS ripple vortex is shown in Fig. 3 for typical JET H-mode 
parameters. For sufficiently small antenna-plasma separation, Ax = xLCFS - xATTS, 
the interaction is strong and the convective cell disrupts die poloidally uniform flow 
near the LCFS. The flow contours reconnect, giving birth to new vortices which 
penetrate further into the SOL than the original convective cells. If Ax is small 
enough (~ 1.5 cm for the case shown here) the secondary vortices connect the LCFS 
to the antenna tile surface. The convection time around the vortices is much shorter 
than the parallel transport time for particles and energy on field lines entering the 
divertor, so that the density and temperature profiles would be essentially flattened 
across the vortices if these profiles had been evolved in the simulation. We note for 
comparison that the ICRF H-mode transition on JET usually occurs for Ax ~ 2 cm, 
and the position feedback control reduces Ax to about 1 cm during the lifetime of the 
H-mode (to maintain a constant antenna loading as the density profile steepens) [6]. 

The numerical results correspond to the experimental observations on JET as 
follows: (i) the RF induced convection provides an explanation for the significant 
plasma density at the FS required in the modelling [3] to account for the experimental 
impurity data; (ii) the RF sheath potential driving the convective cells is large only 
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FIG. 4. Plot of the density scale length ratio \"/\^ for L- and H-modes on JET, inferred from the 
measured antenna-plasma distance da.p, at selected time points for several monopole (solid triangles) 
and dipole (open triangles) H-mode shots. The value X̂  =2.5 cm, computed from reciprocal probe 
data, is used in obtaining this ratio. Note that the monopole case has a significantly broader density 
profile. 

in monopole phasing, in agreement with the ICRF H-mode and profile flattening data 
(see below); (iii) the computed antenna-plasma distance for strong interaction 
between the convective cell and the sheared flow layer at the LCFS is comparable 
with that measured during ICRF monopole H-modes. The simulation suggests that 
the reduced central confinement in the monopole H-mode is caused by increased edge 
convection diminishing the effectiveness of the edge transport barrier, although a the
ory of the detailed interaction is not yet available. The density and temperature profile 
broadening inferred from the edge convection time-scale in the simulation may also 
explain the enhanced duration of the monopole H-mode. 

As an initial check of this hypothesis, we have analysed time history measure
ments of the antenna-plasma distance da.p and the recycling from the wall (Da diag
nostics) for four ICRF H-modes (monopole and dipole shots at 7 and 10 MW). The 
JET position feedback control system used to maintain constant antenna loading RL 

during the L—H transition implies a relationship between the distance da_p and 
the density scale length X„. A simple model is used to compute the normalized scale 
length X"/Ai", which is a measure of the change in edge transport during the 
H-mode transition, where the value of X^ is taken from reciprocating probe 
measurements. This ratio is plotted versus P ^ (power flowing to the SOL) in 
Fig. 4 for several time points during the two dipole and two monopole shots. 
(Examination of sawtooth heat pulse and edge radiation effects suggests that the 
H-mode confinement is related to P,^.) The reduction in X" with increasing P ^ in 
Fig. 4 implies a corresponding increase in edge particle confinement. Note that the 
fractional reduction in X" at high power is only half as large in monopole phasing 

tf_0-6 

-̂n 0.4 

0.2 
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as in the dipole case, demonstrating that the density profile is significantly flattened 
in monopole phasing. A plot (not shown here) of da_p times the Da intensity at the 
wall, which has the dimensions of a diffusion coefficient, leads to similar conclu
sions. The recycling data show a decrease in the plasma-wall interaction with 
increasing P^ge but a significantly larger level for the monopole case. 

In summary, both the simulation results and the analysis of JET ICRF H-mode 
data presented here suggest that RF sheath induced convection broadens the SOL den
sity profile in monopole phasing. This effect may account for the extended duration 
of the monopole H-mode by reducing the power density flow to the carbon tiles. 
ICRF-induced convective cells in the simulation also connect the LCFS to the antenna 
protection limiter when the antenna-plasma separation is small enough. If this inter
action degrades the edge transport barrier, it may explain the degradation in global 
energy and particle confinement time observed experimentally for monopole 
H-modes. More detailed modelling of these effects is in progress to elucidate the 
physics of the ICRF H-modes. 
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Abstract 

INTERACTION OF ENERGETIC ALPHA PARTICLES WITH INTENSE LOWER HYBRID 
WAVES. 

Channeling power from a-particles to either fast electrons traveling in one direction or to the 
energetic tail of fusing ions has the potential to make tokamak fusion reactors decidedly more attractive, 
including D-T reactors as well as reactors using advanced fuel reagents. Channeling power to fast elec
trons accomplishes the current drive effect, while channeling power to fast ions enhances the fusion 
reactivity. In either case, a wave that can be used to accomplish the channeling might be the lower hybrid 
wave. 

1. Introduction 

Thermonuclear fusion appears to be a promising avenue for new-
energy resources, but the physics and the technology of magnetic 
confinement do not yet point to a reactor that is by a wide margin 
both economical and feasible. If the fusion cross-section were slightly 
larger, or if the maximum cross-section were reached at lower temper
atures, or if the cross-section for coulomb collisions were smaller, one 
could easily imagine a very cheap, realizable and economical source 
of energy processed by tokamak or other fusion reactors. But these 
cross-sections are given. One might ask, however, where might sig
nificant improvement be possible in tokamak operation if only some 
strongly held belief turned out to be untrue. 

One taw that is not quite inviolable and that might be "violated" 
usefully is the law that the energetic charged fusion products (a-
particles in the case of D-T reagents) slow down primarily on bulk 
electrons. The consequence of this law is that electrons must be 

' Permanent address: Association Euratom-CEA sur la fusion, Centre d'&udes de Cadarache, 
F-13108 Saint-Paul-lez-Durance, France. 
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hotter than the reacting ions, because the ion source of heat is only 
through the electrons. But electron heat is not really useful, except 
for heating ions, and the electrons lose part of this heat through 
radiation, radiative transfer and heat transport before transferring 
this energy to the reacting ions. This is the case particularly in 
advanced fuel reactors, probably making most of them impractical. 

While it is obviously impossible to tamper with the cross-section 
for energetic a-particles to slow down on electrons, it may be pos
sible to extract the energy of the energetic a-particles first by some 
collisionless means, for example, if the a-particles were to interact 
with an intense wave, possibly a wave deliberately injected into the 
tokamak. If the a-particles slow down collisionlessly, then their en
ergy will not be available to heat electrons collisionally. Instead, in 
amplifying the wave, the a-particle energy is converted to wave en
ergy. The wave energy is then available for uses other than simple 
direct heating of the electrons. 

There are two very good things that might be done with the 
wave energy: One, to channel the wave energy into fast electrons 
traveling in one direction—this accomplishes the current-drive effect 
[1]. Two, to channel the energy into the tail of the ion distribution— 
this increases the fusion reactivity [2]. In this paper, we assess the 
utility of these possibilities. It turns out that one plausible wave 
intermediary for both of these effects is the lower-hybrid wave. 

It might be noted that the extraction of energy envisioned here 
is essentially an in situ direct conversion method. Fusion products 
are used not just to heat, but to perform useful work. The advantage 
over even the direct conversion of this energy to work is that , since 
it is converted in situ and directly to the end use, the inefficiencies 
associated with intermediate stages, such as generating waves and 
delivering the wave power to the tokamak, are also avoided. 

2. Method of Releasing a-particle Energy 

Since a-particles tend to be produced with radial concentration, 
there is free energy available in the process of radial expansion. In 
fact, the tendency of a-particles to generate so easily the instabili
ties that many worry about is good news here. Although there may 
be other, possibly even more suitable, waves for facilitating the re
lease of this energy, the lower hybrid wave is one wave that may 
be so employed. This wave is not itself unstable, but under intense 
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injection can release energy. It can be made to be electrostatic, 
with wavenumbers predominantly in the direction perpendicular to 
the magnetic field, but in the magnetic surface—for tokamaks with 
circular cross-section, this would mean a large kg, where 6 is the 
azimuthal direction. Furthermore, it may be possible to concentrate 
the wave amplitude in the radial direction, so that the wave damp
ing occurs primarily where the a-particle gradient is strongest. Such 
regimes are found in wave-tracing solutions that circle the tokamak 
center [3-5]. The a-particle diffusion in velocity is then tied to dif
fusion in radius, as follows: 

Consider an electrostatic wave, with wavenumber in the ^-direc
tion, interacting with a-particles magnetized in a strong ^-directed 
magnetic field, B. The a-particles are assumed to be concentrated 
in the r-direction, and magnetically confined in the plasma, but not 
in the wave, i.e., kgpa ^> 1, where pa is the a-particle gyroradius. 
Thus, if, due to the wave, the o>particle momentum changes by 
ma Avg, then the change in the a-particle energy is AE = mavgAvg, 
and the change in the gyrocenter is Arg c = Avg/Qa, where Qa = 
2eB/ma is the gyrofrequency. The wave-particle resonance is u = 
kgvg, so upon exchanging energy AE with the wave, the particle 
moves Ar g c = AEkg/ma£lacj. The excursions in gyroradius are 
proportional to the excursions in energy, but inversely proportional 
to the wave phase velocity. 

The a-particles receive random kicks from the wave, some in
creasing their energy and some decreasing it, with the effect of dif
fusing them in both energy and gyrocenter radius. The sense of kg, 
and hence Eg, may be picked in one of two ways: if the a-particle en
ergy is increased, then kg is either such that it moves inward or such 
that it moves outward. For an r-9-z coordinate system, kg positive 
means that the wave resonance occurs while the a-particle travels in 
the ^-direction, so that if the a-particle is pushed to higher energy, it 
must migrate radially inward, but if it loses energy, it must migrate 
radially outward. Exactly the opposite occurs for kg negative; here, 
the resonance occurs with the a-particle traveling in its gyro-orbit 
in the —^-direction, and acceleration to higher energy is accompa
nied by outward migration. Because of the radial concentration of 
a-particles in the center, using kg positive means that diffusion in 
energy-radius space will be on average to larger radius and lower 
energy, thus tapping the a-particle energy. 
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Lower hybrid waves traveling poloidally in the ^-direction can 
also travel in either direction in z. For supporting the poloidal cur
rent, choose kz such that u>fhz is in the direction opposite to the 
desired flow of axial (toroidal) current. For current drive applica
tions, it is desirable to avoid damping on the bulk ion population, so 
choose also ufk$ ^> VT\- Since only ions with perpendicular speeds 
greater than the wave phase velocity can resonate, very few ions can 
participate in the damping. On the other hand, for enhancing the 
fusion reactivity, it is desirable to damp on superthermal ions and 
not on electrons, so choose u>/kz superluminous and w/fcj ~ 4t?Ti-
Note that these ions, even if radially concentrated, would tend to 
absorb wave energy, because, being much less energetic than the a-
particles, upon absorbing wave energy they stay in resonance, but 
upon losing energy, they fall out of resonance. 

In Ref. [1], we calculated that under the most favorable cir
cumstances, namely together with schemes for selective ash removal, 
essentially all of the perpendicular a-particle energy could be ex
tracted. In D-T, then, the limitation of this approach arises only 
from the limited a-particle energy available, since a-particles ac
count for less than 20% of the total fusion power, including blanket 
reactions. Advanced fuel reactors, however, benefit from a greater 
fusion power output in charged fusion byproducts. 

3. Uti l i ty of Free Energy for Enhanced Reactivity 

Assume that some fraction r) of the fusion a-particle power can 
be diverted directly into either current drive or tail ion heating. 
What is the utility of this, or, to put it differently, how much would 
it be worth to pay for this diversion? To be specific, suppose that the 
diversion is accomplished by injecting rf power Prf = (Pa, and de
fine the power multiplication through releasing the a-particle power 
as M = rj/C-

Let us write the extra fusion power production as 

APf = vPax(v) + AP/ i , (1) 

where the first term arises from the incremental fusion production 
in diverting a-particle power to tail ions with speed v. The second 
term arises because if these tail ions do not fuse, they are more likely 
to slow down on bulk ions than on electrons, thus increasing the bulk 
reactivity. 
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This former effect can be calculated as follows: The total fusion 
power released before an ion initially with speed v has thermalized 
is [2] 

Pf[v(r)]dT = nef I <7[V(T)]V(T)CIT 

- ^ r ^ <*> 
where Pf(v) is the instantaneous fusion power production at time t 
by an energetic ion with speed v(t), where <J{V) is the cross-section 
for a fusion event for cold background ions with density n s , where 
€f is the fusion power released, and where v is a slowing down rate 
that includes both ion-electron and ion-ion encounters. In writing 
the last equality in Eq.(2), we made use of a change of variables, and 
used the initial and final conditions, v(t = 0) = v, v(t — oo) = 0. 

Now consider the implications of changing the starting point 
of an ion, for example, by rf heating. Pushing an ion a distance S 
in velocity space requires energy if S points to higher v, but then 
the total fusion power obtained is also greater. Let us define the 
important ratio of fusion production to energy expended as 

v / v x - S • V.W/fo) ef a{v)nB 
XK ' ~ S • Vvmv2/2 rnv u(v) ' W 

Note that this ratio is different from the fusion multiplication factor 
used by Dawson et al. [6]. In that case, there was contemplated the 
injection of neutral beams that slow down, so that the full energy 
of the beam had to be expended; here, we consider the incremental 
problem where the ion is pushed by rf only near the maximum of 

Now consider the second term in Eq.(l) , due to the increased 
bulk reactivity. Suppose that the temperature equilibration rate be
tween electrons and ions is i/ej, but ions and electrons lose energy by 
transport or radiation at characteristic loss rates ij, and CL respec
tively. The direct heating of the ions is (77 + ()Pa, with (1 — rj)Pa 

directly heating electrons. 
Using a 0-D fluid model, and assuming constant plasma /?, i.e., 

Te+Ti = constant, one can readily show [2] from the energy balance 
equations in equilibrium that 
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m = Pa ( (M + l)eL + MiL \ 
d( 3n \ueiei + i/eiiL+iLeL/ ' 

The extra fusion production due to £ ^ 0 can then be written as 
APfi = CdPffdC, = (i{dPf/dTi)(dTi/dQ. Suppose an operating 
regime wherein Pf ~ Tf; which means that dPfi/dTi = rPf/T{. 
Then, using Tj (derivable from the equilibrium energy balance equa
tions), we can write 

APfi r / e / \ ( M + l)eL + MiL , , 

(PQ~2\eJvei(l + Q + (eL(M + iy U 

which is the fusion power released over power expended. Maximizing 
fusion power density at constant 0 means that r ~ 2. For the D-T 
reaction, the fusion energy over the a-particle energy is e / / e a ~ 6.4, 
including blanket reactions. It is interesting to note that even for 
M ~ 1, but for ii ^ ez,, the main utility of the rf power, at constant 
ft, is in diverting electron heating to ion heating rather than in direct 
bulk ion heating. 

Anticipating that uei ^> ii > e^, and £ < 1, we calculate for 
the D-T reaction APfi/(Pa ~ ^AMitfv&i-, which could be of order 
unity. We can now calculate that, for the D-T reaction, for every 
unit of a-particle energy diverted to the fast ions with speed v, one 
retrieves the energy multiplication 

Xtot(v) = (M + l)X(v) + 6.4 MiL/uei, (6) 

where the first term reaches a maximum of about 3(M + 1) for a 
balanced D-T mixture (about twice that when a tritium majority 
dominates) at v corresponding to about 100 keV; the second term 
adds to the energy multiplication a factor of about one for a D-T 
reactor, but possibly is the dominant term in reactors incorporating 
advanced fuels. 

4. Conclusion 

While the direct tail heating of ions by rf waves by itself may 
be only marginally useful in producing energy, if the rf power is 
amplified by free energy from the a-particles, then the rf heating 
might very significantly improve reactor operation, both for D-T and 
advanced fuel reactors. 
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In any event, channeling directly the fusion product energy into 
current drive could significantly decrease the cost of the current drive. 
It is possible also to envision both the enhanced reactivity and the 
current drive operating at once, if the current drive happens through 
minority species heating [7]. 

There are very favorable side effects to the use of a-particle en
ergy in the manner described here: less a-particle energy is then 
available to fuel unwanted instabilities, helium ash is transported 
to the tokamak periphery, and enhanced reactivity occurs without 
increasing the plasma /?. Any a-particle power channeled into the 
current drive is, of course, very valuable, because it is not first con
verted to heat, then to electricity, then to lower hybrid power, and 
only then to power the current drive. 
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Abstract 

SPONTANEOUS PLASMA ROTATION OF NEAR-PERPENDICULAR NEUTRAL BEAM INJEC
TION AND LOWER HYBRID CURRENT DRIVE PLASMAS IN JT-60U. 

A study of plasma rotation has been carried out in JT-60U, in which the plasmas are heated by 
near-perpendicular neutral beams (NB) and by lower hybrid waves (LHW). Near-perpendicular NB 
heated plasmas exhibit a toroidal rotation, V,(r), in the direction amiparallel to the plasma current, 
i.e. the counter (ctr) direction, irrespective of the direction of injected beams. This ctr rotation has the 
following characteristics: its magnitude increases with increasing qeff; the driving source is located in 
the peripheral region; its magnitude becomes small and even sometimes is not observed at all in plasmas 
with small toroidal field ripple. These facts qualitatively demonstrate that the observed ctr rotation is 
driven by an inward electric field induced by a ripple loss of fast ions. Plasmas driven by LHW, on 
the other hand, exhibit a co-directed rotation driven by an outward electric field due to the loss of ener
getic electrons. 

1. INTRODUCTION 

One of the major goals of the tokamak programme is to understand the plasma 
transport characteristics that can be extrapolated to reactor plasmas. Recent 
experimental results, especially of H-mode studies, have revealed the important 
effect of radial electric fields on improved transport [1, 2]. It is essential to know not 
only the effect of the electric field itself but also the formation mechanisms of the 
electric field, including characteristic effects depending on the heating methods. 
JT-60U is a suitable device for such studies among the large tokamaks because it has 
near-perpendicular NB injectors [3]. The external momentum input is therefore 
small, even with a large heating power of ~20 MW, which increases the importance 
of the spontaneous rotation driven by the electric field. Furthermore, the high power 
LHW system in JT-60U allows us to study the plasma rotation in the presence of 
energetic electrons. 
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Our experiments have shown that the direction of the toroidal rotation velocity 
in plasmas heated by near-perpendicular NB (deuterium plasmas in the L-mode) 
tends to be ctr directed whereas current driven plasmas by LHW (hydrogen plasmas 
in die L-mode) exhibit co-directed rotation. These observations suggest the formation 
of inward electric fields in plasmas heated by near-perpendicular NB and outward 
electric fields in LHW driven plasmas. 

2. CTR DIRECTED TOROIDAL ROTATION WITH NEAR-PERPENDICULAR 
NEUTRAL BEAMS 

The neutral beam heating system in JT-60U consists of ten near-perpendicular 
beam injectors (six co-injectors and four ctr injectors) and four tangential beam injec
tors (two injectors each for the co- and ctr directions), the injection angles of which 
are 75° and 36° with respect to the magnetic axis, respectively. Deuterium beams 
accelerated to ~ 90 keV were injected, and the input power per injection unit was 
- 2 M W . 

Figure 1 shows a comparison of V,(r) observed with various combinations of 
beam injectors. In this figure, the types of injected beam are denoted by the following 
symbols: T stands for the tangential beam and P for the near-perpendicular beam; 
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FIG. 1. Toroidal rotation profiles observed with various combinations of neutral beam injectors. Tand 
P denote tangential injection and near-perpendicular injection, respectively. The number of injection 
units used is shown in parentheses. A diagnostic co-directed perpendicular beam is injected for V,(r) 
measurement in each case. 



IAEA-CN-56/E-3-11 779 

the number of injectors used is shown in parentheses. (The diagnostic beam is a co-
directed perpendicular beam (P-co(l)), which is injected in all data shown in this 
figure.) In cases with tangential beams, V,(r) showed peaked profiles with the direc
tion in accordance with the external momentum input (shown by two sets of open cir
cles, plasma current Ip = 1.5 MA; toroidal magnetic field B, = 2 T; line average 
density i^ = 0.6 x 1019 m~3). In this paper, negative Vt designates ctr directed 
rotation and positive V, co-directed rotation. In contrast to the results with tangential 
beams, perpendicular beams produced a ctr directed uniform rotation profile (closed 
circles, Ip = 1.5 MA, Bt = 2 T, n,. = 2.5 X 1019 nr3). Note that, in this case, the 
beams were co-directed, which was opposite to the observed rotation. The direction 
of Vt was reversed when plasma current was reversed, i.e. the antiparallel relation 
between V, and Ip remained valid. This fact shows the existence of an inward elec
tric field as a rotation driving source in plasmas heated by perpendicular NB injec
tion, which is stronger than the external momentum input. 

In order to investigate the location of the above mentioned driving source, beam 
perturbation experiments were carried out. The method of beam modulation is shown 
in Fig. 2. A diagnostic beam was injected with constant power, and co-perpendicular 
beams were injected with a square wave modulation of a frequency of 1-4 Hz into 
a discharge with Ip = 2 MA, Bt = 4 T, He = 1.4 X 1019 m"3, as is shown in the 
top diagram of this figure. This modulation brought about a disturbance in n,, less 
than ±5% (lower part of Fig. 2(a)). The beam line of the modulated beams is shown 
by the arrow in Fig. 2(b). Since these beams were injected off the magnetic axis and 
the beam diameter was ~0.3 m at FWHM (full width at half maximum), the central 
region inside r ~ 0.2 m was free from direct external momentum input. Figure 2(c) 
shows the waveforms of modulated toroidal rotation velocity at r/a,, = 0.1, 0.5 and 
0.85 (solid lines), where ap is the plasma minor radius. Each trace is fitted to a 
sinusoidal function at the modulation frequency plus a linear function (dotted lines). 
Note that V, at r/ap = 0.1 was also modulated at the frequency of the beam modula
tion. However, the position of r/ap = 0.1 was outside the deposition region, show
ing that the modulated part of V„ V„ was propagating from further outside. This 
view is supported by the fact that the phase delay of V, became larger in the inner 
region as is shown in this figure. The propagating V, is almost in anti-phase to the 
co-beam modulation. 

Next, we discuss the spatial profile of the above mentioned phase delay, A<t>, 
and the amplitude, IVJ. We have fitted the wave form of the beam power to a 
sinusoidal function, and the fitted phase was used as the origin of the phase shift, i.e. 
A0 = 0. As is shown in Fig. 2(d) (the modulation frequency was 2.5 Hz in this dis
charge), the phase decreased from -210° at the edge to -330° at the centre, show
ing the inward propagation of Vt. Furthermore, the modulated amplitude iVtl 
decreased as the position decreased from 0.9 a,, to the centre, as is shown in 
Fig. 2(e). It follows that the driving source of ctr directed rotation lies in the edge 
region around r > 0.9 ap. A contribution of —180° to the total phase shift of 
—210° at the edge can be attributed to the anti-phase response of Vt to the beam 



780 

(a) 

KOIDE et al. 

MODULATED BEAM 

- . 2 
CO 

I E o> 
o 
3< 

(b) 

* 

DIAGNOSTIC BEAM 
. i . . . . i . . . . i 

rra 

-J I I I 1 * ' • ' I 1 L_l ' ' 1 

5.5 6.0 6.5 7.0 7.5 
TIME(s) 

£ 0 
N 

- i — l — | — i — r 

MODULATED BEAM 

(C) 

3 

( 
I I I 

PHASE SHIFT 
\ E15718 

' ' ' ' Jt\'jd ' ' ' ' ' ' 'V ' ' ' ' ' ' ' 

Afr/a =0.85T\-.ys? \ Vv/V^ 

'Wr/a =0.1TH (W^^'^V 

I f N B I f I 
t I ._.!_. J I t l l l l l l l l l l 1 l . l t 

5 5.5 6 6.5 7 7.5 
TIME (s) 

http://Itllllllllll1l.lt


UEA-CN-56/E-3-11 781 

"a? 

A
S

E
 (

de
gr

e
 

:L 
OL 

-200 

-250 

-300 

-350 

-Ann 

2.5 Hz modulation 
• i i i i i • i i • • i i i i 'i i i • 

(d) # • • 
• • • • 

\ & * ' ' * * * ^ 
• . 

* 1 =2MA, Bt=4T, q^=4.4 ; 
t < i 1 i • i 1 • i i t i i i 1 i . i.._t 

0.12 

0.2 0.4 0.6 0.8 1 
r(m) 

i • •—i—r~ i—i—i—i—I-~I-

0.4 0.6 
r(m) 

FIG. 2. Experiments with beam modulation, (a) Evolution of beam power and line average electron 
density. Q>) Equilibrium poloidal flux surfaces and injection direction of modulated beams. Off-axis and 
co-directed perpendicular beams are modulated, (c) Response of toroidal rotation to modulated beams. 
Three traces of V, at r/ap = 0.1,0.5 and 0.85 are shown. Each trace is fitted to a sinusoidal Junction 
with the modulation frequency plus a linear function (dotted lines). Profiles of (d) phase delay (A<t>) and 
(e) modulated amplitude (\V,\). 

injection. The -30° remainder is indicative of a response time, which corresponds 
to a delay of 33 ms at 2.5 Hz modulation. 

In addition to the driving source in the edge region, there are two further fea
tures characterizing the ctr rotation. First, a qeff dependence of the magnitude of this 
ctr rotation which is shown in Fig. 3(a); the steady states Vt(r) during co-
perpendicular NB injection in two discharges with similar configurations and with 
different qeff of 10 (closed circles) and 3.5 (open circles) are compared in this 
figure. It was found that the magnitude of ctr rotation was larger with higher qeff. 
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Another feature is the dependence on the toroidal field ripple. The modulated ampli
tude IV, I during co-perpendicular beam modulation in two discharges with similar 
qeff and with different magnitude of toroidal field ripple plotted versus the major 
radius in Fig. 3(b). The toroidal field ripple was changed by varying the position of 
the plasma column. Closed circles show IV, I when the plasma was formed on the 
outer side (the shaded region schematically shows the radial position), where the 
maximum toroidal field ripple reached 3%. In this case, the response of V, to co-
beam modulation is in the ctr direction as mentioned above. However, the magnitude 
of the ctr rotation became small or was not even observed when the plasma was 
moved inwards while the value of qeff was being kept constant. Open circles show 
IV, I in a smaller plasma (hatched region) with a maximum toroidal field ripple of 
0.4%. lVtl increased monotonically towards the centre and was small in the edge 
region. Note that, in this case, the response of V, to co-NB modulation is in the 
co-direction, in contrast to the former case. A result of co-tangential beam modula
tion is shown by a dotted line for comparison, in this figure; even in a large plasma, 
no ctr rotation was observed [4]. 

The observations mentioned above, i.e. driving source in the edge region, 
enhanced ctr rotation with higher qeff and larger toroidal field ripple, all agree 
qualitatively with the condition of enhanced ripple loss mechanism [5]. We have 
deduced that the ctr rotation during perpendicular NB injection is driven by ripple 
loss induced by the inward directed radial electric field. 

3. CO-DIRECTED TOROIDAL ROTATION WITH LOWER HYBRID WAVES 

In plasmas where the current is fully driven by lower hybrid waves (LHW), 
some special features have been reported in comparison with inductively driven 
plasmas: the particle confinement was improved [6); the MHD instability was stabi
lized [7]; the threshold power required for H-mode transition was lower in LHW 
driven plasmas than in NB heated plasmas [8]. We have found another characteristic 
feature of plasma rotation in discharges in which the current was almost fully driven 
by LHW: V, tended to be in the direction co-parallel to the plasma current. Since 
external momentum from LHW was imparted to the electrons and the direction of 
the momentum input was antiparallel to the plasma current, the observed co-directed 
plasma rotation, which mainly represents the ion flow, suggests the formation of an 
outward radial electric field in LHW driven plasmas. This characteristic is in contrast 
to the near-perpendicular NB case discussed in the previous section. 

.«— . 

FIG. 3. (a) Comparison of steady state profiles of V,(r) with qtS = 3.5 (open circles) and with 
qeff = 10 (closed circles), (b) Comparison of modulated amplitude IV, I between discharges with 
different toroidal field ripple: 3% (closed circles), 0.4% (open circles). \V,\ during co-tangential 
beam is shown by a dotted line for a comparison. Hatched and shaded regions schematically show the 
plasma positions. 
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FIG, 4. Response of toroidal rotation to LHW injections. Two LHW pulses, with peak parallel refrac
tive indices N, = 1.44 (t = 6-7s) and N, = 2.24 (t = 8-9.5 s), are injected (central part). Evolu
tion of V, at plasma centre and edge (bottom part). 

Figure 4 shows the characteristic direction of V, in response to LHW injection. 
Two LHW pulses with a power of 1.4 MW and with peak parallel refractive indices 
of N|| = 1.44 (t = 6-7 s) and N„ = 2.24 (t = 8-9.5 s) were injected. Power 
limitations, due to the accessibility condition of LHW, are negligible for these values 
of N[. The loop voltage, VL, during LHW was reduced from 0.35 V to 0.1 V at 
t - 6 s (the central part of this figure), showing that 70% of Ip was driven by 
LHW. The evolution of V, at the centre and the edge of the plasma is shown in the 
bottom part of this figure. Ve as measured at both spatial points was observed to be 
in the ctr direction when the diagnostic beam was injected at t = 5.5 s. This ctr rota
tion is the effect discussed in the previous section. An additional co-directed contribu
tion to V, is observed during LHW injection (t = 6-7 s). After the termination of 
LHW at t = 7 s, V, increased in the ctr direction. When the second LHW pulse was 
injected during t = 8-9.5 s, the magnitude of this ctr rotation was again reduced, and 
the plasma edge started to rotate in the co-direction. The response time of V, seems 
to be shorter than 100 ms, which is similar to the response time of the hard X ray 
emission. 

A typical radial profile, Vt(r), during LHW, is compared with V,(r) in the 
Ohmic phase in Fig. 5(a). The diagnostic beam was injected 1 s after the start of 
LHW injection, when the plasma had already reached a steady state, and the duration 
of the beam pulse was decreased to 100 ms in order to reduce the effect of NB injec
tion on the rotation. A uniform V,(r) of ~-0.1 X 10s m/s was formed in the 
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FIG. 5. (a) V,(r) during LHW injection (N, = 1.76) with a power of 1.43 MW (open circles) com
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Ohmic phase (closed circles) as is shown in this figure. In the LHW phase with 
N| = 1.76 (open circles), Vt(r) changed towards the co-direction over the whole 
plasma region. 

In Fig. 5(b), V, is plotted versus the accessible LHW power PLH. We use 
V, averaged over the inner and outer half of the plasma, i.e. V, ( r '< ap/2) 
and Vt (r > ap/2), in this figure. The electron density was fixed around 
He = 5 x 1018 nr3 . Vt (r < a,,/2) increased almost linearly with PLH for 
N, = 1.28 (closed circles). As for the data with LHW of N, = 1.92 (open circles), 
Vt (r < ap/2) also increased with P,^ and V, (r > ap/2) showed a similar tendency 
(crosses). These observations prove that the observed change in the plasma rotation 
towards co-direction is driven by LHW injection. 
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When energetic electrons leave the plasma, positive charges are left behind and 
an outward electric field is set up. As a result, V, would be driven in the Er X B9 

direction, i.e. the co-direction, where Er and Be are the vectors of the radial electric 
field and the poloidal magnetic field, respectively. In Figs 6(a)-(d), Vt is analysed 
in terms of the number of energetic electrons which are produced by LHW injection 
and lost from the confined region. In these figures, the triple product PLHERES ?SD is 
used as the abscissa, where PLH is the accessible fraction of LHW power (for our 
experimental conditions, more than 80% of the injected LHW power was accessible 
even with N( as small as 1.28), ERES is the resonant parallel energy of the energetic 
electrons, and TSD is the slowing-down time of the energetic electrons; ERES and TSD 

are defined by the following (relativistic) formulas: 

, ' 3.368 N»3 

TSDKS) ne(1019 m-3) In A 1 - Nf + V T ^ N ? W 

ERES = mc* ( ^ _*N_2 - l ) (2) 

where m and c are the electron rest mass and the velocity of light, respectively. 
According to the soft X ray measurements reported in Ref. [9], for the range 

of He and N| in these experiments, the power lost through energetic electrons to the 
divertor plates is almost proportional to PLH TSD. Thus, we may regard PLHERES ^sb. 
i.e. the abscissa in Fig. 6, as an indication of the number of lost energetic 
electrons. Figure 6(c), for example, shows the data with a fixed N| of 1.92 
(PLH = 1.16-1.43 MW, He = 4.2-5.7 x 1018 nr3). The shaded region represents 
the scatter of the Vt in the Ohmic phase. When PLHERES TSD increased from 850 to 
1300, Vt (r < ap/2) increased from -0.13 X 105 m/s to 0.13 X 105 m/s (closed 
circles). V, (r > ap/2) also increased towards the co-direction (open circles) as 
PLHERES^SD increased. Here we used t^ measured along O.lap for estimating rSD 

for the plot of V, (r < ap/2) and n,. measured along 0.8ap (20-40% lower than the 
former n«.) for the plot of V, (r > ap/2). Note that the response of V, (r > ap/2) to 
LHW injection appeared even with PLH as small as ~ 1.16 MW (an open circle at 
PLHERES TSD ~ 1200); whereas V, (r < ap/2) was still at the Ohmic level (a closed 
circle at PLHERES TSD ~ 800). When PLHERES TSO increased, V, (r < ap/2) became 
comparable with V, (r > ap/2) and V,(r) became uniform or sometimes slightly 
peaked in the co-direction. Figures 6(a), (b) and (d) show similar plots of 
V,.(r < a / 2 ) f o r different N,: (a) N, = 1.28, (b) N, = 1.76 and (d) N, = 2.24 
(the ranges of r^ and PLH are comparable for Figs 6(a)-(d)). 

One of the common features of these data is that Vt increased with 
PLHERES TSD. showing that the number of energetic electrons lost from the confined 
region was related to the observed rotation. Hereafter, we shall designate 
PLHERES TSD by NEE for convenience (EE denotes energetic electrons). The drive 
efficiency of V, per unit number of energetic electrons is represented by the slope of 
the plots in Figs 6(a) to (d), i.e. dV,/dNEE. For simplicity, we have fitted the data 
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to a linear function, and the result is shown by a dotted line. In fact, a non-linear fit
ting function seems to be required to fit these data to incorporate the region 
0 < NEE < 500, which was therefore excluded, since V, (r < a,,/2) must cor
respond to the Ohmic level shown by shaded regions, when NEE becomes zero. 
(A similar non-linearity is also evident in Fig. 5(b).) However, the data are well 
represented by a linear function in the measured range as shown in this figure, and 
we use a linear fitting function for simplicity here. 

It is found that larger N| is associated with larger dVt/dNEE. This result is 
clearly shown in Fig. 6(e), where dV,/dNEE is plotted versus N(. Roughly speaking, 
dVt/dNEE increased with N|. For example, dV,/dNEE at N( = 2.24 is double that 
for N] = 1.28. This result implies that the change in V, due to the loss of energetic 
electrons depends on the Nj of the driving waves, with larger N| corresponding to 
larger changes in Vt. The hard X ray (HX) emission profile has a similar depen
dence on N| as is shown in Fig. 6(f), where the profile peaking factor of HX is 
defined by the ratio of hard X ray intensities with a photon energy above 150 keV 
(IHx) measured along two chords through r = 0.33 a,, and 0.74 ap. In this figure, 
data in discharges at the higher end of the PLH range are plotted for each N|. We see 
from this figure that peaked profiles of HX are formed by LHW with lower N| and 
broad profiles with high N] as has been reported in Ref. [10]. The similarity of the 
Ni dependence of dVt/dNEE and IHx (0.74 ap)/IHX(0.33 a,,) shown in Figs 6(e) and 
(f) suggests a correlation between them. 

The profile of energetic electrons is also important from the viewpoint of cur
rent profile modifications and their influence on MHD stability. Thus, a proper 
experimental study on the identification of loss mechanisms is needed to clarify the 
N| dependence of the plasma rotation. 

4. CONCLUSIONS 

Plasma rotation driven by a spontaneously formed electric field, rather than by 
an external momentum input, has been studied in JT-60U. Plasmas heated by near-
perpendicular neutral beams exhibit ctr directed rotation. This ctr rotation is not 
observed with tangential beams. This tendency becomes remarkable when qefT is 
high. By perturbing the injected beams, this driving source is found to be located in 
the peripheral region. Furthermore, the magnitude of the ctr rotation becomes small 
and is sometimes not observed at all in plasmas with small toroidal field ripple. 
A possible cause of this ctr directed rotation is the formation of an ambipolar inward 
electric field produced by the ripple loss of fast ions. 

On the contrary, current driven plasmas by lower hybrid waves exhibit co-
directed rotation, which is thought to be driven by an outward electric field produced 
by the loss of energetic electrons. 
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