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FOREWORD 

The rapid progress of recent years reported at the Sixth and Seventh IAEA 
Conferences on Plasma Physics and Controlled Nuclear Fusion Research held in 
1976 and 1978 respectively has been sustained. This progress extends to all 
approaches to controlled fusion and to fusion technology as confirmed by the 
reports presented at the Eighth Conference, held in Brussels from 1 to 10 July 
1980. 

The proceedings of this Eighth Conference, which was attended by 469 
participants and observers from 29 countries and two international organiza
tions, are presented here. 

The 148 technical papers and three conference summaries are included, 
together with the Lev Andreevich Artsimovich Memorial Lecture delivered by 
Professor D. Palumbo of the Commission of the European Communities (CEC) 
during the opening ceremonies. Thanks to the help and understanding of the 
authors, it has been possible to limit the proceedings to two volumes. 

The papers include contributions on theory, open and closed magnetic 
confinement systems, inertial confinement systems, and related technology. 

The proceedings are published in English as a supplement to the IAEA 
Journal "Nuclear Fusion". 

The Conference was organized by the Agency in cooperation with the 
Belgian Government with the assistance of the Laboratoire de Physique des 
Plasmas — Association "Euratom-Etat Beige" (Laboratorium voor Plasm afysica — 
Associatie "Euratom-Belgische Staat"), to whom the Agency wishes to express 
its gratitude. 

The Agency promotes close international cooperation among plasma and 
fusion physicists and engineers of all countries by organizing these periodic 
conferences on controlled nuclear fusion and by holding seminars, workshops 
and specialists' meetings on appropriate topics. The present publication, forming 
part of these activities, will, it is hoped, contribute to the rapid demonstration 
of nuclear fusion as one of the world's future energy resources. 
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Your Majesty1, Ladies and Gentlemen: 

When the Director General of the International Atomic Energy Agency 
honoured me by asking me to give the second Artsimovich Memorial Lecture 
at the beginning of this Eighth International Conference on Plasma Physics and 
Controlled Nuclear Fusion Research, three factors — the nature of the subject, 
my own position and the vocation of the city of Brussels — prompted me to 
give a short review of the origin and the role of international cooperation in 
the evolution of fusion research. To do this I shall use as points of reference 
the previous conferences, and three of them in particular: the 'avant-premiere', 
Geneva 1958, the Third, Novosibirsk 1968, and the Seventh, Innsbruck 1978. 
I feel that this is appropriate because these conferences, and especially the 
first few, gave us the opportunity to become acquainted and gave me, in 
particular, the first opportunity to meet Artsimovich, and also because they 
gave birth to this world-wide cooperation of which Artsimovich was one of 
the first proponents and one of the principal motive forces. 

In Geneva the scenario was already established. There was enthusiasm for 
the enormous importance of the task, which contained the promise of 
production of almost unlimited power in relatively clean and safe conditions. 
The diagnosis was quite precise: enormous difficulties would have to be overcome, 
both scientific, identified by many authors, and technical, identified mainly 
by Teller. The scientific difficulties derived from, among other things, the very 
nature of high-temperature plasma problems: equilibrium, stability, heating, 
impurities, etc., are so strictly interconnected that the classical procedure for 
solving scientific problems, i.e. to separate them in order to solve them one by 
one, could not be applied. But the means for going ahead were already present 
in Geneva. Many possible confinement schemes were already at different 
levels of development: magnetic mirrors, Astron, the stellarators, tokamaks, 
linear and toroidal pinches and, among others, the British Zeta which was then 
producing the first results in its long experimental life. 

1 H.M. the King of the Belgians. 
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Theoretical bases were also available; for example, the Kruskal-Shafranov 
limitation, now so familiar to all plasma physicists. 

The prognosis concerning the time required to reach our goals became less 
definite, more severe: the twenty years mentioned three years earlier by Bhabha 
looked too optimistic now that the difficulties were more evident. As Artsimovich 
was to say so picturesquely three years later in Salzburg, the thermonuclear 
paradise could not be reached without a long journey through purgatory. 

There was also considerable convergence on the prescription: it was 
impossible at that time to give precedence to one of the possible confinement 
schemes and so it was recommended to go ahead on a wide front, although 
Artsimovich foresaw that the low beta equilibria approach had some chance of 
maturing earlier. 

A wide front implied an enormous amount of work, and to face this 
problem many participants, and more especially Artsimovich, recognized 
that world-wide cooperation was more than a means to make the task easier: 
it was an essential condition for ultimate success. 

A first practical application of this recommendation took place in 
Europe, for reasons not only scientific and technical but also to some extent 
institutional. The same year (1958) saw the creation of Euratom, in whose 
programme fusion was already included. Considering both the possible 
advantage of fusion for Europe and the enormous difficulties to be solved for 
its realization, we decided to create a single European programme combining 
the activities of the different Member States of which there were at that time 
six and later nine. The concepts on which this operation was based were 
the following: 

Distribution of the activities among the various laboratories, avoiding 
unnecessary repetition and overlapping; 

To encourage and facilitate the circulation of ideas and personnel, and 
when possible the sharing of experimental apparatus; 

The concerted preparation of future programmes, the duration of 
which, according to the Euratom Treaty, could not exceed five years. 

Official recognition of this collective spirit is contained in the decision of 
the Council of Ministers of the European Communities,which states that each 
of these five-year programmes "is part of a long-term cooperative project 
embracing all work carried out in the Member States in the field of controlled 
thermonuclear fusion and designed to lead in due course to the joint construction 
of prototypes with a view to their industrial-scale production and marketing". 

It is not for me to judge whether the system has been successful, but 
let me quote two facts: 
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Two European countries, non-members of the European Community 
(Sweden and Switzerland), have found the system attractive enough 
to join it; 

When the opportunity arose to prepare a large project (now called JET) 
which, because of its size, exceeded the capacity of each individual 
Member State, the existence of a European structure made it possible 
to undertake the preliminary studies and subsequently the detailed design 
with a speed and efficiency which have no precedent — in Europe, at least. 

In the field of fusion the European programme represents the first supra
national structure which has made a sizeable contribution to scientific and 
technical progress. If I am emphatic about this fact it is because I think that 
this model could be extended, with the modifications imposed by history 
and geography. 

An additional merit of this European collaboration was that it helped us 
to overcome the depression in fusion which was being felt in the 1960s. The 
end of this depression can be identified with the Third Fusion Conference, at 
Novosibirsk in 1968, which saw the successful emergence of the tokamak 
concept which had been outlined by Sakharov in 1951 and developed at the 
Kurchatov Institute (Moscow) under Artsimovich's personal direction. At 
Novosibirsk the outlook remained cautious, but began to be based on more 
solid ground. With regard to the predicted time scale, I can recall the conclusion 
of Budker that this would depend on the speed with which we could go ahead, 
and this in turn would be determined not only by the scientists but also by 
public authorities. Once again, international cooperation was regarded as an 
essential instrument. 

The next few years saw an enormous development of this collaboration, 
which now was motivated by the existence — or at least the prospect — of 
great scientific achievement. The first example of this was provided by the 
measurements made in the next year by a British team in the Kurchatov Institute, 
the results of which made a great contribution towards overcoming the 
remaining doubts about tokamaks. 

Artsimovich became a 'missionary physicist', travelling all over Europe 
and North America to spread the gospel, but he continued to warn us not to 
rely exclusively on the tokamak and to go ahead on a wide front. 

Around 1970 new tokamaks were built in almost all the fusion laboratories 
throughout the world: in the USSR, the United States of America, Japan and 
Australia. In Europe we took care to diversify the efforts of the different 
laboratories in order to produce a generation of tokamaks covering a wide range 
of physical parameters. The results have been good — I need only mention 
the important contribution made by the TFR tokamak at Fontenay. 
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The existence of a large number of similar experimental machines 
necessitated a speedy exchange of information, and we saw a multiplication 
of conferences and meetings on a world-wide scale. Positive results soon 
accumulated, and progress was rapid. It is worth while to note that this first 
big success in the field of fusion was reached in a confinement scheme which, 
in conformity with Artsimovich's predictions, has so far been working at 
low beta. 

It is difficult to say at this stage whether the tokamak is the best solution 
for a thermonuclear reactor, even if there are no reasons to say the contrary. 
What is undeniable is that the plasma parameters, density, temperature, 
purity and duration, produced simultaneously in the tokamak, have provoked 
(and permitted) enormous progress in the study of stability and transport, 
the improvement of diagnostics and the development of powerful methods of 
plasma heating. 

It soon became evident that substantial progress could only be made with 
the construction of very large tokamaks. The four big programmes already 
existing at that time (Euratom, Japan, the USA and the USSR) examined 
the same problem separately and reached similar, even if not identical, 
conclusions. Thus,in the Euratom programme the JET project was started; 
in Japan, JT 60; in the USA, TFTR; and in the USSR,initially T 20, later 
replaced by T 15. These four projects are now under construction independently, 
although the relevant information is circulating freely and abundantly. This 
atmosphere made possible a number of bilateral agreements, for instance 
between the USSR and the USA and, last but not least, between the USA and Japan. 

At the same time, the two large Agencies, the IAEA and the International 
Energy Agency (IEA), intensified their commitment to fusion. The former 
promoted a number of conferences, symposia and international study groups 
and has kept governments informed on progress and prospects in fusion. The 
latter has brought about, by the conclusion of agreements mainly between 
Euratom, the USA and Japan, the realization of several common projects in 
the field of fusion technology. 

In the meantime a new problem has arisen. It is hoped that the devices 
of the JET generation will enter the domain of plasma parameters required for 
a fusion reactor and will give us the possibility of studying the remaining 
major physical problem: the behaviour of burning plasmas. But these machines 
will not have any of the other elements necessary for a reactor (recovery and 
utilization of the energy produced, fuel breeding, etc.). A new generation of 
devices is therefore necessary. The construction cost of a JET-like machine 
is of the order of half a billion US dollars2, and requires a great scientific and 
technological commitment. Each machine of the subsequent generation — 

2 1 billion US $= 109US$. 
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which, almost inevitably, will be a tokamak again - will cost at least two or 
three times as much and will require much greater technological developments. 
It is questionable whether each of the four big programmes can proceed 
individually along the tokamak line and at the same time continue its activities, 
even on a smaller scale, along a wider front. 

One of the first to set the problem in a very explicit form was David Rose 
of MIT. Towards the end of 1977, when the construction of TFTR had just 
begun and that of JET had just been approved, he invited representatives of 
the four big programmes to discuss the future of fusion and in particular the 
role of international cooperation. At that meeting, the building of the next 
device collectively, under the aegis of either the IAEA or the IE A, was 
considered a distinct possibility, as was the need to proceed to some sharing 
of tasks among the programmes on the remaining lines. A few months later, 
during the IFRC meeting in May 1978, Academician Velikhov, leader of the 
USSR programme, proposed starting the study of the next large tokamak 
(now called INTOR) as a joint venture under the auspices of the IAEA. 

We now come to the Innsbruck Conference in 1978, where progress in 
the tokamak line was confirmed from several sides and the remarkable results 
on plasma heating in PLT at Princeton were reported. During that conference, 
as anticipated by Kintner in his Artsimovich Memorial Lecture, the IFRC 
proposed proceeding with INTOR in four phases: data-base assessment, 
definition, detailed design, and construction. Each phase would require a 
separate decision by the four parties involved. These proposals were supported 
and acted upon by the Director General of the IAEA. 

A group of four or five experts per programme was then set up and, 
starting from February 1979, they met periodically in Vienna for a few weeks 
at a time and at the end of 1979 produced a conclusive report on the data-base 
assessment phase. It was subsequently agreed to proceed to the definition 
phase, which will last for yet another year from now. I need not go into 
details of the work of this group, the results of which were reported yesterday. 
In my opinion yesterday's meeting was the best homage that we could offer 
to the memory of Artsimovich, for two reasons: first because it concerns 
the field to which he had contributed so much, and second because it is the 
product of international collaboration which twenty years ago in Geneva he 
had recommended as an essential tool for progress in fusion. 

A very important aspect of the Vienna workshops was that each delegation 
regularly brought proposals and ideas which, in the intervals between the 
meetings, had matured within each of the four programmes and which were 
subsequently discussed, evaluated and selected during the joint meetings. 
Thus a climate has been maintained for the generation of independent and 
original ideas and a forum provided for their critical assessment. This work has 
certainly been very encouraging, and whatever the follow-up may be, it will 
represent an important contribution to the progress of fusion. 
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Concerning the other lines of approach, progress has been realized in both 
research and collaboration. The basic concepts are still essentially the same 
as they were in Geneva twenty years ago, but the situation has changed in 
two ways. First, the target for the alternative lines is more clearly defined. 
To be of value, their performance must be at least as good as the tokamak's, 
which implies, for each line, the building of large machines. This suggests a 
sharing of tasks between the different programmes. Secondly, the challenge 
to the tokamak can be based on progress made in the meantime: for example 
in the field of mirrors (Moscow and Livermore), stellarators (Garching) and 
reversed-field pinches (Padua, Culham and Los Alamos). On these last two lines 
we are actively working towards some cooperation between the USA and 
Euratom which still has to be finalized. 

Until now, the level of international cooperation has proved adequate. 
It is imperative that this fruitful cooperation should be further reinforced; 
failure to do so now would make it more difficult in the future. So we must 
now ask the public authorities not only for a strong increase in our research 
funds but also for support and initiative in the field of international relations, 
hoping that success in the latter will enable us to reduce the former. 

What can we offer in exchange? Even if, in the last twenty years, the 
possible advantages of fusion (cleanliness, safety and economy) have undergone 
some reassessment, it remains one of the few potential solutions of all the 
problems in the field of energy. Since, in the meantime, these problems 
have become dramatic, the balance remains largely positive. How long will 
it take? Going back to Budker, this will depend jointly on our own abilities 
and the commitment of the public authorities. 

May I conclude by again using Artsimovich's allegory? As regards plasma 
physics, at least in the tokamak line, our stay in purgatory seems to be reaching 
its end. But the thermonuclear reactor has both physical and technological 
requirements. As technologies have just started their journey, a prolonged 
stay in purgatory is to be expected for them. However, we know that the 
sojourn in purgatory can be curtailed not only by penitence on the part of the 
sinner but also by payment for indulgences. 

So, with continued and dedicated efforts by scientists and engineers, and 
with support both in financial terms and political commitment from the 
authorities, the prospects of being able to proceed to a demonstration reactor 
by the end of the century appear very good indeed. 
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Abstract 

TRANSPORT STUDIES IN THE PRINCETON LARGE TORUS. 
The conjunction of high ion temperature (7.1 keV), low density (1.5 X 1013 cm"3), 

and small Zeff < 2 has been used to reduce the collisionality i>„¡ into the range 10~2 — 10~3. 
A medium-density plasma (ïïè = 3 X 1013 cm -3, T¡ = 6 keV, Te ~ 2.2 keV), where charge-
exchange and thermal convection are comparable to ion thermal conductivity in the central 
ion power balance, has been used to improve the accuracy of heat and particle transport 
measurements. Impurity ion transport in steady state has been measured directly from the 
spatial distributions of ionization states. While the observed limits on bulk-ion thermal 
conductivity are close to the neoclassical level (Xi < 5 Xineo),the observed rates of ion heat 
convection and impurity diffusion represent at least a modest anomaly in tokamak ion 
transport. Measurements have also been made on the confinement of toroidal angular 
momentum, fusion-product tritons, and energetic runaway electrons. Plasma fluctuations 
have been studied by means of microwave scattering and X-ray diagnostics. 

* University of Maryland, College Park, MD, USA. 
** Exxon Nuclear Co., Inc., Bellevue, WA, USA. 
*** On leave from Max-Planck Institut fur Plasmaphysik, Garching, Fed. Rep. Germany. 
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J_. INTRODUCTION 
Improvements in the FLT neutral-beam-injection system have allowed the 

achievement of up to 3.4 MW for D° operation with four beam lines. This 
represents a 50% increase over the beam powers used in Ref. 1. In January 
1979, PLT suffered a partial TF coil failure which resulted in enhanced 
toroidal field ripple and which at the time was suspected of contributing to 
the reduction in ion and electron heating efficiency observed during 1979. 
The coil defect was repaired at the end of the year. During 1980, the over
all machine performance has been as good as during 1978, and the peak plasma 
parameters have been higher, as is illustrated in Fig. 1. 

A number of other variations in machine characteristics. - such as 
different impurity-control measures and close-fitting ICRF coupling loops -
have been introduced into PLT since 1978. The resultant plasma behavior is 
systematically different in some respects, and the source of the variations is 
not uniquely identified. The existence of hidden variables, connected with 
machine-specific features - which appears to be a common phenomenon in present-
day tokamak research - has been recognized in the following discussion by 
separating the data according to the year of PLT operation, as in Fig. 2. 

2. RIPPLE EFFECTS 
Due to coil failure in January 1979, PLT ran during most of the 

subsequent year at reduced toroidal field strength (BT < 25 kG), and with a 
non-axisymmetric local dip in the magnetic field of 2.7% (peak-to-peak) on 
axis. Beam injection experiments performed at the lowest densities and 
highest powers in 1979 failed to achieve the ion heating efficiency of AT. = 
4-5 eV Pjj (kW)/ ñ" (10 cm"3) observed in similar experiments performed in 
1978 [2] (Fig. if. Also, electron heating experiments with hydrogen beam 
injection at ñ = 4 x 10 cm showed an efficiency of only ~ 0.3 eV/kW, 
rather than the 0.5 - 0.7 eV/kw observed previously. The target plasma had 
significantly broader density profile and lower T (0), however, than in 
1978. At lower densities, electron heating efficiency was also considerably 
reduced, and high central radiation levels were observed. 

In addition to the change in magnetic configuration, nightly glow 
discharge cleaning was employed in 1979, rather than the low-temperature 
pulsed discharge cleaning used in 1978. This resulted in Z « < 2 even at the 
lowest densities ( £ 10 3 cm"3) obtained in PLT. This may provide an 
explanation for the increased metallic impurity radiation, since low-Z 
impurities serve to cool the plasma surface and reduce high-Z impurities 
[3]. In 1980, the field ripple was reduced to 0.4% on axis, and the ion 
heating efficiency of the 1978 experiments was again observed. Electron 
heating at low densities was still impaired, however, by central core 
radiation. The investigation of the effects of magnetic asymmetry was 
continued during 1980 by means of controlled coil ripple of up to 2.7% peak-
to-peak . 

Theoretically, one expects four effects from non-axisymmetry in the 
toroidal field: (1) changes in magnetic topology (magnetic islands), 
(2) reduced heating efficiency due to enhanced orbit excursions of fast ions, 
(3)increased ion thermal conductivity, and (4) damping of toroidal rotation. 

Experimentally, no measurable difference (±20%) was found between the 
parallel and perpendicular fast ion c-x spectra with and without field 
ripple. Controlled ion heating experiments at P./ñ" = 0.73 MW/ñ showed 
little effect from the ripple (Fig. 2). Analytic theories of the enhancement 
of ion thermal conductivity by TF coil ripple are difficult to apply to a 
single shallow dip. A simple extrapolation of available theories [4-9] 
(beyond their bounds of validity) to PLT geometry suggests that ripple 
effects could be sufficient to explain the relatively poor 1979 ion heating 
results at higher values of P./ñ . However, a numerical study of particle 
diffusivity due to ripple in PLT, based on a previously developed Monte-Carlo 
code [8], indicates that the extrapolated analytic calculations overestimate 
the effect of the ripple. A definite conclusion on the effects of ripple in 
PLT must await further experiments. 
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FIG.2. Peak ion temperature versus beam power per particle for ïïe = 1.5-3 X 1013 cm~3. 
A direct comparison of ion heating at Pt,/ñe = 0.73 with 0.4% and with 2.3% ripple in 
1980 gave T¡ = 4.2 ± 0.2 ke Vand T¡ = 3.7±0.3 ke V, respectively. 

Non-ambipolar particle diffusivity and the damping of toroidal rotation 
due ta non-axisymmetry are closely linked, assuming VT = 0, by 
T = P./2D [10,11]. Experimentally, no difference was observed between the 

central plasma rotation speeds in 1979 and in 1978, as measured from the 
Doppler shift of Fe XX radiation. Since the central momentum confinement time 
in these experiments was measured to be ~ 20 ms [12], one can put a lower 
bound of perhaps 40 ms on the possible t .-limitation due to the ripple. This 
would correspond to a modest ripple-induced D < 200 cm /sec. 

jU CONFINEMENT STUDIES DURING NEUTRAL BEAM INJECTION 
3.1. Ion Energy Confinement 

The increased power capability of the neutral beam system has allowed 
us, during 1980, to obtain very high ion temperature (>6 keV) at moderate 
densities, where charge-exchange and anomalous thermal convection play 
relatively minor roles in the ion power balance. 

Figure 3 shows the measured line-average electron density vs. time for 
the moderate-density case. The measured density increase during injection is 
somewhat less than the beam particle source. The central electron temperature 
rose from 1.5 to 2.2 keV during injection. Figure 4 shows the time evolution 
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FIG. 3. Time evolution of line average 
electron density for a high-power, 
"moderate-density "PLT neutral beam 
injection case. Bx = 25 kG; Ip = 430 kA. 
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TIMEfsec] 

FIG. 4. Time evolution of central ion 
temperature for the same case as Fig. 3. 
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of the central ion temperature as determined with the passive charge-exchange 
technique. The active charge-exchange diagnostic (see below) gave a central 
ion temperature of 6.3 ± 0.2 keV at t = 480 ms in this case. Also shown in 
Figure 4 is the calculated ion temperature from the time-dependent transport 
analysis code, TRANSP [13,14], This code takes as input the measured values 
of n"e(r,t), Te(r,t), Prad(r,t), V l o o p(t), Ip(t), and the beam powers as 
functions of time. It employs Monte-Carlo techniques to calculate the neutral 
density profile and the beam power transferred to the bulk ions and 
electrons. Special care has been taken to calculate properly beam deposition 
and neutral transport in strongly non-Maxwellian beam-injected plasmas. The 
good agreement with the absolute ion temperature as well as with the time 
evolution of the temperature gives us confidence that the code calculates the 
input power to the ions and the ion energy confinement time correctly. 

The ion energy loss processes included in the TRANSP code are neo
classical ion thermal conduction [15], charge exchange, anomalous thermal 
convection (with energy flux of the form Pconv = 5/2 nkTvr), and classical 
ion-electron coupling. The volume particle confinement time and the edge 
neutral recycling energy may be adjusted in the neutral penetration package 
[16] to increase or decrease together charge-exchange and convection losses. 
Ion thermal conduction can be expressed as a multiple of the neoclassical 
value in order to study the possible presence of anomalous conduction. For 
the case shown, Xi w a s taken to be neoclassical, and xD was set to 30 ms. 
Figure 5 shows the central region ion power balance at 460 ms. Note that 
charge exchange and convection are relatively small terms, comparable to 
neoclassical thermal conduction in the core of the plasma. These terras, in 
fact, are close to their minimum possible values since they are mostly 
directly driven by the beam - induced neutral density and particle source 
rate. If we reduce the neutral influx to such a low value that the global 
Tp = 50 msec and take Xi

 = 5Xine°' t h e c o â e calculates a peak T^ of only 5 
keV, far below the measured value. Thus energetically there appears to be 
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relatively little space for anomalous ion thermal conduction in this case, 
a central electron density of 5.5 x 10 cm , 
energy confinement time, defined as 

At 
the calculated central ion 

(0) = 3/2 n. (0) kT. <0) / Pcond {0) p (0) + p (0) 
*conv *cx 

was 45 ms. If we exclude Pcx(0), which mostly results from charge-exchange 
with beam neutrals, we have xEi(0) = 65 ms. A direct measurement of Tp(0) is 
discussed below. 

Because the beam provides the dominant particle source rate on axis in 
this discharge, it is possible to estimate the particle convection in the core 
region. Since dn /dt on axis during injection is, on average, a factor of ~ 
1.5 less than the beam source rate, we determine a positive vr from the 
calculated particle balance. Defining 

D = n 
e e 

r / dn /dr 
re e and D „ = n 

eW e (vre " V / **e/aT 

10 cm /sec, where v„ is the Ware pinch velocity, we find De (r = 6 cm) 
D „ (r = 6 cm) ~ 1.5 x 10 cmvsec, with factor of 
these conditions the INTOR [17] DeINT = 1.25 x 10 
cm /sec. The central particle confinement time during injection is defined as 

3 uncertainties. 
'17/n0 = 3.5 > 

For 
103 

T (0) = n (0) / [S. (0) + S (0) - dn (0)/dt] 
D w e 

where Sĵ  is the beam particle source rate, Sw is the particle source rate due 
to neutrals from the walls and limiter, and dne(0)/dt is the measured rate of 
rise of the central electron density. During injection we find xp(0) => 200 
ms. After the end of injection, the calculation of xD(0) is dominated by the 
measured negative dne/dt, and we find tD(0) » 150 ms. 

We have also performed injection experiments at very low densities, 
with ñ = 0.7 x 10 cm" before injection, rising to 1.5 x 10 cm at the 
end or the beam pulse. To minimize the density increase and the impurity 
influx, we used two co-beams (Pb =1.6 MW) and 1 counter-beam (Pfa = 0.8 MW) to 
heat the plasma. Figure 1 shows the central H+ ion energy distribution as 
measured through charge-exchange, using a pulsed doping neutral beam to 
provide spatial resolution. This technique has proven extremely useful in 
high-power injection experiments since (n,y) noise can make the high-energy 
portion of the usual charge-exchange spectrum difficult to measure. More 
importantly, the curvature in the spectrum at low energies due to neutrals 
generated toward the outside of the plasma and the resulting ambiguity in the 
determination of the ion temperature are completely eliminated. In all 
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FIG. 6. Thermal ion collisionality versus 
radius for low-density injection case. 
Collisions with beam ions have been 
neglected. Fj(E) for this case is shown 
in Fig.l. 

3 case is composed largely of circulating beam ions. At the end of the 
beam pulse we calculate n (0) = 2.3 x 10 cm" and n^O) = 1.1 x 1013; 
was measured to be 3.4 x 10 cm"3. The value of 0^(0) in this case, 

injection cases to date we have found good straight-line Maxwellian central 
ion energy distributions for the target ion species. It is interesting and 
probably important for the understanding of ion energy transport processes 
[17] to [21], that even at these extreme values of P,/ñ the bulk ions remain 
Maxwellian over a range of 0.3 - 5 T.. e 

The transport analysis code indicates that the density increase on axis 
in this case 
150-ms 
ne ( 0 ) was 
which is deduced by subtracting n^ from n , is quite uncertain, but if the 
beam density were to be substantially decreased in the calculation by 
increasing the neutral density, T¿ would fall well below the measured 7.1 keV, 
due to the dominant charge-exchange and convection losses. 

The ratio r, the beam energy density divided by the plasma energy 
density, is calculated to reach a maximum of 3.8 on axis after 100 ms of 
injection. However, measurements of the steady-state fast ion spectrum in the 
range of 20 - 40 keV showed the usual angle and energy distribution, and there 
was no sign of unusual MHD or microscopic turbulence. Indeed, the most 
surprising feature of these experiments was that they did not exhibit the very 
large high-frequency fluctuations observed in almost all PLT discharges at 
T±(0) > 4 keV. (See below under Turbulence.) Figure 6 shows v*± vs. radius 
for this case at the end of injection; over the steepest part of the ion 
temperature gradient v*¿ < 10~ • 

For this intensely beam-driven tokamak, where the thermal ion density 
is poorly known, we define a total ion energy confinement time 

tot, i 
= (3/2 nkT. + \ V / p

b 
The volume - integrated xtot ¿ for this case is 25 ms. If we define a 
net T*Qt ., where Pb excludes beam power that is not initially captured or is 
subsequently lost by charge exchange, we calculate T* . = 57 ms. The 
calculated average ion energy at the center of this discharge'is 24 keV. 

In addition to the radially dependent transport analysis discussed 
above we have also used a zero-dimensional analysis to study the central ion 
energy confinement. To do this we have compared code calculations to the 
neutron-deduced ion temperature during H° ->• D+ injection. The time evolution 
of the measured ion temperature can be understood on the basis of a central 
ion energy balance which involves a) neutral beam penetration to the central 
region and time-dependent coupling to the bulk ions, b) ion coupling to the 
central electrons, and c) ion energy losses from the central region. Since 
coupling to the electrons can be specified by measurement of T (0) and n (0), 
the magnitude and evolution of the central ion temperature yields information 
on both the neutral beam penetration and the central heat conduction losses 
(Fig. 7). 
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FIG. 7. (a) Neutron-deduced central ion temperature time evolution for 0.75 MW 
H -> D+ injection, (b) The predicted ion temperature time evolution, using as a parameter 
the percentage of beam power deposited inside 10 cm that goes to the thermal ions. 
(c) The predicted ion temperature using the central-ion energy confinement time as a 
parameter. 

We have examined all of the well diagnosed H° ->• D+ PLT discharges. The 
deduced beam penetration efficiency is consistent with the theoretically 
calculated value. The central ion energy confinement time derived from this 
measurement is in the range of 50 + 100 ms, consistent with the values in 
ohmic heating discharges. There is a tendency for lower confinement times in 
discharges without sawtooth MHD activity (usually implying the existence of m 
= 2 activity) as was observed in ohmic discharges. The confinement time tends 
to be smaller at high ion temperatures and low densities; this is probably the 
result of charge- exchange and convection losses. The central confinement 
times are consistent with those calculated by the radial ion energy balance. 

3.2. Electron Energy Confinement 
During 1979 and 1980 we have not been successful in producing low-

density discharges without centrally peaked metallic impurity radiation 
profiles. In the lowest-density beam injection cases even with carbon 
limiters central radiation as high as 1.2 W/cm has been recorded. However, 
atn = 3 . 1 x 1 0 , radiation from the plasma core is greatly reduced, and 
substantial electron heating is observed. Figure 8 shows Thomson-scattering 
profiles of Tg(r) and n (r) in two high-density 1979 D discharges whose 
densities were .held constant with feedback control of the pulsed gas 
at n = 5.7 x 10 cm . One discharge was injected with 1.7 MW of H° beams, 
and «the other was only ohmically heated. It was not possible to measure T-
with sufficient accuracy to be useful for the electron power balance, so we 
have assumed ^ = Xi"60* Charge exchange and thermal convection are 
negligible at these densities. T^O) is very close to Te(0), almost all of 
the beam power delivered to the ions being coupled locally back into the 
electrons. p

rad
 w a s n o t measured, but it can be assumed quite small for 

r < 30 cm in this case. 
Figure 9 shows the deduced Xe^r^ ̂ or t n e o*"10-0 heating case. Note the 

excellent agreement of the experimental xe with the Coppi-Mazzucato law 
[19]. Xe âurin9 injection, however, has quite a different profile shape and 
absolute value (Fig. 10). We observe that xe is reduced in the center but 
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FIG. 8. Thomson-scattering measurements 
of ne(r) and Te(r) for a relatively high-
density D+ discharge with and without 
H° injection. BT = 25 kG; Ip = 400 kA. 

FIG. 9. The deduced electron thermal 
diffusivity for the Ohmic-heating case 
shown in Fig. 8. Of the recently proposed 
scaling laws (Molvig-Hirschman [20], 
Drake [21], Coppi-Mazzucato [19], 
INTOR [17], the two shown give, in 
general, the best qualitative agreement 
with PLTinfection data. 

FIG. 10. The deduced electron 
thermal diffusivity for the 
beam-heated discharge shown 
in Fig. 8. 

10 20 30 40 
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that it increases significantly over much of the radial profile. At the same 
time xEe stays the same on axis but drops by a factor of 1.8 on the volume 
average. The total energy confinement time during injection is ~30 msec. In 
lower - density, but still quite cool, 1979 discharges we find Xe^°* 
approximately the same for injection and no injection cases, while •% further 
out increases, as in this case. Thus at Te(0) < 1.5 keV, we have not been 
able to reproduce the improvement in central electron energy confinement 
observed at much higher values of T in 1978. In those cases j^ fell well 
below the INTOR value in the hot central region. Preliminary indications are, 
however, that medium-density 1980 discharges have higher initial temperatures, 
narrower density profiles, and show electron heating efficiencies consistent 
with the 1978 results. 
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FIG.11. Radial dependence and time evolution of toroidal 
rotation induced by unbalanced neutral-beam infection in 
PLT, as deduced from Doppler shift and radial intensity 
measurements of Fe XX,2665 Â and C V, 2271 Â lines. 

4 . PLASMA ROTATION AND MOMENTUM CONFINEMENT 
Unidirectional injection of neutral beams imparts toroidal angular 

momentum to the target plasma. The resulting toroidal rotation has been 
measured from the Doppler shifts of various ion ultra-violet lines, under 
different beam and target plasma conditions. Radial dependence of the 
rotation velocity is determined from the characteristic locations of the 
emitting ions. A sample of measurements at two different target plasma 
densities for the same beam power is shown in Pig. 11. The result may be 
summarized as follows. The rotation builds up in about 30-50 ms and saturates 
thereafter (indicating a balance between gains and losses). After the beams 
are shut off, the rotation decays on a similar time scale. The peak 
rotational velocity is linearly proportional to the beam momentum input over a 
range of a factor of ~4. The peak rotational velocities are in the low 
10 cm/sec range. 

The damping mechanism of the rotational momentum is not understood. 
Charge exchange with neutral ("thermal") hydrogen provides the only known 
damping mechanism that is significant, but it is not sufficient by a 
substantial factor. Using the Monte-Carlo beam-orbit code developed to 
describe neutral beam heating experiments, the momentum input to the 
background plasma from the beam ions was calculated for a number of cases. 
Comparison of the calculated time evolution and radial distribution of 
toroidal velocity with the measurements gives a plasma "viscosity" of the 
order of 10 cm /sec, much higher than neoclassical prediction. The central 
momentum confinement time was ~20 ms, and the volume-integrated value was ~10 
ms [12]. 

5. IMPURITY ION TRANSPORT 
5.1» Argon Injection 

When small amounts of impurities are injected on the outside of the PLT 
plasma, they take a substantial amount of time to reach the center of the 
discharge. Figure 12 shows the result of such an experiment, in which argon 
was released by a pulsed gas valve. The arrival of argon at different plasma 
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FIG. 12. Argon infection experiment. 
A puff of argon gas is released from a pulsed 
gas valve at time t = 400 ms. Time 
evolution of argon line radiation is shown 
for Ar VIIIat 700.4 A, Ar XVat 221 Â 
and Ar Ka. The insert shows the traces 
with an expanded time scale between 
400 ms and 500 ms. 

radii is observed spectroscopically by measuring the intensity of Ar VIII (700 
Â)/ Ar XV (221 Â) and Ar Kct emission. The first line is emitted from the 
outer region of the plasma, while the Ka radiation (EK =3.1 keV) comes from 
the plasma core. The Ar VIII trace shows that argon density in a shell close 
to the limiter rises abruptly and then stays nearly constant while the argon 
concentration in the center rises steeply with a delay of 35-55 ms and 
afterwards stays roughly constant with nAr/n = 6x10~ . The ionization times 
to reach the lithium- or helium-like state in the center are less than a 
millisecond so that the delay closely corresponds to the transport time. The 
corresponding diffusion coefficient, D = a /6T, is about 6x10 cm /sec. 

There are indications that this steady-state equilibrium is actually 
maintained dynamically, i.e. that during the stationary state the individual 
impurity particles go in and out of the discharge on a time scale similar to 
that of their initial arrival time. This information comes from the detailed 
study of the deviation from coronal equilibrium of the charge state 
distributions of high-Z impurity ions. An outward motion would manifest 
itself by highly-ionized states being found at relatively large radii (i.e. 
at temperatures below those corresponding to coronal equilibrium), and an 
inward motion would manifest itself by an increased concentration of low-
ionization states in the plasma core; both these phenomena have been observed 
and used to calculate transport rates. 

These measurements are not of great accuracy and give only estimates of 
the transport rates. The generally observed homogeneity of plasma 
composition, the evident facility of the impurity ions for moving both inward 
and outward with apparent disregard of density gradients, at rates comparable 
to energy transport rates, suggest a turbulent type of transport, further 
complicated by occasional rapid mixing caused by somewhat localized MHD 
instablities. 

5.2. Line Ratio of Fe XXIV/Fe XXV 
The highest charge state of iron impurity ions observed in PLT 

discharges at electron temperature Te of 1-1.5 keV and electron densities ne 

of 1-8 x 10 cm is the helium-like charge state, Fe XXV. The charge-state 
equilibrium between Fe XXV and Fe XXIV can be derived from the rate equation: 

SnenFe XXIV e Fe XXV V: Fe XXV Fe XXV A 

where the LHS of Eq. ( 1 ) represents the rate of ionization of lithium-like 
iron Fe XXIV, and the terms on the RHS represent the sum of radiative and 
dielectronic recombination rate of Fe XXV, the charge-exchange recombination 
rate of Fe XXV, and the loss rate of Fe XXV due to transport, respectively. 
This equation may be rearranged to give: 

nFe XXIV / nFe XXV • « ^ = AnH/Sne + 1/< S n
e
T ) 

where the LHS represents the deviation of the relative 
nFe XXIv/nFe XXV from that predicted for coronal equilibrium. 

abundance 
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FIG. 13. Observed deviations from 
coronal equilibrium of the relative charge-
state concentration npe xxiv/nFe XXV 
as a function of the central electron 
density (ne). The experimental points 
are approximated by C/(ne/1013) with 
C=6.5 
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This relative abundance has been measured by observation^ of the K 
lines 1s ( S ) - 1s2p( P ) of Fe XXV and 1s 2s S V2-1s2s2p["P ) of Fe XXIV at the "transition energies of 6.703 keV and '6Î664 

keV, respectively, using a high-resolution crystal spectrometer [22]. 
Figure 13 shows the deviation from coronal equilibrium as a function 

of the central density. If one neglects the process of neutral charge-
exchange recombination and takes for the observed range of electron 
temperatures a mean value of 1.2 keV, the mean ionization time is T¿ = V S n

e
 = 

32 ms/n (10 cm" ) and one obtains for T about 5 ms, independent of 
density. x can be interpreted as the confinement time of an Fe XXV ion within 
the central region (r < 10 cm) of the plasma column. This yields for the Fe 
XXV ions a diffusion coefficient of D « 3 x 10 cm /sec. 

5.3. Argon XVIII Recombination Edge 
The transport problem can also be approached by observation of the 

presence of highly ionized impurity ion states using recombination radiation 
rather than de-excitation processes. The most highly ionized states are 
produced in the center of the discharge. Because of transport out of this 
region, the concentration in the center is diminished compared with 
predictions of coronal equilibrium, and enhanced in the outer regions. 
Experimentally we observed strong recombination edges of hydrogen-like Ar 
XVIII in x-ray spectra in the outer plasma zones when Ar impurity is added to 
a PLT discharge [23]. From the height of the recombination edge over the rest 
of the continuum the density nxviII o f hydrogen-like argon can be 
determined. In Figure 14 the measured values of n X V I I I are compared with the 
prediction of the MIST code [24], assuming a value of diffusion coefficient, 
D, independent of radius. 

In the region where the recombination edges occur, the neutral density 
is about one order of magnitude higher than in the central region, and 
therefore charge-exchange recombination is likely to play an important role. 
Because of the uncertainties introduced by the charge-exchange process, we can 
only give an approximate range of the diffusion coefficient. It is clear that 
Ar XVIII diffuses outward and that for a central neutral density n^ (0) < 1 x 
10 cm-3 corresponding to n„(30 cm) < 1 x 10 cm (as predicted by the BALDUR 
code) [25] the "diffusion coefficient" lies in the range of 5 x 10 < D < 4 
x 10 cm /sec at a plasma radius of about 30 cm. 

6. CONFINEMENT OF 1-MeV TRITONS 
The confinement of tritons produced by D(D,p)T fusion reactions in PLT 

has been determined by measuring the number of D(T,n) reactions produced 
during the siowing-down process of the 1-MeV tritons. The initial number of 
tritons produced is determined by measuring the number of 2.5-MeV neutrons 
from D(D,n) He reactions which are produced in equal numbers. 

The D-T reactions have been measured by detecting the 14-MeV neutron 
27 24 reaction product by neutron threshold activation of aluminum, Al(n,a) Na, 
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FIG. 14. Modelling of argon discharges with the MIST code. The total argon density of 
5.3 X 1010 cm'3 is assumed to be independent of radius. The concentration of hydrogen-like 
Ar17+ and of helium-like Ar16+ is calculated assuming (I) coronal equilibrium without charge-
exchange recombination (i.e. neutral hydrogen concentration nn = 0), (II) diffusion with a 
diffusion coefficient D = 1 Xl(f cm2/sec and nn = 0), (III) D = 1 X10* cm2/sec and 
nn(0) = 3X101 cm'3, (IV) D = 4X104 cm2/sec and nJO) = 3X101 cm'3. The open 
and filled-in circles show the total argon content derived from Ka emission and the hydrogen
like argon concentration from the recombination edge. 

using Ne213 liquid scintillators and an Ne912 glass scintillator containing 
high-purity Li. The ratio of D-T neutrons to D-D neutrons during hydrogen or 
deuterium neutral beam injection is variable, ranging from 2+100 x 10 . The 
best results are consistent with good (~50%) ini t ia l confinement of tri tons, 
as predicted by large banana width orbit theory, and ~1% burn-up of the 
confined tri tons. The 14-MeV neutrons cannot be due to triton reactions on 
the vessel wall since the fusion probability for wall reactions is smaller 
than for reactions in the plasma by a factor of 10 . The tri tons, which are 
mostly produced near the plasma center with an energy of 1 MeV, have a 
significant D-T reaction probability only if they are confined long enough to 
slow down through the maximum of the D-T cross-section below 200 keV. The 
typical slowing- down time is about 100 ms. We find that the triton 

confinement time must be > 20 ms, and many of our results are consistent with 
confinement throughout the siowing-down process. 

T_. RUNAWAY-ELECTRON CONFINEMENT 
T h i c k - t a r g e t b r e m s s t r a h l u n g f rom runaway e l e c t r o n s (~ 1 MeV e n e r g i e s ) 

mov ing i n t o t h e PLT l i m i t e r i s m o d u l a t e d o u t o f p h a s e w i t h t h e c e n t r a l 
i n t e r n a l d i s r u p t i o n s . The d e l a y of t h e p e a k of t h e s i g n a l a f t e r t h e c e n t r a l 
i n t e r n a l d i s r u p t i o n v a r i e s f rom 2 t o 5 ms a s t h e p l a s m a d e n s i t y v a r i e s from 1-
4 x 10 cm" . I f t h e s i g n a l i s c a u s e d by t r a n s p o r t of runaway e l e c t r o n s f rom 
t h e q=1 s u r f a c e , t h e n t h e c o n f i n e m e n t t i m e of 1-MeV runaway e l e c t r o n s w i t h i n 
t h e o u t e r r e g i o n i s ~ 3 m s . (The c o n f i n e m e n t t i m e i n t h e i n n e r r e g i o n p r i o r 
t o d i s r u p t i o n i s c o n s i d e r a b l y l o n g e r . ) 



IAEA-CN-38/A-1 21 

£. TURBULENCE 
An increase in the level of density turbulence as measured by 

microwave scattering has been correlated with the injection of energetic 
neutrals. The quantity <n > /n doubled as T-(0) rose to 4 keV. At larger 

e ras e 1 

values of T • ( 0 ) a new type of fluctuation was observed in the frequency range 
of 50-100 kHz as reported in [1]. Its appearance and features were quite 
irreproducible. 

This new fluctuation was not detected, however, in the scattering 
region with R > RQ, when strong fluctuations were observed at R < RQ. This is 
suggestive of a ballooning-mode structure. The f3.C.t that the fluctuations 
failed to appear at T^ = 7.1 keV and n = 1.5 x 10 makes it unlikely that 
low collisionality is the important driving mechanism for this instability. 
We hypothesize that the gradient in plasma pressure may be the important 
element. At this time there is no evidence of a correlation between the 
fluctuations and enhanced transport. 

Recently, soft x-ray fluxes also have been observed to exhibit bursts 
of activity in the 50-100 kHz range in high-temperature discharges, but one-
to-one correspondence with the microwave scattering observations has not been 
achieved. 

The x-ray measurements show distinct correlations between signals from 
chords with the same tangent radius, yet separated by toroidal and poloidal 
angles near 90° • This provides a basis for a tentative description of the 
bursts as composed of modes with long toroidal and poloidal wavelengths and 
aligned along the magnetic field at q = 1. However, other high-frequency 
activity with shorter correlation length has also been observed. 
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DISCUSSION 

F.R. KOECHLIN: You said that the electron energy confinement was 
not completely understood, but that it has a tendency to deteriorate when the 
electron temperature increases. Can you enlarge on that point? 

W. STODIEK: At medium densities we have the problem that the higher 
injection powers required to maintain sufficiently collisionless plasma conditions 
lead to an influx of impurities. The resultant radiation could not be taken into 
account with sufficient accuracy to allow definitive statements to be made 
about the dependence of Xe on Te. 

R. BEHRISCH: What is the plasma composition during and at the end 
of the D injection into an H+ plasma, i.e. what is the fraction of D+ ions and 
how many impurities (O, C, metals) are added? Can you also say what 
changes occur after the D° injection is terminated? 

W. STODIEK: This problem has not been studied very systematically, 
especially the time variation of the D to H ratio after the injection. 
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Abstract 

LOW-q DISCHARGES IN THE T-10 TOKAMAK. 
Some features of low-q discharges in T-10 are described. The radial profiles of the main 

parameters appear to be flat. The radial distributions of the impurity-line intensities show a 
peculiarity near the q(rs) = 1 surface which seems to be due to an accumulation of impurities 
at this radius. The radial-diffusion velocity of impurities and electrons is measured at different 
radii. 

23 
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1. INTRODUCTION 

We investigate the T-10 regimes with a low safety factor at the limiter, 1.8 < q(aiJ< 2.1. 
The minor radius of the stainless-steel liner aCh = 39 cm and that of the fixed W-Mo-

limiter a = 36.7 cm. A graphite plate was used as a movable limiter, of a size of 2 cm X 8 cm X 44 cm, 
the distances attainable from the liner centre were aL = 24.5 to 39 cm. The safety factor q(ai_) 
was described by the usual formula q(aiJ = (Bz/B,¿,) aL/R without toroidal correction, which 
does not exceed 6% at aL = 35 cm. 

The choice of current growth rate and puffing rate allows values of q(aiJ = 1.6 to 1.7, 
but the pulse duration is not longer than tp ~ 0.1 s, in these conditions. In this paper, we shall 
only deal with stable discharges of a pulse duration not less than 0.6 s. 

The experiments were carried out in a vacuum chamber which did not undergo any 
special cleaning procedure except for daily baking at about 350°C during six hours. This 
explains the rather high amount of light impurities present. 

300 . CURRENT (kA) 

2. CHARACTERISTICS OF THE REGIME 

In the regimes we studied,the main parameters were: Bz = 15 to 16 kG, a.^ = 29 to 
33 cm, Jp = 230 to 270 kA, and q = 1.8 to 1.9 (see the example in Fig.l). 

An important feature of q < 2 discharges is the flatness of the plasma parameter profiles 
in the column centre. 

The m = 2, n = 1 mode was shown to be dominant up to the end of the current plateau. 
The density limit in our conditions was close to ng^ = 2.5 X 1013 cm -3 (at Bz = 15 kG). 

An additional vacuum-chamber cleaning allows us to increase ñ e c r up to 5 X 1013 cm"3. 
The Te-profile is measured by Thomson scattering at five different radii. The profile 

becomes flatter when q(ai,) decreases. 
The Te-value at the limiter edge is measured by the ratio of C-III-line intensities 

(Xi = 4647 Â, X2 = 2296 Â). This value is about 30 eV. 
Soft X-rays are recorded by an X-ray-monochromator and by two Si(Li)-detectors. 
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FIG.3. Radiation loss profiles measured by pyroelectric detectors. Bz - 15.2 kG, 
he = 2X 1013 cm'3: (a) aL = 29 cm, Jp = 220 kA; (b) aL= 33 cm, Jp = 270 kA. 

These instruments were able to scan the plasma column along horizontal chords. The Tex 

profiles are given by the slope of an X-ray-spectrum in the 2-to-6-keV range (Fig.2). From 
the absolute intensities of the X-ray-continuum and of the K-line of some elements, the 
Zeff-profile and the heavy-impurity-density profile were derived. 

The T¡ profile as measured along the horizontal chords without taking into account the 
locally-trapped-ion drift is shown to be rather flat. 

Since the flux of the charge-exchange neutrals belonging to the spectrum 'tail' is low 
it should be ascribed to trapped particles. 
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FIG.5. The dependence of the radius of 
the C-III-line intensity maximum on aL. 
5Z = 15 kG, Jp = 150 kA, 
ñe = 2Xl013 cm~3. 

TABLE I. ELECTRON ENERGY CONFINEMENT TIME VERSUS LIMITER 
RADIUS 

aL (cm) 24.5 29 31 33 

r% (ms) 12 15 10 

Time- and space-resolved radiation profiles for aĵ  = 29 cm and a-̂  = 33 cm are shown in 
Fig.3a and b, respectively. The sharper profiles observed in Fig.3b are consistent with the 
increase in wall-material-impurity content and in impurity accumulation (Fig.2). The ratio 
of the radiation losses to the Ohmic-heating power 17 = PR/POH *S shown in Fig.4 as a 
function of q(aL>. The increase in J or aĵ  leads to a sharpening of the radiation loss profile. 

The maximum of the C-III-line intensity goes with the increase in aĵ  up to aL = 30 cm 
and then remains constant (Fig.5). 

Table I illustrates the relationship between the electron energy confinement time Tg 
and the limiter radius aĵ  for qíajj = 2. The function T | (aĵ ) is seen to have a maximum near 
aL = 29 cm. The decrease in T | at aj_ s 30 cm is correlated with an increase in radiation loss 
and with the appearance of a substantial amount of heavy impurities. 
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FIG. 6. Minimum attainable qfaL) as a 
function of a^ at Bz = 15 kG, 
ñe = 1.7X1013 cm'3. 
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The value of TE increases up to 23 ms at aĵ  = 29 cm, with the ion energy taken into 
account. This value is in good agreement with diamagnetic measurements. 

Figure 6 shows the lowest attainable value of q(aj_) as a function of a^. Long-duration 
discharges with minimum q(aiJ are not possible for aL > 29 cm. This is consistent with the 
decrease in T | (ajj and with the increase in the plasma-wall interaction at these radii. 

Time-resolved measurements of the density of depositions on the Auger probe located 
at r = 36.4 cm enable an evaluation of the impurity concentration near the wall. On 
assuming that the ion energy at the periphery is 10 eV, these concentrations are as follows 
(t = 400 ms): n0 = 4 X 109 cm_ 3 ,nC r= 5 X 108 cn f 3 , n F e = 3X 109 cm~3,nNi = 7X 109cm -3 . 

3. THE ROLE OF LIGHT IMPURITIES IN T-10 

Why is it now possible to obtain a plasma column with q(aiJ < 2, while previously it 
used to be difficult to achieve a reproducible regime at q(aL) ~ 4? 

It was shown earlier in this paper that the plasma-wall interaction became significantly 
stronger when the limiter shadow was less than 7 cm. In these conditions, the limiter does 
not play its usual role as was shown earlier at T-l 1 [ 1]. In Fig.2, we see the increase in 
nCr + nFe and Zeff (0) when a^ grows from 29 to 33 cm. These values do not change for a 
further increase in aj^, and the results agree well with those of the target experiment. The 
targets placed into the limiter shadow from the inner or outer chamber side affected the 
discharge when the distance was 31 to 32 cm at a^= 24.5 cm. The heavy-impurity flux led 
to a dramatic cooling of the plasma periphery and to a peaked current profile. The latter fact 
implies that the bulk of the current is concentrated inside the q = 1 surface [2] and the 
column becomes unstable. Therefore, discharge stability requires a widening of the current 
profile by reducing the heavy-impurity flux. Experience with T-10 shows that the flux 
of atoms from the stainless-steel elements is proportional to that of light impurities when 
the chamber wall is clean [3]. In particular, the iron-atom flux is proportional to the oxygen-
atom flux after glow discharge cleaning. This method was proposed by Merezhkin [4]. It is, 
however, not possible to have such a clean wall in T-10 as in T-l 1, because of the poor 
vacuum conditions. As a result, the flux of heavy impurities and the discharge itself had 
only poor reproducibility. 

In the experiments described, the only method of cleaning the chamber is baking. The 
light-impurity concentration seems to be so high that oxygen (or carbon) atoms leaving the 
plasma are cooled very effectively and cannot cause wall sputtering. Variations in the light-
impurity flux do not significantly change that of the heavy impurities. The level of the 
latter remains negligibly small if a^ is not large (Fig.2). As a result, the current profile is 
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now flat, and low-q discharges are attainable. The additional chamber wall cleaning makes 
the discharge less stable. This seems to be due to the removal of the light impurities, which 
leads to wall sputtering. With deuterium puffing during the discharge, we can reduce the 
heavy-impurity flux and make the discharge more stable. 

4. ELECTRON POWER BALANCE 

We have obtained experimental values of the electron thermal conductivity Ke(r) by 
using the measured Te, ne, and Pr profiles for t = 400 ms of the discharges. Ke(r) as used by 
us is defined by 

Ke(r) 
POH — Pr - ?ei - Ps 

4 7T2Rr(dTe/dr) 
(1) 

where PQH ls the Ohmic power with neoclassical corrections, Pr is the radiation power, 
Pei is the power of the e-i transfer, and Ps is the time-averaged heat flow through the surface 
of radius r produced by sawtooth oscillations. The power values are integrated from the 
centre up to radius r. The Ps(r) estimates are based on soft-X-ray measurements of ATe for 
various radii during the sawtooth oscillations. 

Figure 7 shows experimental values of Ke(r) for aj, = 24.5 and 29 cm (q(aij = 2 in 
both cases). For comparison, the Ke(r)-values as predicted by the Alcator scaling, 
Ke = const = 5 X 1017 cm"1 • s - 1 , are plotted. The better fit is obtained by the Merezhkin 
scaling: 

Ke(r) = 1020 l l n I qR I - 1 (r/R)7/4 cm" (2) 

where Te is in eV. 

ELECTRON DIFFUSION 

Experiments to determine the radial distribution of electron diffusion have been 
carried out. In these experiments, deuterium puffing was used, and the time evolution of 
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FIG.8. a) Evolution of additional ne-value under 
D2-puffing. Bz = 16 kG, Jp = 230 kA, 
«e = 1.6 X 10n cm'3. ne = 2.1 X 1013 cm'3 

after puffing, b) The De-profile. 

the ne(r)-profile measured by a seven-channel radiointerferometer was recorded. Deuterium 
was puffed in the stationary stage of the discharge during 50 ms. In these conditions, the 
electron density increased 30% during 80 ms and then remained at a stationary level. Abel-
inverted ne profiles averaged over seven shots are shown in Fig.8a. We see that the diffusive 
wave reaches the centre in 50 ms. The way the ne-value and D^-line intensity change with 
time allows us to assume that the re-cycling coefficient is close to one. The gas flux from 
the valve was determined by measuring the change of Ne = neVpi ; it was equal to 
1.3 X 10 ls cm~a-s_1 a t r - 3 5 cm. These data as well as the theoretically predicted radial 
distribution of neutrals and the neoclassical pinch effect were included in the model describing 
the evolution of the electron density. The radial distribution of the diffusion coefficient was 
determined by using the stationary profile of ne. By neutral-gas-flux variation in a numerical 
experiment, the De(r)-value was determined which gave the best fit of model and experiment. 
The result is shown in Fig.8b. 

6. THE ARGON PROGRAMME 

1. The radial transport of Ar-ions was investigated by an X-ray technique. Argon was 
injected during 5 to 30 ms at the steady stage of the T-10 discharge. The amount of argon 
was small enough to have no effects on the plasma parameters except for the Ar-ion radiation 
intensity and the radiation loss power. 

To determine the radial-transport rate profile of Ar+17-ions, detailed measurements 
have been performed of the intensity profiles of the Ar+16 singlet ^ S Q ^ P J (E = 3.14 keV) 
and of the recombination step of the Ar+17-ion(E = 4.121 keV; the monochromator recorded 
energy quanta of E = 4.27 keV). The ne- and Te-profiles were also measured (Fig.9). 

2. The initial chord profiles of the intensities of the Ar+16 line and the Ar+17 recombina
tion step (Fig. 10) display essential peculiarities in the vicinity of r = 12 cm, i.e. the absolute 



30 BERLIZOV et al. 

0.81-

0.6 

0.4 

0.2 

0 

x ¿ ---DENSITY 

TEMPERATURE\ 
, \ LASER 

X 
X-RAY • 

0 5 10 15 20 r(cm: 
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argon programme. Bz = 16 kG, 
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FIG.10. Profile of recombination step of Ar*ln ion, ofsingletllS0-2
lPi of the Ar+l6 ion 

measured by the X-ray monochromator and of a continuum measured both by monochromator 
and scintillator: a) intensities along the chords; b) radial profiles. 

value of the derivative of the chord intensity profiles increases drastically in the abovementioned 
region. This leads to a narrow peak on the radial profiles after Abel inversion. It is shown that 
these peculiarities are symmetric with respect to an equatorial plane of the torus. The localiza
tion of this peculiarity along the radius was the same as that observed both by monochromator 
and Si(Li)-detector which were situated at two different diagnostic ports placed at a distance 
of 90° from one another in the toroidal direction. This peculiarity is more distinct on the 
intensity chord profiles obtained by the Si(Li)-detector than on those obtained by the mono
chromator, because of the better spatial resolution of the detector (0.6 cm compared to 
2.8 cm of the monochromator). Note that the effect is more pronounced on the Ar+17 

recombination step profile than on the Ar+16 line profile. 
The effect was also observed on the X-ray continuum profiles and on those of the line 

intensity of the Cr and Fe-ions (in the region of 1 s-2p-transitions) in the same regime, but 
without Ar-puffing (Figs 10 and 11). Thus, this effect appears to be a common feature of 
all radiation profiles of soft X-rays. It was, however, found that this peculiarity of the intensity 
profiles cannot be explained by a local enhancement of the electron temperature as was shown 
by the soft-X-ray measurements of Te(r). For example, to explain such a peculiarity in the 
intensity of the Ar+16 line one needs a local increase in Te = 120-150 eV, which is outside 
the experimental error. The good agreement between Te(r) as measured by the soft-X-ray 
technique and by Thomson scattering is demonstrated in Fig.9. It is, therefore, impossible 
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FIG.ll. The same profiles as in Fig.10, but measured by the Si(Li)-detector, and Cr-ion 
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to explain this effect by a temperature variation. As is demonstrated by experiments, the 
observed peculiarity was situated at the inner surface close to the region where the sawtooth 
oscillation phase is reversed (rs = 13.5 ± 0.5 cm). That is the reason why the modulation of 
the Ar+16 line intensity in the region of the peculiarity is small (~ 6%). When the reposition 
was changed the peculiarity followed it. Thus, this experiment allows us to conclude that 
in the T-10 plasma under investigation a narrow region with an enhanced impurity concentra
tion (mainly with high Z) exists. This region lies near the surface with r = rs. This peculiarity 
virtually exists during the entire discharge and appears to be weakly modulated by sawtooth 
oscillations. There is also evidence that the Zeff-profile has a similar peculiarity although the 
effect is not so pronounced. 

3. The profile of the radial transport rate of Ar+17 ions (Fig. 12) was determined from 
the balance equation in a stationary state: 

V, = "eQl7 f ( 
rJ17 J V 

T S " _ T tt# 
J 16 ^ J 17 

Ql6 Ql7 

pàp 
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Here, J16 and Ji7 are the intensities of the Ar+16 line and the recombination step of 
the Ar+17 ion; Qi6 and Q17 are the excitation rate coefficients of the singlet l1 So-21?! 
and of a continuum at the given energy, respectively. Si6 is the ionization rate coefficient 
of the Ar+16 ion, a*,* is the rate coefficient of the Ar+17 ion recombination (radiative and 
di-electronic recombination and charge exchange on deuterium atoms). 

The accuracy of this method of Vi7-determination is limited by the uncertainty in the 
charge-exchange cross-section of Ar+17 ions at low energy of D2 atoms (100 to 500 eV). 
For this reason, the upper and lower limits of the V17-value were found on the assumption 
that 

a) there is no charge exchange (upper limit), and 
b) charge exchange exists but does not lead to a change of the sign of Vi7 within the 

column (lower limit). 
At the periphery (r > 20 cm), the upper limit of the V17-value is in good agreement 

with the value calculated in a transport model that was valid for the T-4 experiment. In this 
model, the anomalous flux, equal to (l/2)De (dn17/dr) is added to the neoclassical and Ware 
fluxes (for De, see Fig.8b). In the calculation described, the anomalous flux led to a factor 
of two in the Vi7-value at the plasma periphery. The reduction of this value at the radius of 
the n17-profile peculiarity gives evidence of enhanced confinement of the Ar+17 ion at this 
radius. This conclusion is also confirmed by the fact that at this radius the ratio of the 
Ar+16 and Ar+17 ion concentrations is closest to that predicted by corona-equilibrium 
considerations. 

The coefficient of the Ar+17 ion diffusion (Fig.l 2) defined as D17 = ni7Vi7 (dn17/dr)_1 

agrees well with the De-value at the periphery. This confirms the assumption that the confine
ment times of different ion species is of the same order at the periphery. 

4. The values of V17 and D17 at r > 15 cm have also been evaluated from the time delay 
with which the recombination step intensity (E = 4.27 keV) of the Ar+17 ions on the chords 
h = 15, 20 and 25 cm appears. This method yields V17 = 4 to 5 X 102 cm • s - 1 . 

The confinement time of the Ar+16 ions in the plasma centre has been obtained from 
a comparison of the real time needed by the Ar+16 ion concentration to reach a steady state 
with the results of the abovementioned simulation (Fig. 13). This value has been shown to 
be about 50 ms, which was, by a factor of two, larger than the energy confinement time. 

5. The intensity of the Cr-ions ( ls-2p-transitions of B-, Be-, Li- and He-like ions) has been 
observed by a high-resolution X-ray monochromator. After Ar-puffing, the intensities decreased, 
the ratio between them remaining the same. If we assume that this reduction at constant Te 

is due to the decrease of chromium influx from the walls due to Ar, then the upper limit of 
the chromium confinement time at the centre is about 50 ms, which is identical with what 
can be estimated for Ar ions and electrons. 

7. CONCLUSIONS 

1. In T-10, a well reproducible low-q regime appeared to be possible in the presence 
of high wall contamination through light impurities (q(aiJ < 2). 

2. The profiles of the basic parameters were shown to be flattened. 
3. Plasma-wall interaction is strong if the distance from the plasma boundary to the 

wall (the limiter shadow) is Ô < 7 cm. Plasma contamination by heavy impurities is only 
due to this interaction and is independent of the phenomena on the limiter surface. 

L 
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4. The large amount of light impurities at 5 > 7 cm furthers a reduction in the 
heavy-impurity concentration in the conditions of the experiment described. 

5. For limiter radii lower than 30 cm a lower q(aL)-value can be achieved. If aL is 
scanned at constant q(aL), maximum confinement time is obtained at aL = 29 cm. 

6. An evaluation of the electron heat conductivity coefficient in regimes with 
q(aL) = 1.9 to 2, typically, yielded Ke s 3 X 1017 cm"1 • s"1 (at radii 0.4 < r/a < 0.8), 
which is in good agreement with Merezhkin's L-scaling. This value is lower than that 
predicted by Alcator scaling. 

7. Inside the surface with r = rs, in the vicinity of its boundary, a region with high 
concentration of impurity ions exists. This peculiarity remains during the entire stationary 
phase of the discharge and is weakly modulated by the sawtooth oscillations. The large 
gradients of the Ar+17 ion concentration in this region demonstrate that there is a mechanism 
for impurity accumulation. 

8. The impurity accumulation can be explained by a balance between convection 
carrying the plasma out of the centre and the classical process of impurity accumulation. 
To explain the outer gradient of the peculiarity observed on the n17-profile, the characteristic 
dimension of the proton profile of about 50 cm proves to be sufficient. 

9. In the explanation proposed, it remains to be clarified why the impurities carried 
out during the internal disruption are decelerated at a radius r < rs < r0. 
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DISCUSSION 

A. GIBSON: Have you any information on the temperature and density 
variations in the shadow of the carbon limiter as it is moved into the discharge? 
Does any significant current flow in this shadow region? 

K.A. RAZUMOVA: We measured the limiter shadow density with Langmuir 
probes. Near the wall the density did not change very much with aL, but we do 
not know whether there is any significant current inside the limiter shadow. I 
myself think there is, and also that it may be the factor promoting plasma 
stability. 

T. OHKAWA: Is the observed argon concentration symmetric at the top 
and bottom? 

K.A. RAZUMOVA: Yes, it is, and it is also the same in two perpendicular 
cross-sections of T-10. 



IAEA-CN-38/A-3 

SHAPING AND CHARACTERISTICS OF 
OHMICALLY HEATED NON-CIRCULAR 
PLASMAS IN DOUBLET III* 

J.C. WESLEY, T. ANGEL, C.J. ARMENTROUT, 
D.R. BAKER, F.P. BLAU, G. BRAMSON, 
N.H. BROOKS, R.W. CALLIS, R.P. CHASE, 

J.C. DEBOO, J.S. DEGRASSIE, S.E. EJIMA, 

R.K. FISHER, E.S. FAIRBANKS, 

R.J. GROEBNER, C.L. HSIEH, G.L. JACKSON, 

G.L. JAHNS, A.J. LIEBER, J.M. LOHR, 

J.L. LUXON, M.A. MAHDAVI, F.B. MARCUS, 

C.H. MEYER, T. OHKAWA, P.I. PETERSEN, 
W.W. PFEIFFER, T.W. PETRIE, P.J. ROCK, 
M.T. SAITO, R.P. SERAYDARIAN, A.M. SLEEPER, 
J.N. SMITH, J.R. SMITH, R.T. SNIDER, 
R.D. STAMBAUGH, R. STAV, T. TAMAÑO, 
T. TAYLOR, D.F. VASLOW, T.S. WANG, 
S.S. WOJTOWICZ 
General Atomic Company, 
San Diego, California, 
United States of America 

Abstract 

SHAPING AND CHARACTERISTICS OF OHMICALLY HEATED NON-CIRCULAR 
PLASMAS IN DOUBLET III. 

Ohmically heated dee, droplet and doublet plasmas with vertical elongations of up to 
3.2 have been produced in Doublet III. Doublet configurations are now obtained by controlled 
merging of the two current channels of a droplet discharge. All discharges have low levels of 
impurities and central radiated power and achieve high density relative to Bj/R scaling. The 
energy confinement follows the standard circular-cross-section Alcator scaling law. The lack 
of significant improvement in the confinement due to vertical elongation is consistent with the 
high degree of current peaking inferred from magnetic measurements. 

* Work supported by US Department of Energy under Contract No. DE-AT03-76ET 
51011. 
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1. INTRODUCTION 

It is now generally acknowledged that a noncircular plasma 
cross-section will be a necessary feature of a tokamak fusion 
power reactor. Doublet III is designed to explore the effects of 
noncircularity, ultimately in beam heated high-beta plasmas. The 
Ohmic heating experiments summarized here began in September 1978. 
Since August 1979, experimental time has been shared between 
scientific teams from General Atomic (GA) and the Japan Atomic 
Energy Research Institute (JAERI)„ An account of the JAERI 
results can be found in [l]. The combined efforts of these teams 
have demonstrated 1) that a wide range of stable noncircular 
plasmas can be produced in Doublet III, 2) that these plasmas have 
low levels of impurities and achieve high density relative to 
BT/R, and 3) that, within the ± 30% accuracy of the measurements, 
the energy confinement is independent of vertical elongation and 
follows the same Alcator scaling law observed in other circular 
cross-section tokamaks. The lack of any detectable improvement 
in energy confinement owing to noncircularity is expected, since 
the high degree of current peaking inherent with ohmic heating 
results in central flux surfaces which are only slightly elon
gated. 

2. PLASMA SHAPE CONTROL AND THE EFFECT OF CURRENT PROFILE 

Doublet III (Fig. 1) can accomodate a variety of plasma 
cross-sections, ranging from circular to doublet, with a vertical 
elongation of up to 3.2C The vacuum vessel is surrounded by 24 
plasma shaping coils (F-coils), used to control the position and 
shape of the discharge [2], The F—coils are arranged in several 
parallel-connected groups, each with a low impedance programmable 
power supply in series. The parallel connection of the F-coils 
provides passive stability against axisymmetric motion of the 
plasma, especially for vertical displacements0 

Three basic discharge configurations can be produced 
(Fig. 2). Near-circular plasmas with b/a = 1-102 are obtained 
in either the singlet (dee) or droplet modes. Additional shaping 
results in greater elongation of the dees [l] and a continuous 
spectrum of more elongated droplets and doublets, the latter with 
internal séparatrices0 

An array of magnetic flux loops and probes measures the 
poloidal flux and field just outside the plasma [2]c This infor
mation can be used for feedback control of the plasma shape and 
position. Feedback is not necessary for stable operation, but 
it does reduce the amount of programming required to obtain a 
quasi-stationary plasma. The response time of the control system 
is about 10 msec. The discharge duration is 0.8 second, limited 
only by the pulse length of the shaping power supplies0 
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FIG.l. Cross-section of Doublet HI. 
Machine parameters are R = 1.43 m, 
a = 0.45 m and Bjmax = 26 kG. A 
secondary limiter (not shown) also 
encircles the poloidal circumference of 
the vessel at three toroidal aximuths. 

^ ^ ^ _ 5 ^ _ 

FIG.2. Singlet (dee), droplet and 
doublet configurations. 

The magnetic diagnostics also make it possible to calculate 
the plasma shape [2], The shape of the outermost flux surface 
of the plasma can be determined to within 1 cm. In many cases, 
the approximate plasma current and pressure profiles and the 
approximate elongation of the internal flux surfaces can also be 
deduced [3]. 

Vertical elongation of the plasma increases the maximum 
stable current. At BT = 20 kG, typical flattop currents are 
600 kA for a 1.2:1 dee and 1200 kA for a 2e8:l doublet» At 24 
kG, peak plasma currents of 2.2 MA have been obtained in doublets 
with continuously rising current. The vacuum vessel, F-coils and 
poloidal power supplies have withstood repeated major disruptions 
from currents in excess of 2 MA without damage» The only detect
able effect of such disruptions has been minor surface melting 
of the Inconel limiters. 

The formation of a doublet plasma by merging the two current 
channels of a droplet plasma (Fig. 3) illustrates the dynamic 
shape control precision possible with the plasma shaping system» 
The discharge is initiated in a droplet configuration and the 
plasma current and density are ramped to their final steady-state 
values in the first 400 msec of the discharge» A small reduction 
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FIG.3. Doublet produced by merging 
droplet plasmas. 
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in the midplane shaping flux then causes the plasmas to merge and 
establish the doublet. The merging takes place in about 50 msec, 
and results in no increase in impurity influx or effective 20 

Prominent sawtooth oscillations in the droplet phase continue 
after the doublet forms. 

The merging technique has improved the reproducibility of 
doublet dischargeso Initiating the discharge as a near-circular 
droplet minimizes the shape control necessary in the early phase 
when minor disruptions occur. Once a quiescent droplet phase 
with low impurity levels and vigorous sawteeth is established, 
forming the doublet is essentially 100% repeatable. 

To date, steady-state (̂  400 msec) doublet discharges have 
been obtained with between 75% to 100% of their poloidal flux 
inside the separatrix. Recent high-density doublet operation at 
24 kG with Ip = 1.5 MA has extended the stable operating regime 
down to 75% internal flux. A theoretical MHD equilibrium model 
[4] suggests that broader current profiles are required to obtain 
lower flux doublets. In the present experiments, the current pro
file inferred from both the MHD analysis and the electron temper
ature profile is relatively peaked [j^(l-r2/a2)3-l+]. With this 
degree of current peaking, the lower stability limit predicted in 
[4] is consistent with that observed in the experiment. Further 
study will be required for detailed verification. 

The high degree of current peaking also reduces the elonga
tion of the internal flux soir faces in doublets and dees0 Thus, 
although the elongation of the external flux surfaces of the 
doublet is as high as 3.2, the central elongation is only about 
1.2. Similar central elongations are obtained with 1.6:1 dee 
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plasmas [l]0 It is therefore not surprising that most properties 
of elongated Doublet III plasmas are similar to those of circular 
plasmas with equal minor radius. 

3. IMPURITIES AND DENSITY LIMIT 

The principal impurities in Doublet III plasmas are oxygen, 
nickel (from the Inconel first wall and limiters) and, after 
gettering, titanium. Standard low—power discharge cleaning, gas 
puffing and gettering techniques have been successful in reducing 
impurity influx and obtaining plasmas with 3 _ ̂  1 and central 
radiated powers of less than 0ol W/cm

3. No dramatic differences 
in plasma properties were observed after the initial high-Z 
limiters were replaced with Inconel limiters. 

Internal MHD activity has a dramatic effect on whether or 
not impurities accumulate near the center of the plasma0 Two 
externally similar types of discharge with markedly dissimilar 
impurity behavior have been observed in Doublet III [5]0 In one 
type (Type S), the initial plasma temperature is higher, saw
teeth develop early, no central accumulation of impurities is 
observed, and 3 ff remains near unity„ In the less desirable 
type 0 discharge, the initial plasma temperature is lower, saw
teeth are absent, and impurities accumulate near the axis0 This 
impurity accumulation results in a centrally peaked Z ff profile 
and a double-valued q profile. The latter leads to a MHD insta
bility near the axis that reverses the accumulation of impurities 
and allows the discharge to establish normal sawtooth activity. 
This type 0 behavior has been observed in dee, droplet and 
doublet discharges. 

The low impurity levels obtained in type S discharges allow 
operation at high plasma densities0 With titanium gettering, 
the maximum line-average density in dee and droplet plasmas 
exceeds 9 x 1013 cm-3 at B = 24 kG. The Murakami coefficient 
ñ(1013 cm-3) R(m) B _1(T) xs nearly 6, approximately 50% higher 
than values obtained in other titanium gettered experiments [2]„ 
The maximum line-average density obtained for to date doublets 
is 7 x 1013 cm"3 at 24 kG. 

IV. ENERGY CONFINEMENT 

Typical energy confinement results for near-circular 
(b/a = 1-1.2) and doublet plasmas are shown in Figo 4. The 
confinement time increases with density and fits the scaling law 

x„ (0) = (3 x 10-19 cm-sec) ña2 

fie 
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FIG.4. Density scaling of central 
electron energy confinement time for 
near-circular and doublet plasmas. 

B,(10,3cm-3I 

Numerical methods [3] based on an extension of the MHD 
analysis code used to calculate the plasma flux configuration 
have been developed to transform the experimentally measured 
temperature profiles and line-averaged densities into corre
sponding functions of the plasma flux if> and thus evaluate the 
global confinement time. For plasmas with significant elonga
tions, the method can also provide estimates of the plasma 
current density, safety factor and effective-^ profiles,, The 
global electron confinement time x„ is typically found to be 
about 80% of xEe(0) [3]. 

Simulations with a noncircular transport code [6] that match 
the experimental data confirm that anomalous electron heat trans
port dominates the central plasma energy balance and also suggest 
that, at high densities (> 4 x 1013 cm"3), the electron and ion 
temperatures are nearly equal. Preliminary doppler broadening 
ion temperature data confirms this. Plasma parameters and con
finement times for two representative discharges and other 
quantities inferred from the MHD and transport analyses are given 
in Table I. The magnitude of T agrees with the ña2 scaling 
observed in PLT [7], 

There is no detectable difference in confinement between 
the near-circular and doublet caseso At plasma densities of less 
than 1011* cm"3 where anomalous electron thermal transport is the 
dominant energy loss mechanism, the confinement improvement 
owing to non-circularity is theoretically expected to be 
T(K)/T(K=1) = 2K 2/(1+K 2), where K is the elongation of the flux 
surfaces. Since the effective elongation of doublets in the 
central part of the plasma where most of the plasma energy 
resides is about 1.2, the expected confinement improvement for 
doublet is about 1.18. A difference of this magnitude is not 
expected to be observable, given the scatter of the data and 
the other possible systematic errors. At densities 
^ 2 x 1014 cm"3, neoclassical ion transport should become sig
nificant, and the effects of elongation will be more noticeable. 
Meaningful studies of the effect of noncircularity on energy 
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TABLE I. PARAMETERS FOR TWO DISCHARGES 

Time (ms) 

Configuration 

b/a 

b/a(0) 

Flux inside separatrix (%) 

q(0) 

BT (kG) 

Ip (kA) 

VLOOP ^V) 

ñ (1013 cm"3) e 
T (0) (eV) 
6 
TEe (ms) 

eff 
Prad(0) (W/cm3) 

Prad /POH 
nNi(0) (10

10cm-3) 

nQx(0) (10
12 cm"3) 

^(0)^(0) 

xE (ms) 

TE/ña
2 (10-19 cm-s) 

Data 
Source 

-

2 

2 

2 

2 

2 

1 

1 

1 

1 

2 

2 

2 

2 

1 

3 

3 

3 

2,3 

2,3 

SHOT # 

8846 

500 

Singlet 

1.17 

1.05±0.05 

-

0.8 

20 

610 

lo5 

3.9 

960 

26 

2.8 

0o06 

0.57 

1*4 

1.7 

0.97 

49±15 

605±lo9 

8731 

500 

Doublet 

2o80 

1.2±0.05 

90 

0.8 

20 

1240 

1.8 

4o2 

1030 

25 

309 

0o05-0.08 

0.72 

loO 

3o0 

0.97 

41±12 

4.8±lo4 

DATA SOURCE KEY: 

1. Direct measurement. 
2. Obtained from MHD analysis [3]. 
3. Obtained from transport simulation [3], [6]. 

confinement must await either such higher densities or increase 
of the central flux surface elongation by broadening of the 
current profile. 
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DISCUSSION 

G.H. WOLF: You mentioned the correlation between impurity accumula
tion in the centre of the discharge and the occurrence or absence of MHD-activity, 
i.e. sawtooth oscillations. Were you able to determine experimentally which of 
the correlated phenomena was the cause and which the effect? 

J.C. WESLEY: It seems fairly certain that the lack of sawtooth activity 
is the causative factor in the sense that an absence of MHD-activity allows the 
impurities to concentrate in the centre. The accumulation is presumably due to 
neoclassical transport but there is no explicit experimental evidence for this. 

S.M. HAMBERGER: You have convincingly shown that the elongated 
doublet discharges are as good as those with more conventional cross-sections. 
Do you have any evidence so far that they are any better? 

J.C. WESLEY: At the present time, no. The higher poloidal field of the 
doublet should result in decreased ion neoclassical transport. In our present 
plasmas, ion transport is responsible for only a small fraction of the total energy 
loss. At higher densities (<; 2 X 1014 cm - 3) , neoclassical losses become significant 
and the effect of the doublet should be more noticeable. Ultimately, the doublet 
may be able to operate stably at higher j3, but it will require high-power auxiliary 
heating to demonstrate this. 
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Abstract 

POWER BALANCE AND MEASUREMENTS OF ELECTRON CYCLOTRON EMISSION 
IN FRASCATI TOKAMAK (FT). 

A typical discharge in the Frascati Tokamak (FT) at 60 kG has been studied in detail to 
derive the power balance between the Ohmic input and the plasma losses. Impurity and 
radiation losses together with ion and electron energy balance are discussed. A power trans
port term for electrons is derived which is ascribed to anomalous thermal conduction. This 
resulting thermal transport is compared with those derived from different proposed scalings. 
Experimental results on the electron cyclotron emission concerning the enhancement of 
emission at the second harmonic are also presented and discussed. 

1. INTRODUCTION 

Global energy confinement has been studied thoroughly in the high-field 
tokamak FT in a wide range of parameters. Experimental results on confinement 
have been reported in Ref.[l]; they confirm the dependence on electron density 
and, by comparison with other tokamaks, on a2 (the plasma radius squared). 
Moreover a further dependence on aspect ratio and electron temperature is 
suggested by a detailed analysis of the data. 

For better insight into transport processes, a detailed balance of energy losses 
has been performed on a series of typical reproducible high-density discharges of 
FT. The main characteristics of the discharge are: plasma current 250 kA; 

* On leave from Scuola Normale Superiore, Pisa, Italy. 
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FIG.l. Plasma current, loop voltage 
and line average density of the FT 
discharge at 60 kG. 

T.UeV). 

FIG.2. Evolution of electron 
temperature profiles. 

magnetic field 60 kG; line average density 2 X 1014 cm-3; peak electron tempera
ture ~900 eV; peak ion temperature ~800 eV; Zeff = 1.3; a = 18.5 cm; 
q(a) = 4.9; Ohmic power ~ 500 kW; working gas D2; and limiter material 
stainless steel. 

The discharge has a duration of almost one second and its evolution has been 
followed by a number of diagnostics which can also give the spatial distribution 
of the main plasma parameters. Plasma current, loop voltage and average density 
are shown in Fig. 1. 

The evolution of electron temperature profiles is given in Fig.2. The energy 
balance has been studied in detail at ~550 ms after the discharge start-up, at which 
time the discharge can be treated as stationary with regard to the measured 
profiles. The slight decrease of current and increase of density at this time make 
a negligible contribution to the balance equation, so that the quasi-steady 
approximation is well verified. 

The resulting electron energy replacement time is 15 ms and the global 
energy confinement time is ~30 ms. 

2. ION ENERGY BALANCE 

The ion power balance has been studied, iterating numerically the ion 
energy equation [2]: 

dt 
= Pei ' PNE0 "* pC0NV " Pcx + Piz (1) 

where Pei is the electron ion coupling; PNEO
 1S t n e thermal conduction term 

assumed purely neoclassical [3]; PÇONV represents the particle diffusion term 
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U i FIG.3. Ion temperature profile 
^ 4 from numerical solution ofEq.(l) 

>v compared with experimental points 
£v from charge-exchange measurements 

V (°) and neutron flux measurements (*). 

FIG.4. Radial integrated power 
balance for ions. (1) Pe i, (2) P^EO' 
W P c O N V ' W P c x . ^ P i z - These 
are the terms on the right-hand side 
ofEq.(l). 

which is calculated balancing diffusion with ionization; Pcx corresponds to the 
charge-exchange loss term; and P^ is the pure ionization which is locally a 
power input term. As in the FT regime we have investigated, the mean free 
path for neutral diffusion is much smaller than typical plasma lengths; neutral 
particles are in quasi-thermal equilibrium with ions. 

Equation (1 ) is solved in order to produce a numerically stable ion tempera
ture profile, which is compared in Fig.3 with direct measurements from charge-
exchange neutral analyser and neutron flux detectors. The code gets as input 
data the electron profiles measured by the Thomson-scattering system, macroscopic 
quantities as BT, Ip , Zeff, a, R, and the neutral density profile. The latter is 
obtained by measuring energies at few radial locations and by calculating the 
corresponding profile in the non-diffusive approximation, taking into account the 
radiative recombination [4]. The neutral density at the plasma periphery is 
matched to the previous calculation with a Düchs-type multigeneration routine. 

The radial behaviour of the different integrated power terms is shown in 
Fig.4. Up to two thirds of the minor-radius ions lose energy essentially through 
neoclassical heat conduction: particle convection and charge exchange are then 
major loss terms in the outer layers. The electron-ion coupling rises typically 
to 20% of the Ohmic input power ( P e i ^ 100 kW) and about 30% of the total power 
to ions is lost by the charge exchange. 

The ion energy confinement time r^j, calculated by including any local 
source of power in Eq.(l), rises up to 80 ms during this steady-state phase of the 
discharge. 

We may conclude that the high-density FT plasma we have investigated is 
dominated by electron losses. The behaviour of the ion population is well 
described by the neoclassical theory. 

0 2 4 6 8 10 12 14 16 18 

rlcml 
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FIG.5. Volume emission of the 
O VI ion E (arbitrary units), electron 
density and temperature profiles. 

IONIZATION AND RADIATION LOSSES 

Ionization and radiation losses are mainly due to impurities. In the dis
charge we are considering, the principal impurities are iron and oxygen. Their 
emission was studied with X-ray PHA and VUV spectroscopy. In high-density 
regimes (ñ¿ ^ 1014 cm-3) the iron emission is very low. Assuming corona 
equilibrium in the central region of the plasma column, the central iron concen
tration was deduced from the brightness of the Ka line [5] and turned out to be 
nF e ~ 5 X 108 cm-3. The resulting power loss is very low (~10 mW-cm"3) 
compared to the central Ohmic power, ~4 W-cm-3. 

The study of oxygen is much more difficult for the enhancement of the 
line emission in the high density-regimes [ 1 ] . A tiltable monochromator was 
used to measure the spatial distribution of the 1032 Â line of O VI and 630 Â line 
of O V shot by shot. 

Our apparatus cannot make a detailed check on the up-and-down symmetry, but 
the raw data show that in this case the presence of asymmetries is unlikely. The 
Abel-inverted emission of the O VI line at t = 550 ms is shown in Fig.5 together 
with the electron temperature and density profiles; the O VI density results 
~3 X 1010 cm-3. The O VI shell is at a relatively small radius where the electron 
density and temperature are quite high. This cannot be ascribed to recombination. 
Charge exchange has been suggested as a possible mechanism of line enhance
ment [6] and this had confirmation in the neutral beam heating experiments [7]. 
A precise appraisal is difficult owing to the lack of reliable transition rates; 
nevertheless, since the electron density is about 1014 cm - 3 at the radius of 
interest, a rough estimate indicates that the neutral density should be at least of 
the order of 1010 cm-3, to give effects comparable to the electron recombination. 
Since the measured local neutral density turns out to be about 109 cm-3, the 
only explanation left at present is increased inward velocity v in the outer part 
of the discharge. A diffusion code [8] gives v = 2 X 105 cm-s - 1 in this region. 

The main problem is to know how far these impurities drift towards the 
centre. We do not have direct observations of higher ionization states, but X-ray 
continuum measurements indicate that the enhancement factor decreases after 
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FIG. 6. In tegrated power of electron 
balance versus radius: P n ,Pej, P T 

and P R A D ~i" P¡ are the terms on the 
right-hand side of Eq.(2). 

300 ms. Moreover, the drift velocity must be zero at the plasma centre and the 
losses would reach inconsistent levels if the drift velocity remained at such high 
values. Therefore, we have assumed that after the lithium-like state, most of the 
oxygen ions drift outward and their contribution to the power loss is negligible. 
In the power term PRAD shown in Fig.6 we include all the oxygen losses: line 
radiation, recombination, ionization. 

4. ELECTRON ENERGY BALANCE 

The results of Section 2 for neutral density and ion temperature profiles, 
those of Section 3 on impurities and radiation, and the Thomson-scattering 
measurements, are now used in the stationary approximation to solve the electron 
balance equation: 

dE. 

dt 
= P, " P e i " P I PRAD " PT (2) 

Here P^ is the Ohmic input, Pei the e-i collisional coupling, Pj the deuterium 
ionization losses, and PRAD

 t n e impurity radiation loss described in Section 3. 
Energy and power are here integrated on a volume up to the radius r. 

Equation (2) is solved for Pj(r), i.e. for the power which is to be ascribed 
to anomalous transport and to be compared with that resulting from different 
proposed scalings. 

In Fig.6 the integrated power terms of Eq.(2) are shown. Pj makes a 
negligible contribution compared to the impurity radiation. 

From the resulting transport terms, an anomalous thermal conductivity 
Xe is derived. In Fig.7 the product ne- xe is plotted versus radius. The region 
between the two solid curves represents the uncertainty due to the experimental 
errors in Te . The dashed curves are: (1) the neoclassical product ne • xe (enhanced 
by a factor 25); (2) the one suggested by the PLT group [9] (xe*

 ne ~ 1/Te); and 
(3) the one used by Mercier [10] (xe* ne ~ l/(q-T|'4)) which seems in better 
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FIG.7. ne-xe-profiles: region 
between solid curves represents 
experimental results. The dashed 
curves are: (1) 25 X the neoclassical 
prediction; (2J behaviour of 
ne-xe ~ 1/Te (PLT [9]); (3) behaviour 
o/ne-xe ~ll(q- T\) (Mercier [10];. 
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FIG.8. Region between solid curves 
as in Fig. 7. Dashed curves show 
ne'Xe derived from Eq.(4) for 
different values ofoc=0, 0.5, 0.75, 1. 

agreement with experimental results. In the outer layer (r > 16 cm) the 
uncertainties on radiation, charge exchange, Te and Tj measurements become 
very high. 

In Ref.[l 1 ] we proposed a scaling of energy confinement time T-^& which, 
regardless of dimension, is given by 

LEe 113 
I-

í L 
(3) 

P J 

For Ohmic discharges with dominant electron losses, for any a,Eq.(3) implies 
a loop voltage V = const, as confirmed in many experiments [12]. In analogy 
with the global scaling (3), we introduce an anomalous conductivity dependence 
of the type 

(e(r) = ¿7 ' ¿ Í ' q(r)<™ (4) 

This reduces to xe proposed in Ref.[l 2] for a = 1, while for a = 3/4 it almost 
reproduces the Mercier scaling [ 10]. In Fig.8, xe

 a s given in Eq.(4) is used to 
show typical profiles of ne • Xe for different values of a. A temperature dependence 
of T"3'4 gives the best agreement with the experimental results. 



IAEA-CN-38/A-4 49 

FIG.9. Radiation to electron-
temperature ratio versus streaming 
parameter. 
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FIG. 10. Comparison between 
temperature profiles deduced from 
ECE and Thomson scattering for 
(a) | = 20%, (b) % = 3%. 

From these considerations we can argue that a linear dependence of xe
 o n 

l/ne is likely to be justified, while its dependence on Te is difficult to decide 
precisely. However, if xe is expressed as in Eq.(4), the value of a is found to be 
between 0.5 and 1. 

ELECTRON CYCLOTRON EMISSION MEASUREMENTS 

Electron cyclotron emission is currently employed as a diagnostic for the 
electron temperature in several tokamak experiments. 

On the FT we have measured the radiation temperature Tr at the 2vœ 

frequency, for which the plasma is optically thick. It has been found that above 
values of the streaming parameter £ = 2.5%, T r is greater than the electron 
temperature Te as measured by Thomson-scattering diagnostic. 

Our measurements were performed on a shot-to-shot basis by a tunable 
Fabry-Perot filter and a Putley detector integrated in a hollow metallic light-
pipe system. In such apparatus the error sources were: (a) the existence of 
radiation out of the free spectral range of the Fabry-Perot; (b) its finite rejection 
ratio; (c) small differences between nominally identical shots. The total relative 
error was 10%. 

In Fig.9 we plotted the T r/Te ratio versus the streaming parameter £ = Vp^/v^ 
(where vD and v ^ are the streaming and the electron thermal velocity respectively). 
The Tr measurement was calibrated assuming that Tr = Te for £ = 2%, an 
assumption consistent with soft X-ray measurements. 
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In low-£ conditions, temperature profiles deduced from ECE are in agree
ment with those measured by Thomson scattering (Fig. 10(a)), whereas for higher 
£ the agreement is lost (Fig. 10(b)). The discharges examined were runaway-free 
(no correlation between ECE and hard X-ray flux and no second harmonic dis
placement to lower frequencies). 

The contribution of non-Maxwellian components of the electron distribution 
function to the total emission is reabsorbed by thermal electrons in the direction 
perpendicular to the magnetic field but is relevant for other directions which are 
well within the acceptance cone of the lightpipe. 

Finally, we remark that beyond £ = 2.5%, suprathermal effects exist in a 
plasma, and in such conditions care must be taken in using ECE as a diagnostic 
for Te . To avoid detection of suprathermal effects it is necessary to develop a 
receiving system that rejects radiation with k\\ # 0. We are now evaluating how 
strict this condition is. 
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DISCUSSION 

A. GIBSON: You showed good agreement between a calculated ion tempera
ture profile and experimental data. How sensitive is this agreement to the choice 
of ion neoclassical transport? In particular, by what factor must the neoclassical 
coefficient be enhanced before the fit moves outside the experimental error bars? 

F. SANTINI: We have repeated the numerical ion balance calculations 
with a factor multiplying the neoclassical transport. When this factor is two or 
three, we can reproduce the T¡ profile within the experimental errors. This is no 
longer true when the factor is greater than three. 

R.J. TAYLOR: You tend to operate at higher densities where neoclassical 
anomalies may be smallest. However, do you have any indication that the 
anomalies in ion conduction may also increase at lower densities, by analogy 
with what is observed for the electrons? 

F. SANTINI: In general the FT discharges which have been investigated in 
detail do not have peak electron densities lower than 8 X 1013 cm3. Over the 
range of densities we explored, there is no indication that the ion thermal con
duction exceeds the neoclassical predictions by more than a factor of three. 

W. STODIEK: You indicated that the position of the O VI shell is observed 
at a smaller radius than that determined from corona equilibrium (by considering 
charge-exchange recombination). A similar shift has been observed in PLT for 
the Fe XVIII ionization state corresponding to a velocity of 3—10 X 103 cm- s -1 . 
Do you have any explanation for this? 

F. SANTINI: We concluded that the O VI shell displacement cannot be 
explained by charge-exchange recombination on the basis of our present knowledge 
of the relative rates. The inward velocity required to explain the displacement 
turns out to be about 100 times higher than the neoclassical value. An equivalent 
outflux of the more highly ionized oxygen states should be present since we did 
not observe central oxygen accumulation. Of course, these conclusions still need 
confirmation. A background turbulence could explain the impurity fluxes, but 
it should not have much effect on the deuterium transport, which we found to be 
neoclassical within a factor of two or three. 
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Abstract 

EXPERIMENTS IN THE ISX-B TOKAMAK: ELECTRON CYCLOTRON HEATING, 
RIPPLE STUDIES, PELLET FUELLING, IMPURITY FLOW REVERSAL AND SURFACE 
PHYSICS. 

The wide variety of experiments on the ISX-B tokamak includes electron cyclotron 
heating, ripple effects, hydrogen pellet fuelling, impurity flow reversal mechanisms, plasma 
edge studies, and testing of limiter coatings. The most significant results in each of these areas 
are discussed. 
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1. ELECTRON CYCLOTRON HEATING AND PREIONIZATION STUDIES 

Bulk heating [1] and preionization [2] studies have been 
carried out using a 35-GHz gyrotron developed at the Naval 
Research Laboratory. Most of these experiments have been done 
with 80 kW of power deposited in the tokamak for intervals of 
10-16 ms. The microwaves are launched into the plasma from the 
high-field side at 45° with respect to a major radius, thereby 
eliminating the cutoff of the extraordinary wave which would 
occur if it were launched from the low-field side. Calculations 
predict almost 100% single pass absorption of the extraordinary 
wave and somewhat less than 50% single pass absorption of the 
ordinary wave. The input to the plasma consists of an equal 
mixture of the two modes, and the heating efficiency is expected 
a priori to be a little less than 75%. 

With B = 12.5 kG the fundamental electron cyclotron heating 
(ECH) resonance occurs at the major radius of the plasma. 
Injection of 80 kW of power for 16 ms into a discharge with 
ïï~ = 10 1 3/cm 3 resulted in an increase of T (0), from 850 eV to 
e e 

1300 eV. No hard x-rays were produced nor did the soft x-ray 
spectrum exhibit a high-energy tail. Thus, all indications are 
that the bulk of the electrons was heated by the ECH pulse. The 
temperature increase was measured both by laser Thomson scatter
ing and by second-harmonic blackbody cyclotron emission. In 
addition, the decrease in loop voltage from 1.1 V to 0.66 V indi
cated a 40% rise in <T > from the change in conductivity. The 

value of ñ" decreased by 15% during the microwave injection; this 
phenomenon is not understood, but frequently occurs with ECH. 
Analysis of the power balance showed that the actual heating 
efficiency was about 60%, slightly less than the expected 70-75%. 

Scaling studies of plasma heating vs ECH power were also 
performed, and the results are summarized in Fig. 1. Although 
the uncertainties are large, the heating does appear to scale 
linearly with the input power. The measured rate at rt = 10 1 3/cm 3 

is 5.5 eV/kW and compares favorably with auxiliary heating by 
neutral beams. 

The preionization studies are of special interest for the 
design of large tokamaks which will be built in the near future. 
Theory predicts substantial reductions of the loop voltage require
ments when the plasma is initiated and heated prior to the onset 
of the toroidal current [3], and the resultant decrease in 
poloidal field requirements could have a significant impact on 
the cost of such a facility. 

High-speed photographs show that the breakdown is initiated 
in a narrow vertical layer, but the region of preheated plasma 
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FIG.l. Central electron temperature versus 
microwave power with a 15-ms ECH pulse 
length. 
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quickly spreads toward lower magnetic fields. In tests which 
utilized only the toroidal field (no plasma current), the equiva
lent of a time-resolved electron density profile was obtained by 
measuring the line-averaged electron density in a vertical column 
through the center of the plasma while varying B from shot to 

shot. The results show that at 1 ms after the application of 
microwave power there is a low-density (.ñ = 2 x 1012/cm3) 

plasma with the concentration peaked at the cyclotron resonance 
layer (12.5 kG). Within 2 ms, îî has risen to a maximum of 

4 x 1012/cm3, and the peak appears at a lower field corresponding 
to the upper hybrid layer. Theoretical calculations show that 
this general plasma behavior is expected [3]. In these toroidal-
field- (TF)- only shots, rï decays to one-half its value in about 

e 
10 ms after the microwaves are turned off. 

Several experiments were performed in which the microwaves 
were introduced from -7 ms to +2 ms (where t = 0 corresponds to 
initiation of the plasma current). With 80 kW of power the 
electron temperature during the preionization period was estimated 
from line-integrated spectral observations to be 11-13 eV. During 
the studies in which only the toroidal field was applied, data 
from a particle energy analyser similar to the one used on DIVA 
[4] gave a slightly lower result, 8.4 ± 0.8 eV, for the plasma 
region between the upper hybrid and the cyclotron resonance layers, 
but indicated a temperature of about 50 eV at the upper hybrid 
layer itself. Therefore, it appears that the bulk of the plasma 
exists at the lower temperature but that there is a narrow, hot 
region near the upper hybrid resonance. 

The temporal evolutions of V, I and rï during the early 

stages of two tokamak shots are shown in Fig. 2. Preionization 
results in a 40% reduction of loop voltage and a more rapid 

£ THOMSON SCATTERING 
¿ 2 n d CYCLOTRON MEASUREMENT 
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FIG.2. Loop voltage, average electron 
concentration, and toroidal current: 
(a) without pre-ionization, (b) with pre-
ionization. 

TIME (200í¿s/<i¡v) 

increase of the toroidal current during the initial phase of the 
discharge. Flux (volt-seconds) savings with preionization are 
about 30% in the first 2 ms or 2% of the total flux expended 
during the entire shot. During the early stages of ohmic heating 
the preionization is effective in reducing the peak of the radiated 
power by 15-20%. 

The total loop voltage is given by V = L(dl/dt) + RI. Since 
the inductive component is always present as the minimum voltage 
drop that is required, the resistive part represents a measure of 
the effectiveness of the preionization during the startup phase 
of the discharge. We treat the plasma-poloidal coil system as a 
coaxial conductor and calculate the inductive drop at 1 ms to be 
about 16 V in both cases. However, the resistive part decreases 
from 27 V without preionization to 9 V with preionization. These 
results seem highly encouraging for the use of ECH to reduce loop 
voltage requirements in the startup of large tokamaks. 

2. PELLET INJECTION 

Fueling experiments using 1-mm (3.7 x 10 1 9 atoms), frozen 
hydrogen pellets injected at speeds of the order of 105 cm/s [5] 
have been performed on ISX-B discharges. Such pellets are 
relatively massive; they contain several times the number of 
particles existing in the initial discharge. In some cases, 
increases of 300% in electron concentrations have been observed 
without serious degradation of the plasma stability or of its 
total energy content. 

Several observations about ablation rates are worth noting. 
These rates are monitored by observing the Balmer-alpha radiation 
emitted from the pellet [6] and by recognizing that the ratio of 
the emission to the ionization rate is almost a constant function 
of electron temperature. For ohmically heated plasmas with 
T (0) « 1 keV and ñ « 3 x 1013/cm3, pellets ablate little in the 
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periphery and usually penetrate beyond the magnetic axis. At 
lower temperatures the evaporation is often incomplete, and after 
passing through the entire plasma column the pellet strikes the 
inner wall of the tokamak. However, when ñ" « 1 x 1013/cm3, 

e 
pellets evaporate before reaching the magnetic axis. We attribute 
this result to interaction with runaway electrons which are 
usually produced at low densities and which are energetic enough 
to penetrate the dense plasma cloud surrounding the pellet. 
Similarly, enhanced ablation is observed in the outer 10 cm of 
the plasma during neutral beam injection, even if the pellet is 
introduced as little as 3 ms after the beam is turned on. Since 
this interval is too short to raise T significantly, it appears 
that heat transferred from fast ions may strongly influence the 
evaporation. 

Pellets need not penetrate to the magnetic axis in order to 
realize the most favorable particle confinement. In fact, the 
plasma response is best if the maximum ablation occurs at r « 7 cm 
(a = 27 cm). Most of the density increase is retained at a 
constant level for at least 35 ms under this condition. Also, 
large-amplitude sawteeth oscillations, which indicate excellent 
confinement properties, are observed, and there is no generation 
of prominent oscillations with m > 2. Figure 3 illustrates the 
average ablation rate and the time history of T and n in plasmas 

having these characteristics. Also, it is observed that the 
central ion temperature rises due to enhanced electron-ion 
coupling, and the energy confinement time,improves from 8 ms to 
25 ms in agreement with the empirical scaling x ^ n . 

In ohmically heated discharges for which the maximum of the 
ablation occurs significantly outside the 7-cm radius, large 
m = 2 oscillations appear. Nevertheless, the rate of density 
decay is not strongly increased, and disruptions are not observed. 
In contrast, pellets which pass completely through the magnetic 
axis give rise to a disruptive instability within 10 ms. 

Perturbations severe enough to cause instabilities are not 
seen under most conditions in which neutral beam injection is 
employed. In all cases P, > P~„ so that the electron temperature 

and current profiles are determined to a large extent by the 
auxiliary heating. The increased density subsequent to pellet 
injection causes the beam to be stopped more efficiently in the 
plasma as well as improving the electron-ion coupling. The 
resulting rise of the central ion temperature is clearly observ
able. 
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FIG. 3. Evolu tion of Te (r) and ne (r) with 
pellet injection. The data shown correspond 
to the optimal penetration case. 
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FIG.4. Comparison of the radiation from Ar VII 
and Ar XVIduring an Ohmically heated discharge 
and a 500-kW, beam-heated discharge. The argon 
is introduced as a 4-msgas puff at 100 ms. 
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3. IMPURITY FLOW REVERSAL 

Efforts to repeat the impurity flow reversal experiments which were done 

on ISX-A [7] with poloidally asymmetric sources of plasma ions have not been 

successful. Unlike ISX-A, test impurities such as neon or argon appear to recycle 

rapidly in the periphery of ISX-B so that they have several opportunities to 

penetrate the flow reversal layer. Also, the present machine will not ingest plasma 

ions as readily as ISX-A, so that the asymmetric source is smaller. However, 

a flow reversal effect due to external momentum sources [8, 9] may have been 

observed during neutral beam injection [10]. 

It has been shown theoretically that although the direct effect 
of co-injection is to enhance the inward transport of impurities, 
the first-order flows in the flux surfaces are simultaneously 
altered in such a way that a net outward transport may result. 
Figure 4 illustrates the radiation from argon introduced into 
plasmas both with and without neutral beam injection. The argon 
is put in as a puff of 4-ms duration at 100 ms. In both cases 
the Ar VII radiation from the exterior of the plasma attains an 
almost constant level within a few milliseconds after the puff 
begins (the ohmically heated plasma disrupts around 150 ms). This 
steady emission indicates a constant inward flow, and perhaps 
rapid recycling in the region where the Ar VII line is emitted, 
18-20 cm from the center. In contrast, the Ar XVI line continu
ally increases at a rapid rate for the ohmically heated plasmas, 
but remains at a relatively low level during injection. Numerical 
simulations show that significant contributions to this line 
intensity should extend to the center of the plasma in both cases. 
Therefore, we interpret the signals in the absence of injection to 
show continual argon accumulation in the interior of the discharge 
but conclude that no such accumulation takes place during injec
tion. Analysis of radiation from the intrinsic iron impurity ions 
corroborates this conclusion. 

Although the retarded inward diffusion of impurity ions is 
qualitatively consistent with the theories that include the beam 
momentum and certain drag terms in the neoclassical transport, we 
cannot definitely state that these theories account for our 
observations. At the present time there are some uncertainties 
in the exact nature of the drag terms, and in our moderate-Z 
plasmas, multi-species diffusion would have to be taken into 
account. Also there exist other phenomena such as density 
clamping (see paper N-l, this conference) which may indicate the 
existence of some unrecognized mechanism that could also influence 
the impurity transport. 

4. SURFACE PHYSICS AND PLASMA EDGE STUDIES 

There is an extensive program for studying the edge region 
in ISX-B. At the present time these studies consist primarily of 
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FIG.5. Fe I and Fe II concentrations measured 
by laser-induced fluorescence. 
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measuring the time-integrated depositions of particles on clean 
samples inserted into the shadow of the limiter, determining 
time-resolved metallic concentrations through laser-induced 
fluorescence, and testing the stability of various limiter 
coatings. In late 1980 a bundle divertor will be added to test 
impurity control. 

The temporal and spatial variations of Fe I, Fe II, and Ti I 
have been measured in the plasma edge by using laser-induced 
fluorescence. Two systems have been employed: a high-powered 
short pulse system that has been useful primarily for obtaining 
the concentrations [11] and a long pulse system that has permitted 
the iron temperatures to be measured when concentrations are 
sufficiently large. Three sets of data are shown in Fig. 5 [11]. 
The data for Fe I are recorded from a point 13 cm outside the 
nominal plasma boundary. During the discharges, which last only 
190 ms before the toroidal current is completely turned off, the 
concentration continually rises. Significant quantities of 
neutral iron (or titanium) often persist for well over 100 ms 
thereafter. Velocity measurements made by both laser systems 
during these late times show that the iron temperature is between 
500 and 1000 K, a possible indication that thermal evaporation 
may be a significant production mechanism. However, this con
clusion is not assured since the limiter temperatures following 
ohmically heated discharges, 600 K, seem too low for the genera
tion of large amounts of iron by evaporation. 

The Fe II concentrations are measured at 1 cm inside the 
limiter. Before injection begins at 70 ms, the concentration 
decreases, quite likely due to changes in plasma parameters 
during this period. Shortly after injection is begun Fe II in
creases rapidly to a level of 3 x 108/cm3 and then drops by a 
factor of 5. When the plasma disrupts at 140 ms the concen
tration rises to a relatively high level, 1.0 x 1010/cm3. The 
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very slow decay which follows the disruption would appear to 
be consistent with curvature drift losses or with E x B drifts 
following vertical charge separation, but a great deal more 
analysis is required on this point. 

Ultimately one goal of the impurity studies is to correlate 
the concentrations and evolutions observed in the edge region to 
those in the plasma. Such programs are just now beginning, and 
only order-of-magnitude comparisons are possible. Spectroscopic 
measurements made on ions which exist 7-8 cm inside the limiter 
(Fe IX) show that the iron concentration is about 1 x 108/cm3 at 
that point in ohmically heated plasmas and approximately an order 
of magnitude higher with neutral beam injection. 

Medium-Z coatings (TÍB2 and TiC) deposited on Poco graphite [12] 
have been developed for testing as limiters in ISX-B. It is 
believed that the erosion properties of such limiters are more 
favorable than those of stainless steel, and that they may be 
useful in future large tokamaks. Ohmic heating operation proved 
satisfactory for both limiters, and reproducible discharges with 
normal values of Z (̂ 3) were obtained. However, the TÍB2 

coating did spall off in areas of strong arc activity whereas the 
TiC coating showed only minimal damage. Recent tokamak operation 
has been satisfactory using the TiC coating with up to 1.7 MW of 
neutral beam injection. At this power level it is estimated that 
an average of 8 W/cm2 is deposited at the limiter. 

5. RIPPLE STUDIES 

The ISX-B ripple studies program is directed at determining 
the maximum allowable magnetic field ripple for future tokamaks 
(from both periodic TF coils and from localized bundle divertors) 
and at testing the principle of ripple-assisted neutral beam 
injection. Three different types of field ripple having the same 
on-axis peak-to-average value [6(0) < 1.5%] but different spatial 
variations are being studied: (1) periodic field ripple obtained 
with either 9 or 18 TF coils, (2) a toroidally localized magnetic 
well (±30° in extent) which is produced by two "eyeglass" coils 
and is intended for ripple-assisted injection studies, and 
(3) ripple from the bundle divertor that is scheduled to operate 
in 1981. The only ripple effects discussed here are fast ion 
losses and perturbation of poloidal flux surfaces due to the 
localized well from the "eyeglass" coils. 

Guiding center calculations using axisymmetric equilibria 
and "eyeglass" coil fields show that a large loss of banana-
trapped ions can be caused by the field maxima on either side of 
a localized magnetic well (e.g. from a bundle divertor or from 
ripple injection coils). Two experiments were performed to look 
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FIG.6. Ion temperature inferred from 
neutron count rate as a function of 
on-axis ripple. 
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FIG. 7. Calculated perturbations of poloidal 
flux surfaces: (a) q(0) = 1.0 and q(a) = 3.2; 
(b) q(0) = 1.6 and q(a) = 5.2. 

"~0.7 0.8 0.9 t.O I.I 1.2 0.7 0.8 0.9 (.0 I.I 1.2 
R (m) R (m) 

for this loss region: protons tangentially injected at 40 keV 
were observed at 7° from perpendicular and deuterons vertically 
injected at 25 keV were observed from 35° to 90°. In both cases 
the charge-exchange flux fell by a factor of ^2 with 6(0) = 0.5%. 
Since the injection and detection are on opposite sides of the 
banana region in pitch angle, these results are consistent with 
the predicted existence of a banana loss region in the outer 
portion of the plasma and across which some ions may pitch-angle 
scatter before being lost. The net effect of these processes on 
the beam energy transfer to the background ions and hence the 
resulting ion temperature is relatively small for 6(0) < 0.5%, as 
shown in Fig. 6. Larger ripple directly perturbs the background 
plasma in these experiments. The ion temperature in Fig. 6 is 
inferred from neutron measurements which are more representative 
of the total ion behavior than are the chordal charge-exchange 
measurements discussed above. 

Localized ripple may also lead to enhanced electron or ion 
transport by perturbing poloidal flux surfaces. The perturbations 
of the mode rational surfaces are most significant in this respect. 
There is a strong dependence on their positions relative to the 
ripple coils, and hence on the q profile. The results of calcu
lations shown in Fig. 7a indicate that with 6(0) = 1%, q(0) = 1, 
and q(a) = 3.2, the ripple strength at the q = 2 surface is large 
enough to produce an ergodic field line region at the outside of 

50 100 <50 200 
TIME (ms) 
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the plasma and an m = 1 stationary island near the center. For 
q(0) =1.6 and q(a) = 5.2, no q = 1 surface exists in the plasma, 
and the position of the q = 2 surface results in a large stationary 
m = 2 island. It is possible that these results may be drastically 
changed if the plasma current is reconfigured in response to the 
ripple, but this effect has not been taken into account in these 
calculations. Experimental observations indicate that the m = 2 
islands of Fig. 7b actually do exist. An otherwise constant 
amplitude m = 2 oscillation apparently ceases when the ripple 
field is turned on and often resumes at essentially the same 
amplitude when the ripple field is turned off. The plasma density 
remains constant throughout the discharge, instead of rapidly 
rising as it does when an m = 2 instability is quenched. Further 
evidence that the m = 2 mode has not been damped, but only stopped 
from rotating by interaction with a stationary m = 2 island, is 
seen in distorted Bfi waveforms which show the mode slowing down 
and stopping. 
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DISCUSSION 

A. GIBSON: Does the use of electron cyclotron pre-ionization have any 

effect on the subsequent behaviour of the discharge; in particular, does it affect 

the impurity content or the stability? 

R.C. ISLER: The impurity radiation is reduced in the first 10—15 ms of 

the Ohmic heating phase. I believe this only reflects the different Te and ne 

during start-up and does not necessarily imply a lower impurity concentration. 
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After 15 ms the impurity radiation is identical for pre-ionized and non-pre-ionized 
discharges. Plasma stability is unaffected. 

E. CANOBBIO: How sensitive is the electron cyclotron heating efficiency 
to changes in the position and orientation of the antenna? 

R.C. ISLER: We do not know: only one position and one orientation 
have been used. 

V. STEFAN: Have you any evidence of non-linear processes occurring 
during electron cyclotron heating? 

R.C. ISLER: Electron heating seems to be a linear function of microwave 
power, although the experimental uncertainties are large enough to leave some 
doubt. No ion heating is observed in these experiments, which are carried out 
with line average electron concentrations of ~1 X 1013 cm-3. 

F.F. CHEN: Does the injection of fuel pellets affect the MHD activity or 
the confinement time? 

R.C. ISLER: The MHD activity is a function of the depth of pellet 
penetration. The plasma behaves best if the ablation is peaked around r = 7 cm. 
If the maximum ablation is significantly outside this radius, large m = 2 oscillations 
appear, but the decay of the electron density is not strongly affected by this 
behaviour. 

H. WAELBROECK: In the experiments during which argon was puffed in 
and neutral-beam heating simultaneously applied, was a co-injection arrangement 
used? If so, were any experiments carried out with a contra-injected beam-
reversed toroidal current, for example? 

R.C. ISLER: So far we have employed only co-injection in all our neutral-
beam-heated plasma experiments. 

S. MERCURIO: Did you see any deflection of pellets from straight trajectories 
in ISX-B as in ORMAK? 

R.C. ISLER: As far as I know, we do not have any information about this 
for ISX-B. 

S. MERCURIO: How accurate is the density measurement of the cloud 
around the pellet? 

R.C. ISLER: Approximately 20%. 
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Abstract 

ELECTRON HEAT CONDUCTIVITY IN TOKAMAKS. 
A general approach is developed allowing the upper limit of the electron heat conductivity 

in tokamaks to be obtained. It is shown that, for the amplitude of the unstable waves exceeding 
a critical value, the value of the electron heat conductivity saturates and no longer depends 
on the specific nature of the instability. 

Anomalous electron heat conductivity is one of the key problems of 
tokamaks. It has been shown experimentally that the electron heat conductivity 
significantly exceeds the neoclassical value. Now, the so-called Alcator scaling is 
in general use according to which the electron heat conductivity xe is inversely 
proportional to the plasma density ne: Xe ~ nël- Used in numerical power-balance 
simulations in tokamaks, this relationship gives the best agreement between 
calculation results and experimental data. As yet, many theoretical models were 
suggested to explain the physical reasons for this anomaly [1—4]. The occurrence 
of this anomaly is supposed to be due to the excitation of various kinds of 
microinstabilities leading to an enhanced electron motion across the magnetic 
field. As a rule [2—4], xe is estimated from a solution of the drift kinetic 
equation in the quasi-linear approximation. The xe obtained is naturally pro
portional to the amplitude of the unstable waves. In some papers (see/or example, 
Ref.[4]), an attempt was made to estimate the amplitude of unstable waves from 
a consideration of the non-linear stage of some concrete instabilities. 

In this paper, we develop a general approach allowing us to obtain the upper 
limit of xe- It appears that when the amplitude of the unstable waves exceeds a 
critical value, Xe will saturate and not depend on the specific nature of the 
instability. 

Let us assume that low-frequency (a? <̂  coBe) oscillations localized near the 
rational magnetic surfaces are excited. For such oscillations, the equality m = nq(r) 
is fulfilled; they are characterized by a scalar potential <¿> and the longitudinal 
component of the vector potential, Ay, if j3 < 1. The connection between <p and 

67 
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A y can be obtained from the Maxwell equation AA|| = (47r/c)J||. AS usual, we 
shall assume that 

I </?, A = ) (¿>(r),A(r) exp(im0 + infr- icjt) 

m,n,w 

We shall be interested in the diffusion of electrons in co-ordinate space only 
insofar as we can use the kinetic equation in the drift approximation: 

3f 3f ^ 3f 
_ _ + V | _ + V r _ = 0 ( 1 ) 

where 

cm , m A n 
V r _ _ _ „ T V | | _ _ (2) 

In the quasi-linear approximation, it follows from Eqs (1) and (2): 

3f 1 3 / / c k 0 \ 2 / vu \ r / vu \ \ af 

â7 = 7i7r((ir) (*--Al) J (*-7A')d7ir (3) 

where (...) designates averaging over the statistical ensemble. The time integration 
on the right-hand side of Eq.(3) has to be done with allowance for the particle 
motion along the trajectories: 

dr cka / v|| 

àd , v||t 
r - = V||B0(r)/Bo; ^ = — 

(4) 

Let us return to Eq.(3). It follows from Eq.(3) that the value of xe depends 
on a combination of the values of <¿> and Ay. If we keep in mind that in the quasi-
linear approximation only resonant particles with co = k||V|| contribute to x e , we 
obtain xe ~ (k|¡<¿> — (co/c)lA|||2. From the Maxwell equation it follows that 
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k||<¿> — (co/c) A y = E||, the value of E|| being the higher the less the plasma is 
'frozen' into the oscillating magnetic field. Hence, it follows that oscillations 
with short wavelengths (k¿ > oope/c} make the greatest contribution to the value 

ofxe-
In the linear approximation, it follows from the Maxwell equation that 

604 

A 1 A I I = ^ 7 ^ e - D I AW~~^~* 
kite 

where 

Cur 

At 
'pe / ,_ OJ / C O 

6 . - 1 = — — ( l + i V ^ r — — W |k|||ve \k||v, 

(5) 

A. 

¿-)) ;WW=e-(1+i?yVdt) 

With the help of Eq.(5), we may rewrite the expression forxe : 

c2k? 

co,k 

co' 

k||V|| c 2 ( e e - D 

CO ¿o2 
k | + — (e e - l ) x c2 

X V ( r ( t » y ^(r(t'))exp(-i60T + iv | | J k||(t")dt")> 

0 0 

(6) 

where T = t — t'. 

Thus, to obtain an expression for x e , we must find the correlation function 
for the electric potential. 

Let us first treat the limiting case of weak turbulence, when ck^y?/B06o <̂  1. 
A simple calculation using the delta-function ô(oo—k||V||) yields: 

Xe I 
co,k 

|k|||v£ 
exp(-co2 /k |v |) 

ck^p If2 

k l + 2 

(7) 

We shall now try to calculate the correlation function in the limit of strong 
turbulence, when the inequality ck|<¿>/(B0oo) > 1 is fulfilled. In this case, during 
a period of oscillation, the electrons move across the radius through a distance 
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comparable to the wavelength, and it is impossible in expression (6) to assume 
that (¿>(r) is constant. To understand the peculiarities of this motion, we should 
remember that the function (ckj_^(r)/B0) exp(-icot) is simply the velocity of 
motion of a plasma element in radial direction, subject to the action of the wave 
fields: 

d ckj^o 
— Ax = sink. Ax coscot (8) 
dt B0

 L 

where <¿>(r) = <¿>0 sinkj-Ax, and Ax is the deviation of the plasma element from the 
rational magnetic surface. The solution of Eq.(8) has the form: 

Ax = (2/k i)arctg 
kxAxo ckfoo 

tg — — eA ; A = - J ^ - sincot (9) 
2 J B0co 

A / i i „A> dAx cki^o 
= — — c o s c o t e A / ( l + e A ) (10) 

dt B0 / 

It follows from (9) that even if the wave amplitude is arbitrarily large the 
deviation of the plasma element from the magnetic surface cannot be larger 
than the wavelength. 

From this fact, it follows that xe
 m u s t saturate when the amplitude of the 

unstable waves increases. The second consequence is related to the possible 
value of the density perturbations. Since the drift motion of the plasma in the 
potential electric field is incompressible, it follows from the equation of 
continuity that the density does not change along the characteristic. This enables 
us to estimate the amplitude of the spectral density perturbation: 

Ank 

n0 r0 

no dr r0
 k l k l a 

Note that a spectrum of this kind is in fact usually observed in the experiments. 
Knowing the spectral distribution of the density perturbation, we can 

evaluate the spectrum of the plasma motion in the potential electric field: 

d A x ~ w • • m\ =—sincot \i¿) 
dt kj_ 

This is a quite obvious result: it is clear that the amplitude of the plasma velocity 
in the wave field as averaged over the fast oscillations cannot be larger than the 
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phase velocity of the wave. Expression (12) allows us to obtain the correlation 
function for </? in the limit of strong turbulence: 

c2kj 
vj <p(t')dty CO" 

= — 5(^-k||V||) 
ki 

(13) 

Here, kg as kj_Axs/qR, where S = (2/q) (dq/dr). It follows from (12) that 
Ax ~ 1/kĵ ; thus one can obtain k|| = S/qR. 

By using relation (13) it is possible to obtain the expression for xe
 m t n e 

limit of strong turbulence: 

Xe 

exp \ -
oo 

kliv£ 

|k|||ve 
o?,k 

co\2 

kj 
kî 

CO2 

kî+—(e e - l ) 
x c 

(14) 

The common term of the series in expression (14) reaches the maximum 
with respect to k | when k2 = o>2/c2 (ee—1 ) and with respect to w/|kj||ve when 
co/|k|||ve = 1. Since the maxima are sharp enough, we can easily eavluate x e

: 

qR 
(15) 

As was stated above, since the plasma is 'frozen' into the oscillating magnetic 
field, only oscillations with k^ > ¿ope/c contribute to the anomalous electron 
heat conductivity. 

As a result, if the amplitude of the unstable oscillations is large enough 
(ck|<p/(B0io)> l),the coefficient of anomalous electron heat conductivity will 
saturate and become independent of both the field amplitude and the specific 
nature of the instability. As stated above, the saturation condition for. xe 

corresponds to the density fluctuations in the plasma, with nk /n0 ~ X^/a, which 
is what is obtained in real experiments. 

Let us make some concluding remarks. In the above treatment it was 
suggested that the resonant electrons did not cross the rational surface during 
the radial drift (the electric potential <p near the surface r = r0 is odd, 
<¿?(Ar) ~ Ar). In this case, the resonant particles 'feel' the effective k||= kyAr = k'||/kj_. 
But when the electric potential near r = r0 is even, the particles will oscillate 
around the rational surface and k\\ ~ ÂF= 0. Then the characteristic correlation 
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time in xe will be_determined by toroidal effects because, in a tokamak, 
dAr/dt = (ckj^/B) 1 + (r/R) cos(v||t/qR). A treatment quite analogous to that 
applied above shows that in this case the characteristic correlation time is 
r c = (r2 /R2)(ve/qR) - 1 . Thus, depending on whether the excited oscillations 
are odd or even, the coefficient of electron thermal conductivity xe will be deter
mined by expression (15) or by 

i i 

^ c vp r 

co2
e qR R2 

the latter expression apparently being more consistent with the experiment. 
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DISCUSSION 

K. MOLVIG: There are some details of the radial eigenfunctions which you 
have ignored, but which may change your results considerably. In particular, 
you assumed a fluid-limit electron response (co/k ||Ve > 1 ), which is actually only 
satisfied for a small region of the eigenfunction. For most of the eigenfunction 
we have co/k||Ve < 1 and cope/c does not then characterize the shielding length. 
Could you comment? 

B.B. KADOMTSEV: The heat conductivity derived by Pogutse and Parail 
may be considered as an estimate of the upper limit at high micro-turbulence levels. 
This rough estimate does not take into account the details of the radial eigen
functions. 

B. COPPI: An increase in confinement time with density (all other para
meters remaining constant) has been seen over a wide range of density values. Can 
you suggest an excitation process for the fluctuations you considered that could 
be effective in all the regimes covered by the experiments? Secondly, have you 
verified that the transport coefficient you derive reproduces the observed tempera
ture profiles when it is incorporated into an appropriate transport code? 

B.B. KADOMTSEV: The fluctuation excitation process was not considered 
in this paper. The Pogutse and Parail heat conductivity coefficient is consistent 
with the temperature profiles in the T-10 and T-l 1 devices. 
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Abstract 

THEORY OF STOCHASTIC MAGNETIC FLUCTUATIONS AND ANOMALOUS ELECTRON 
THERMAL CONDUCTIVITY IN TOKAMAKS. 

A primary aim in much of the theoretical tokamak research is the development of a self-
consistent turbulence theory for the short-wavelength fluctuations thought to be responsible 
for anomalous transport. Although this is certainly a formidable task, there are now indications 
that it may be possible in principle and, further, that the needed transport coefficients could 
actually be computed in practice. This paper considers three related developments on this 
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problem. In Section 1 a theory is developed for the universal drift mode, culminating in an 
explicit formula for the anomalous electron thermal conductivity. Particular emphasis is given 
to the dependence on the temperature ratio Te/T¡ and its relevance for interpreting experimental 
data. Section 2 considers the properties of specific stochastic orbits and gives numerical and 
analytic calculations of the Kolmogorov entropy and stochastic diffusion coefficient. Micro-
tearing instabilities are considered in Section 3. These can be excited linearly by the electron 
temperature gradient in the presence of collisions and do not depend crucially on magnetic 
shear. Nonlinear effects are evaluated and shown to imply a cascade from short to long wave
lengths. This may have a bearing on observed (broad) spectra. 

1. SELF-CONSISTENT THEORY FOR THE UNIVERSAL MODE 

The theory of fine beta universal mode turbulence [1] in 
a cylindrical tokamak is developed. Instability is initiated [2] 
by finite but extremely small spatial diffusion of the electrons 
(of the order of classical scattering of the guiding center, 
D 'v ̂ ei^e2)* Diffusion, combined with streaming along the 
field lines in the presence of shear, broadens the electron 
response near the rational surface. This eliminates the 
singularities that are so stabilizing [3] in the D = 0 theory 
and basically reinstates the original picture of Pearlstein 
and Berk [4]. Saturation results by the same effect when tur
bulent diffusion reduces the growth to the point where it is 
balanced by shear damping. 

This saturation picture is quite different from previous 
shearless theories where ion non-linearities led to damping, 
Ye » which offset linear electron growth, y L. Taking y±^L = 
k2D is the basis for the y^/k 2estimates of the anomalous dif-

"*" C J. -try 

fusion coefficient. More recent theory has found that y. ^ « 
k D, because the ions are non-resonant, and therefore that ion 
non-linearity is not a viable saturation mechanism. In a deeper 
sense, the difficulty with the shearless theory is the absence 
of stochasticity in the particle orbits, for this is the prop
erty underlying particle diffusion and the plasma weak turbu
lence theory. With shear, in contrast, resonances are abundant 
and island overlap in the electron phase occurs at very low 
fluctuation levels (e<|>mn/Te ̂  10-1+or Bmn/B ̂  10"7 ) . 

This leads to non-linear modifications of the electron 
growth to ye^« Concurrently the ions cause damping linearly 
due to shear, at a rate Yis. Saturation, yj^^ = Yis, can occur 
at low turbulence levels consistent with observations. 

Electron diffusion, for 3e > Me/M¿, is due to the magnetic 
part of the fluctuations, making the enhanced transport quali
tatively consistent with observations. The anomalies are mainly 
in the electron viscosity and thermal conductivity. Particle 
diffusion is limited by ambipolarity to the ion rate (not 
enhanced), and electron-ion momentum transfer, increasing the 
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resistivity, does not occur. The theory yields an explicit 
formula for the electron thermal conductivity, 

/ T \" m /L \2 

Xe-0-1 M M ^nr ïr)vipi2/Ln <D 
\ e 1/ x e n/ 

which has many similarities with experimental observations. It 
scales inversely with density and is independent of magnetic 
field. The scaling with ion massue** m¿-1' , is in agreement with 
ISX - A measurements [ 5]. 

The dependence on temperature, particularly on the ratio 
T /T., has some interesting implications in light of the PLT 
neutral beam injection results [6] which have provided an 
experimental opportunity to isolate the temperature dependence 
of the electron thermal conductivity coefficient, Xe» indepen
dently of its inverse density scaling [7]. In some cases, the 
change in xe during injection can be attributed to changes in 
the magnitudes of the temperatures alone, without obscuring 
effects due to changes in shear or density and temperature 
gradient scale lengths, which remained approximately constant. 

Although the volume-integrated electron energy confinement 
time Tge was reported to have remained unaltered during injec
tion, the energy confinement in the central region of the plasma 
was substantially enhanced. Indeed, there was a radius rQ (20 cm 
for PLT) inside which X w a s reduced during injection heating 
and outside which Xe w a s slightly enhanced (or at least unchanged) 
during injection. Since both the inner and outer regions of the 
plasma were heated, it is unlikely that a simple scaling of Xe 
with only T can account for the observed spatial variation of 
the thermal conductivity. The experimental data indicate, 
rather, that x depends on both Te and T.. In particular, for 
r < rQ there was substantial ion heating and the temperature 
ratio, T¿/Te, changed from less than unity before injection 
(T±/Te ̂  0.5) to greater than unity after injection (T.j/Te ̂  2). 
In contrast, the temperature ratio remained almost unchanged for 
r > r0. 

Note that equation (1) scales as Xe
 œ Te n~1a~1G(Ti/T ), 

where the temperature ratio dependence is 

G(x) - ̂  (2) 

For fixed T¿/Te, it appears that the T dependence of Xe i n 

Eq. (1) does not agree with the PLT core results or the inferred 
thermal conductivity scalings previously proposed to model 
anomalous electron transport in Ohmic [8,9] and beam-heated 
tokamaks CLQ]. However, the strong ion heating for r < r0 in 
PLT competes with electron heating and can actually reduce Xe 
through the G(T-¡/Te) factor provided G vanish sufficiently 
rapidly for Ti/Te > 1. Specifically, the G of Eq. (2) has a 
maximum value for x = T-j_/Te = 0.6. Using this model form for 
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O 5 10 15 20 25 30 35 

FIG.l. Radial variation of the ratio <?/nxe during injection to nXg before injection of 
2.1 MW D° -*• H in PLT [6]. Open circles are obtained from experimental data for nxe. 
Solid circles are the result of using experimental profiles in the formula^Te^

2G(Tj/Te), where 
G(x) is given in Eq,(3). 

G, the PLT observations may be qualitatively understood as fol
lows: for r < r0, G decreased rapidly during beam injection 
due to the relatively stronger ion heating, G^eam ̂  (

Ti/Te)beâm ' 
which dominates the tendency of Xe to increase with Te. For 
r > r » Xe increases slowly as both electrons and ions were 
heated at about the same rate, so that G was nearly constant 
during injection. A simple dependence of Xe

 o n Te alone could 
not reproduce the observed behavior. 

A more quantitative analysis of the PLT data for the 2.1 
MW D° -»• H injection case is presented in Figure 1, where the 
ratio of nxe during injection to nxe before injection is plotted 
vs. radius. The open circles are obtained from the experimental 
values of nxe given in Ref. [6]. The density profiles were 
assumed to be linear with a scale of 40 cm (as suggested by 
the published data), with peak densities n (0) = (3.6, 4.5) 
x 1013cm~3before and during injection, respectively. The solid 
circles in Figure 1 were obtained using experimental tempera
ture profiles to evaluate the ratio of T*/2 G(Tj[/Te) during and 
before injection. Although the cross-over point where (nxe)

 a m 

= (nxe)0H is displaced for the two curves, there is substantial 
qualitative agreement in their shape and magnitude scaling with 
radius. Moreover, the uncertainties in the data preclude any 
better quantitative comparison. 

Thus, it is possible to explain the temperature dependence 
of Xe observed in PLT by accounting for its scaling with both 
the absolute electron temperature and the temperature ratio, 
T¿/Te. Although a particular model for the determination of 
the function G(Ti/Te) was considered, the form for Xe

 i n Ecl' (2) 
is generic to microscopic finite-beta turbulence. Furthermore, 
the general (asymptotic) features of G or H which may be infer
red from the neutral beam data over a limited parameter range, 
must be preserved by any drift-wave theory which gives Xe œ n-1 

and Xe independent of B. Extrapolation of Eqs (2) and (3) to 

1 

1 

1 1 1 1 
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higher temperatures indicates that increasing the ion temp
erature at a faster rate than the electron temperature would 
have a favorable influence on the electron energy confinement, 
provided T. £ Te/2 initially. In a tokamak reactor, the anom
alous heating of ions by fusion-born alpha particles may be 
beneficial in this respect. 

The analysis considered here reemphasizes a fundamental 
deficiency of dimensional analysis, which is the possible 
exclusion of certain relevant dimensionless parameters (in this 
case, T-¡/Te). The existence of a large number of dimensionless 
quantities justifies the continuing attempts at a first prin
ciples' physics derivation of Xe ^or a tokamak plasma. 

2. STOCHASTIC DRIFT ORBITS IN A TOKAMAK 

Magnetic confinement in a tokamak is achieved with the 
strong toroidal magnetic field BQ and a poloidal field Bp 0-1]. 
A single particle (electron or iron) moves primarily along the 
magnetic field and also rotates rapidly around its guiding 
center* A statistical description of a plasma is given by 
the kinetic theory. The kinetic theory which is applied 
specifically for a toroidal geometry of a t'okamak is called 
neo-classical theory [11.]. The validity of such a description 
is mainly due to the stochastic nature of particle collisions, 
but at the high temperatures of a tokamak plasma (T ̂  10?-
108 K) the Coulomb cross-section is relatively small. That 
is probably why the neoclassical theory has failed to explain 
energy transport in tokamaks. It has been suggested recently 
[12-16] that low-frequency magnetic fluctuations (ÔB/BQ ̂  10_i+) 
could account for the experimentally observed electron energy 
transport. When such fluctuations are present the particle 
orbits become stochastic. The nature of this stochasticity is 
very different from that introduced by the particle collisions, 
but it also permits description of the particle orbits statis
tically. There are two important quantitative characteristics 
of this statistical description ¡13]. First, particles are 
diffusing radially as they move along the field lines with a 
diffusion coefficient D (in cm) and, second, the neighboring 
orbits diverge from each other exponentially with a character
istic correlation length Lc. We have found earlier [13] that 
radial electron heat transport can be expressed through these 
two quantities as: 

!

Dv X» Lc 

(3) 
DX /Lc X « Lc 
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Here, v is an average electron velocity along the magnetic 
field and À is an electron mean free path. In present-day 
tokamaks, X varies from about 105 cm in the center of discharge 
to 10 cm near the wall (À ̂  T 2 ) . The particle orbits in the 
presence of low frequency fluctuations of electric field is 
very similar to that due to magnetic fluctuations with the 
corresponding values of D and L c . In both cases 
the motion along the magnetic field is coupled with the radial 
diffusion. Due to this coupling, X/Lc is an important para
meter. 

Within the framework of quasilinear theory the formulae 
for D P-7J and L c [l&] have been derived. We have doñean exten
sive numerical study of D and L c [18-20] and have found that 
quasilinear theory is in good agreement with numerical compu
tations far above stochastic transition. But there is a sig
nificant deviation from quasilinear result in the intermediate 
region [20,21]. Theoretical understanding of this discrepancy 
has been achieved recently by applying a probabilistic method 
to solve Vlasov equation [21]. This method allows us to sep
arate the contribution to diffusion coefficient due to mode-
coupling effects. This research is still in progress. 

3. TEMPERATURE GRADIENT DRIVEN MICROTEARING MODES 

Another source of magnetic fluctuations for producing anom
alous electron thermal transport is microtearing modes (high-m 
drift-tearing modes). Linearly, microtearing modes are driven 
unstable by the electron temperature gradient in present toka
maks, even in the absence of toroidal and trapped-particle 
effects [22] . Nonlinearly, these tearing modes produce over
lapping magnetic islands which saturate when | BJ /B — pe/LT 

(the ratio of electron gyroradius to the temperature gradient 
scale length). The resulting perpendicular thermal conductiv
ity Xei

 s c a l e s inversely with density, consistent with empir
ical Alcator scaling, and is comparable in magnitude with 
experimental measurements of energy confinement time. 

In a low-3 slab plasma with density and temperature grad
ients and a sheared magnetic field, the electric and magnetic 
perturbations of microtearing modes are described by 

V2A|| = - (4-n7c)G||e E|| = - (4Tr/c)a||e (iu)A||/c - i k,, (¡)) (4) 

( c V c p C a H u ^ ) V2ï= - 4TTk„ a „ e E„ (5) 

where the parallel electron conductivity is calculated from a 
drift kinetic equation with a velocity-dependent Lorentz 
collision operator [22]. 
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The tearing branch of Eqs (4) and (5) corresponds to modes 
with even A,| (x) and odd $(x), i.e. B K (0) = ikyA|| $0 with 
4>(0) = 0, and E(1̂ - 0 at large x, the usual (macro) tearing modes 
with kyLn >> lx which are localized near the rational surface. 
At large J x| , A(i~exp(-kyj x| ) , corresponding to a negative A''in 
the usual tearing mode terminology. The magnetic field pertur
bation therefore increases the magnetic energy and is stabil
izing. The electron temperature gradient r)e can overcome the 
stabilizing magnetic forces and produce instability provided 
the realistic velocity dependence of electron-ion collisions 
is included [23]. 

Because of the complexity of o,je, Eqs (4) and (5) have been 
solved numerically. The frequency is approximately w = 0) 
(1+1.5ri ). Without a temperature gradient the modes are stable. 
A positxve temperature gradient ri >0 destabilizes modes with 
wavelengths satisfying 0.02 < u)*n/vej_ < 0.2 and is stabilizing in 
both the short and long wavelength regimes. Conventional analy
tic approximations such as the constant A|| and the neglect of 
electrostatic effects cannot be justified for typical tokamak 
parameters. For details, see reference 22. 

The microtearing modes have also been recovered from fluid 
theory, though an extension of Braginskii's equations is required, 
Specifically, OJ/V corrections to the usual thermal force are 
responsible for destabilizing this mode [24] . 

The nonlinear saturation of microtearing instability has 
been investigated by solving the drift kinetic equation to the 
third order in the perturbed field B. The dominant nonlinear-
ity arises from the electron motion along the fluctuating mag
netic field lines. For no shear and ^¡«Vei, the nonlinear dis
persion relation is 

. a - Wkw*T n „ , ^ ^ e i „ . Y U ' 5 k - I 2 <»*T<T 
w = w k + 9l -Ï— ~ °-71 zr~* 221 Z - B 2 — z^r-

ex pe , ^ k k 
(6) 

where w, =ü)*n(l+1.5rie) • The first imaginary term in (6) repre
sents tne destabilizing influence of r)e and the second arises 
from field line bending. The nonlinear term in Eq. (7) scales 
as k2:Dx, where Dx = (v

 2/v .) j g|2/B2 is the perpendicular 
electron diffusion coefficient, and is destabilizing for 
^k < ^k^* Thus, the nonlinearity leads to an energy flow 
from short to long wavelength. Since the long-wavelength modes 
are stable, this energy cascade saturates the instability when 
the growth and damping rates balance or | BJ /B - Pg/L^ ~ 10-lt. 
The local transport coefficient is then D x = vlpg/v̂ -jl/r» A 
scaling of the global Dx is obtained by balancing the ohmic 
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heating and thermal loss rate r|J = DxnT /L-£, to calculate 
L^. We find 

(c2/u¿e)(Te/me)
1/2 

^ ¡¡T (7) 

which is the scaling obtained previously by Ohkawa from a dimen
sional argument. The magnitude of the diffusion coefficient 
is of the order 10**cm /sec for typical tokamak parameters 
(n=10L'ycm and T e = 1 keV) which is of the same order as infer
red from experimental measurements of the energy confinement 
time. 

The existence of these VT e driven microtearing modes in 
a nonsheared field has recently been demonstrated by particle 
simulation [25]. The instability is found to saturate by 
energy transfer to long wavelengths: a result in agreement 
with Eq. (6). 

Recent measurements of the magnetic fluctuations on the 
Macrotor tokamak revealed a broad spectrum of waves peaked 
at 25 kHz and extending up to 100 kHz |26] • For the parameters 
of this experiment the maximum linear growth rate of the 
microtearing mode corresponds to 50 kHz, which is in agreement 
with the observations. Moreover, the magnetic fluctuations 
were apparently not correlated with the density fluctuations, 
suggesting a predominantly electromagnetic mode, such as the 
microtearing mode,as a source of these fluctuations. 
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DISCUSSION 

H. FURTH: You point out that you are able to explain the apparently 
favourable Te-dependence of the neutral-beam-heated PLT plasma in terms of 
an unfavourable Te-dependence, combined with a favourable dependence on 
Tj/Te. What about the results obtained during electron cyclotron heating in 
TM-3, for which there appears to be a favourable Te-dependence, while T /̂Tg 
decreases? 

K. MOLVIG: Fortunately, the formula is too complicated for me to make 
a quick estimate! The G(Tj/Te) function that we have does not decrease mono-
tonically but has maximum at Tj/Te equal to 0.6, so the observation you describe 
may be explicable. 

B.I. COHEN: Could you say more about the numerical calculations now in 
progress that will provide a definitive test for your theory? 

K. MOLVIG: Since the waves are long-lived, we can numerically compute 
the orbits for a many-wave system in the stochastic regime. The orbits are then 
used to evaluate the cumulants that occur in the theory. Preliminary indications 
are that the perturbed-orbit functions are normally distributed to high accuracy, 
as the theory assumes. 

A. S AMAIN: An electromagnetic perturbation at frequency oo with 
parallel wave number ky, parallel potential vector Ay and scalar potential i// 
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normally induces an electron transport proportional to Kvy/L) Ay—i//|2, where 
V|| is the resonant velocity o?/k||. Can the value of vy be much larger along your 
field lines? 

K. MOLVIG: I presume you are referring to the vanishing of De when 
E|| = 0 from inductive effects. Two things keep this from happening. First, the 
resonance is broadened so that CJ = k||V|; does not have to be satisfied and there
fore De is not proportional to |E|||2 but to |0-(v||/c)A|||2, as you said. Second, 
E|| = 0 only within the Alfvén layer and this is narrow compared to the eigen-
function width. 
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Abstract 

CONFINEMENT AND HEATING OF HIGH-DENSITY PLASMAS. 
Given the attractive confinement properties of high-density (n ~ 101S cm-3) toroidal 

plasmas, three main areas have been studied concerning heating and confinement in view of 
future developments of such experiments. The results include (i) the possibility of attaining 
relatively high values of 0 = 8 7rp/B2 in macroscopically stable configurations, the general 
characteristics of these equilibria, the influence of non-ideal (kinetic) effects on the 
considered modes, and the interaction of these modes with charged-particle products of 
fusion reactions; (ii) the nature of internal modes that produce magnetic reconnection, in 
particular the stabilizing effects that occur as more collisionless regimes are achieved; and 
(iii) a transport model that successfully reproduces electron temperature and particle density 
profiles and scalings, and the use of this model to simulate the heating of plasmas in existing 
experimental devices by the injection of lower-hybrid waves. 

1. FINITE-3 LIMIT 

1.1. Sequence of macroscopically stable high-$ configurations 

When the parameter 3 is increased toward finite values 
in a given confinement configuration, the increase of magnetic 
tension in the region of unfavorable magnetic curvature and the 
enhanced variation of the local shear of the field lines have a 
stabilizing effect on ideal MHD ballooning modes. As a conse
quence there exists a new regime of stable configurations [1] 
with values of (3 above a certain threshold. We have studied 
the possibility of attaining such high-3 states through a 
sequence of stable flux-conserving equilibria by exploiting the 
properties of this regime. We have used a truncated power-
series solution of the equilibrium equation around the magnetic 
axis as our analytical model equilibrium configuration, in 
which, for accuracy, values of $p (B-poloidal) below half the 
aspect ratio have been considered. Ellipticity, triangularity, 
and all other shape integration constants are set to zero. 

83 
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Consequently, flux conservation determines unique q and RB 
profiles once the pressure profile is prescribed. The magnetic 
surfaces are circular near the magnetic axis and slightly elong
ated horizontally away from it, unlike most numerical flux-
conserving equilibria studied so far, where fixing the shape 
of the plasma boundary makes the internal flux surfaces elongate 
vertically as the pressure increases. Within the limitations 
of our model, we can show that,for properly chosen equilibrium 
profiles, no region of local instability appears for the flux-
conserving equilibrium sequence considered. Thus for a torus 
of aspect ratio 2.5, we have been able to reach the acceptable 
limits for our analytic equilibrium model, at 6 -1.25 and 
local 3 on axis as high as 17% (8% average 6), without exciting 
any ballooning instability. 

Higher values for the limiting 3 can be expected as a 
result of numerical analysis of configurations with higher 
poloidal 3 and optimal shaping of the magnetic surfaces. In 
addition we notice that our analysis has made use of the infi
nite-domain representation of ballooning modes that couples 
their stability with that of flute-like internal modes. Since 
the latter modes have yet to be observed as having a signifi
cant effect on confinement, we can expect even higher limiting 
3 values if (i) the effect of flute-like internal modes is 
neglected by adopting the "disconnected-mode" approximation, 
which imposes that the mode amplitude vanishes at 0=±TT, 9 
being the poloidal angle; (ii) the plasma column is not 
considered to be macroscopically unstable when the central 
portion of it, which may be subject to instability, is only 
a small fraction (e.g. 1/10) of the total plasma volume. 

In Fig. 1 the high toroidal number ballooning stability 
limits are represented for a flux-conserving sequence in a 
torus of aspect ratio 2.5 in terms of the variables G(ip) = 
-8TTRor

2(dp/d^)(dr/diJj) and s(\J;)=d£nq(ip)/d£nr (\¡>) . The equilibria 
are characterized by a rather flat q-profile (q , /q =1.7). 

For q =1 there are two marginally stable branches around the 
magnetic axis: G 2=4g_ T T s , and the values of gT and g can 

be calculated analytically [1]. For instance, if 3p » 1, we 
have g =0.3, g T = 1 . 6 , and unstable modes around the axis 

obey the approximate dispersion relation given in Ref. [1]. 
For q >1 the unstable domain shrinks and if q ^1.6, the equi
librium sequence is completely stable. Taking q =1.6 and 3 
= 1.25 because of the equilibrium model limitations, we 
obtain the previously quoted 3 values. 

We have also solved the high n ballooning equation for 
several numerical sequences of axisymmetric equilibria with a 
circular conducting shell and different aspect ratios and q(i/0 
profiles [2]. Marginal stability curves are shown in Fig. 2. 
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FIG.l. Ballooning-mode marginal stability 
curves, shown as heavy dashed lines, for 
four analytically generated flux-conserving 
sequences with different q0 values. Each 
light solid line represents an equilibrium 
state labelled by j3p. Only the region where 
the equilibrium model is expected to be 
accurate is displayed. 
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FIG.2. Ballooning-mode marginal stability 
for numerical equilibrium sequences with 
R0/& = 2.5 and scaled q. Equilibria are 
labelled by |3 based on vacuum BT. Heavy 
dashed and light solid curves are analogous 
to Fig, 1. In addition, heavy solid lines re
present the disconnected mode boundary 
and the area below the short dashed 
lines is unstable to localized interchange 
modes. 

A comparison of results obtained from the disconnected-mode 
approximation and from the infinite-domain transformation 
shows that the observed stabilizing effects at high-3 are well 
described by the disconnected mode approximation, even for small 
values of the aspect ratio. The second stability region is 
significantly widened by raising the q(ijj) profile by the scaling 
(RB ) ->• (RB ) -l^const, which leaves the flux surface geometry 
fixed. In the s-G plane, the unstable region shifts away from 
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the magnetic axis toward larger shear, and the width of the 
region at fixed shear, measured in terms of 3 or the pressure 
gradient parameter G, decreases while the second stable region 
expands toward smaller 3 • Higher aspect ratio sequences are 
less sensitive to changes in q. 

1.2. Resonant interaction with charged reaction products 

We have raised the question of whether the resonant inter
action of the charged fusion reaction products, such as the 3.5-
MeV a-particles produced by D-T fusion reactions, with the shear 
Alfven modes from which the ballooning instability evolves as 
G is increased, can enhance the level of the magnetic fluctua
tions that are excited within a plasma column [3]. The next 
question is whether these fluctuations can diminish the confine
ment of the charged reaction products and therefore the energy 
that these can deposit in the plasma. Given this possibility, 
we can argue that large-volume low-field experiments that can 
reach D-T ignition only for finite values of G may exhibit a 
worse a-particle economy than high-field compact experiments. 
On the other hand, after D-T ignition is achieved, both classes 
of experiment are expected to operate at finite values of G, 
and the possible scattering of a-particles by the considered 
modes may have beneficial effects in terms of avoiding the 
development of a thermal instability. 

A detailed account of our analysis on the time evolution 
of magnetic non-normal mode fluctuations in toroidal configura
tions is given in Ref. [4]; their quasi-linear treatment is 
reported in Ref. [5]. 

The temporal evolution of disturbances in axisymmetric 
configurations has been studied analytically in the vicinity 
of the magnetic axis. The combined effects of shear and toroid-
icity are conveniently described by an "effective potential", 
similar to that of a quantum-mechanical system, whose shape 
depends on the particular equilibrium. When the effective 
potential is of sufficient depth, unstable normal modes appear. 
Significant amplification of the considered fluctuations is 
found only in regimes close to the instability conditions for 
ballooning modes; hence we indicate these as "opalescent" 
fluctuations. In particular, the opalescent region, in param
eter space, is considerably wide near the boundary of the second 
stability region. Here a local minimum in the effective poten
tial gives rise to a "quasi-discrete" spectrum, as in the case 
of quantum-mechanical systems that disintegrate. Thus, while a 
wavepacket is temporarily "trapped" in the local minimum of the 
relevant effective potential, it is amplified by its resonant 
interaction with the charged reaction products. 
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1.3. Kinetic theory 

In a collisionless plasma a kinetic rather than a fluid 
treatment of the stability of ballooning modes becomes neces
sary. The stability of configurations to modes that grow on the 
MKD scale is determined by the kinetic energy principle [6"]. A 
configuration that is predicted to be stable on the basis of 
the kinetic energy principle may still be unstable to modes 
whose growth rate is comparable to the diamagnetic or curvature 
drift frequency. 

We have therefore examined the small-Larmor-radius limit 
of the collisionless kinetic equations suitable for electro
magnetic perturbations in a plasma of arbitrary 3. By consid
ering modes with relatively large perpendicular wavelengths, 
we have derived a set of three coupled, ordinary, integro-
differential equations that describe the "along-the-field-line" 
structure of the mode. For equal electron and ion temperatures, 
this system of equations admits purely growing solutions. We 
have combined these equations into a maximizing, variational 
quadratic form. By considering the limited class of trial 
functions in which the parallel electric field vanishes, we 
derive the following condition for instability; <SW+oWJ<0. 
Here <5W is equivalent to the potential energy change of an 
isothermal fluid and <SW' is a kinetic correction due to the 
presence of trapped particles. An estimate of the kinetic 
correction indicates that it will become destabilizing in a 
high-3 plasma when a magnetic well is dug, and the particle 
drifts reverse direction (while the overall magnetic curvature 
is unfavorable). However, the effect of this term may be 
diminished by reduction of the trapped-particle population 
with increasing 3» We are currently undertaking a detailed 
numerical examination of these competing effects. 

2. MAGNETIC RECONNECTION 

We have analysed the properties of modes that produce 
magnetic reconnection in collisionless regimes and found that 
they tend to be more stable, according to linear theory, than 
in the collisional (resistive) regime. In Ref. [7] it was 
realized that the collisionless analysis, which was based on 
the solution of a set of coupled differential equations, tended 
to break down when electron and ion temperatures were compar
able , i.e. when T̂ /T.̂  ~1 and r\&=d&nTe/d&nn ~1, which is 
typical of actual conditions. 

We have examined the problem in the limit in which these 
conditions hold and the mode structure is determined by an 
integral equation, derived by substituting the perturbed charge 
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densities and currents obtained from the solution of the rele
vant Vlasov equation into the quasi-neutrality condition and 
the z-component of Ampere's law. These equations are 

T. 
i 

and 

d^A 

dx2 

+ G' 

2c 

v"d' e 

0), 

OJ 

0) 

k„c 

0J_ 

Lk|, 
A -

(1-2) 

(2-2) 

where d' C2/ü32 
P 

00 is the Langmuir frequency; 

ô =0)L / k v , k,, = k x /L ; OJ. = - k cT / ( e B r ) i s t h e 
e s y e i l y s * y e o n 
electron drift frequency, and G*$ is an integral operator 
that yields the response of the ions to all orders in the ion 
gyroradius. The quantity P is related to the collisionless 
electron conductivity 

P (A) = I — 
ev J V OJ 

-1 l +AZ(A)| +-n e A2+AZ(A)(A2 -i) 

where Z(A) is the plasma dispersion function. The boundary 
conditions to be applied to Eqs (1-2) and (2-2) are that 
cj> - 0J A/kj| c-K3(E(|->0) as x->°°, and that A(x) match onto 

the external solution A-*A (l+|x|Af/2) as x->°°. For a 
o ^ I 

low 3 plasma we find A(x)=A (A constant) and obtain, from 
the matching condition, 

A A' = 
o dx 

2 c 2 

v 2 d 2 

e 

W P 
k,, c 

A - ï ( x ) 
i ° 

(3-2) 

Then we solve analytically the inhomogeneous equation (1-2) for 

$(x) for the case <5 /p.«l [8]. In these circumstances 

a first approximation to (}>(x) is obtained by neglecting G 
in Eq.(l-2). Physically this corresponds to treating the ions 
as adiabatic near the singular surface where, because of their 
large gyroradii, they are unable to respond to the rapid vari
ations in $(x). This first approximation determines the real 
frequency of the mode (OJ = 0) + ôo)) ; typically, OJ £0)}V(l+n /2) . 

The growth rate is determined by treating A1 and G*cj> 
as corrections. Evaluation of the contribution of the integral 
operator is accomplished by obtaining a matched asymptotic 
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expansion [8] for the Fourier transform of <J>(x). The expres
sion for <5w can be written 

V 
,00) ., V d2A' Ls/V ç 
co. e x . ô r m. e 

n i 

T r m. 2 

e 1. L m 
x s e 

(4-2) 

where A and I are numerical coefficients of order unity. 
Estimates of the quantities in Eq.(4-2) show that in proposed 
toroidal fusion experiments A'a^lOO is required for insta
bility by linear theory, where a is the plasma minor radius. 

We have also examined the stability of m = 1 modes in a 
collisionless plasma, by considering two different asymptotic 
limits: one in which these modes would be marginally stable if 
treated in the ideal MHD approximation and the other in which 
they would be stable. In the former case we find to ~ co. + iy 
with |Y/W* I < 1 and observe that a finite temperature gradient 
is sufficient to make y<0. In the latter case, the theory of 
this mode is similar to that of modes with m > 2, and the 
growth rate is given by Eq.(4-2) with A' replaced by 
-7r/(X^r0) where A.̂  is a dimensionless quantity that measures 
the growth rate of the ideal MHD internal kink mode and is 
determined by the solutions in the "outer" region and q(r ) = 1. 
In this case we may expect the stabilizing effect discussed pre
viously to be important. 

The results obtained indicate clearly that the 
stability properties of these modes depend on the dynamics of 
a very narrow layer whose width is about an ion gyroradius. 
On the other hand, if we measure the importance of nonlinear 
effects by comparing the width of this region with the width 
of the magnetic islands that these modes might produce, we 
find that relatively small mode amplitudes are sufficient to 
make nonlinear effects important. 

3. TRANSPORT AND HEATING 

3.1. Electron thermal energy transport 

An expression for the diffusion coefficient of the elec
tron thermal energy, that reproduces both the electron tem
perature profiles and the scaling for the electron energy 
confinement time observed in a relatively large variety of 
experiments, has been derived on the basis of global macro
scopic constraints and the identification of a characteristic 
dimensionless "number" [v9r]. This "number" represents the 
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underlying microscopic processes (effects of finite colli-
sional resistivity on electrostatic modes). The considered 
stationary state constraints are: 

Regularity and macroscopic stability of the current 
density profile; 

Electron thermal energy balance; 
Assumption that the electron thermal energy transport 

results from a diffusion process, hence the diffusion coeffi
cient is independent of local gradients of the relevant plasma 
parameters; 

Relation of the current density to the applied electric 
field by the collisional conductivity; 

The applied loop voltage is constant in space. 

The dimensionless number mentioned earlier is 

0J . 

C. ED -Ci- (1-3) 
i n v2, Vi JJ 

the 

where D Erl c l c
2/4ir and n _ is the classical resistivity. 

The derived thermal diffusion coefficient can be written as 

J* ( r ) 

Dth^ £d ^ 7 - X A (2-3) 

where JA(r) = L.(r)/(ïïr
2), I. being the total plasma current 

contained within the radius r, 

15 \ 1 2/s 

A - ¿2. -E x i- c. (3-3) 
8TT J 8ir i o 

where B = L.(r=a)/5a; a is the plasma minor radius; B is 

in gauss, L. in amperes and J = JA(r = 0) is in A.cm" . The 

value of the numerical coefficient £, has been estimated as 
about 0.4 from simulating the profiles obtained by experiments 
carried out on the FT device in conditions where no detectable 
electromagnetic fluctuations of the plasma column existed while 
the electron temperature profile was close to a Maxwellian. 
In regimes where Z -1, and most of the thermal energy is 
lost through the electrons while this is supplied by Ohmic 
heating, Eq. (2-3) leads to the following expression for the 
loop voltage: 

R /s 
eV„ * e, ~ T C. (4-3) 
II d 4a e x 
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which agrees with the values of V.. observed in a wide variety 
of experiments [10], including the W VII stellarator, where 
R/a is about 18 (see Papers H-2-1 and H-2-2 in these Proceedings) 

3.2. Particle transport 

Following the same method indicated in Section 3.1, and 
after analysis of a number of discharges where the neutral mean 
free path À f <<a and Z __ - 1, we have been led to express 
the anomalous particle as the result of an outward 
diffusion and an inflow process that are in different forms 
related to the transport of electron thermal energy, i.e. 

ran = (_e + 2 a r \ (5_3) 

P \3r P e a2 J 
Q 

Here we take D = £ D , , £ being a numerical coefficient, p p th p 
while otp is estimated in relatively high density regimes, 
where the rate of energy transfer to the ions is significant 
in the electron energy balance equation, by the condition [9 ] 
that the density profile be consistent with the radial depen
dence of all the terms entering this equation. Thus we find 
n /n - T /T and a - am= (a/r)

2 £n(T /T ). The inward flux 
e o e eo p T eo e 
is assumed independent of the electron temperature gradient, 
for it was observed in several experiments that significant 
changes in the electron temperature profile (caused by varying 
the ratio B /I) are not accompanied by any noticeable variation 
in the density profile [11]. 

The coefficients £ and a are obtained by simulating 
D P 

the density profiles in a variety of experiments (Alcator A, 
FT, PLT and T-10). In these simulations the collisional flux 
and the particle source term are evaluated using measured data 
and the results of a Monte Carlo code, and £ - 1 has been 
found to be an acceptable estimate. Furthermore, in inter
mediate and low density regimes where electron conduction is 
the main electron energy loss mechanism, we find that the 
measured density profiles, which are broader than the electron 
temperature profiles, can be reproduced if we choose ot = 
a x (l - r2/a2) l. Here a is of order unity and is an increasing 
function of the line average density n. We note that in these 
regimes the Ware effect is important in the vicinity of the 
center (typically r/a < 0.3 for £ -1). 

These expressions for a are then combined in a simple 
form ap = a /[1+ (a n /n) (1 - r2/a2)], which enables us to 
reproduce the observed steady-state density profiles over a 
wide density range in Alcator A, as well as the rate of density 
build-up during gas injection. Here n is a characteristic 
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average density which indicates the transition between the two 
regimes considered earlier. We have also examined the possi
bility that T = - D 8n /8r, and have considered various empiri
cal expressions for the coefficient D proposed recently by 
other authors. We found (for experiments with A _ « a and 
Z ff - 1) that this expression for T yields flat density 
profiles over most of the plasma radius and that these are not 
consistent with the experimental evidence [ ll]. 

3.3. Lower-hybrid heating 

The 1-D toroidal transport code in use at MIT [12] has 
been modified to model the propagation and absorption of 
externally launched lower-hybrid waves [13]. The basic code 
solves for the time evolution of the electron and ion tempera
tures, the plasma and neutral density, and the poloidal mag
netic field. 

A spectrum (in longitudinal wavelength) of lower-hybrid 
waves is assumed to be launched at the edge of the plasma. The 
propagation and absorption of lower-hybrid waves is calculated 
according to quasilinear theory, as it applies to electrostatic 
waves in a straight cylinder. The spectrum of waves used can 
be either one predicted by linear theory [14] or one designed 
to mock up the effects of parametric decay at the edge. 

The quasilinear evolution of the parallel electron distri
bution is determined by solving a steady-state 1-D Fokker-Planck 
equation at each radius and time step of the simulation. The 
resulting distribution function is then used to evaluate self-
consistently the electron contribution to the wave damping. 
The absorbed energy is used as a source for the bulk electrons. 

The quasilinear formation of an energetic ion tail is 
simulated by assuming that high-energy ions can be represented 
by an anisotropic Maxwellian distribution function. We then 
derive a set of conservation equations for the tail particle 
density and the parallel and perpendicular tail energy densi
ties. These equations include, in a phenomenological way, the 
effects of microwave (m.w.) energy deposition, pitch-angle 
scattering, slowing down on bulk ions and electrons, losses 
from banana orbits, losses due to toroidal field ripple, and 
"neoclassical" particle diffusion of banana orbits. The terms 
describing tail-bulk equilibration are used as sources for the 
bulk electron and ion energy densities. 

We have used this model to investigate the possible out
come of the "proof of principle" lower-hybrid heating experi
ment to be undertaken on the Alcator C device of MIT. Our 
calculations indicate that there is an optimum density for the 
operation of the device with deuterium plasma, which yields 
reasonably acceptable values for both the confinement parameter 
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FIG. 3. Time dependence of the ion 
temperature profile when 2.4 MW of micro
wave power at 4.6 GHz is injected into a 
deuterium plasma with central density 
1.0 X 101S cm'3. Other model parameters 
are given in the text. 

noTE an(* the central ion temperature T^0 that are relevant 
to reaching ignition conditions. The effect of increasing the 
density above the optimum value is to increase nQTg while 
shifting the m.w. absorption region toward the outside of the 
plasma column, thus decreasing Ti0 . When we decrease the 
density, the opposite occurs, complicated by a shift from m.w. 
absorption by ions to absorption by electrons. 

In Fig. 3, we show the time dependence of the ion temper
ature profile for a typical simulation in which 2.4 MW of 
standing wave m.w. power at 4.6 GHz with a power spectrum in 
parallel index of refraction n» within the range 2<|n.| |<6 
penetrates into a deuterium plasma with initial central den
sity nQ= l.OxlO

15 cm-3, initial plasma current of 600 kA, 
and BT = 100kG. At t = 200 ms , nQTE is about 6x1013 

s•cm"3 for this case and Tio is 3.4 keV. These results 
are encouraging for the use of lower-hybrid auxiliary heating 
to approach thermonuclear conditions in high-density toroidal 
plasmas. 

If we decrease the m.w. power input to 1.2 MW, which is 
perhaps more realistic experimentally than 2.4 MW, T^ 
decreases to 2.8 keV. Operation with hydrogen plasma, because 
of concern about high neutron fluxes,requires considerably 
lower densities than with deuterium to obtain reasonable 
central ion heating. 

This work was sponsored in part by the U.S. Department 
of Energy (Contract E-AC02-78ET53073.A002). 

REFERENCES 

[1] C0PPI, B., FERREIRA, A., RAMOS, J.J., Phys. Rev. Lett. 
44 (1980) 990. 

[2] SUGIYAMA, L., MARK, J.W-K., MIT/RLE Report PRR-80/7 (1980) 



94 ANTONSEN et al. 

[3] COPPI, B., PEGORARO, F., Comments on Plasma Physics and 
Controlled Fusion 5. (1979) 131. 

[4] COPPI, B., FERREIRA, A., MIT/RLE Report PRR-80/1 (1980); 
COPPI, B., PEGORARO, F., MIT/RLE Report PRR-80/3 (1980). 

[5] PEGORARO, F., MIT/RLE Report PRR-80/9 (1980). 
[6] KRUSKAL, M.D., OBERMAN, C.R., Phys. Fluids 1 (1958) 275; 

ROSENBLUTH, M.N., ROSTOKER, N., Phys. Fluids _2 (1959) 23. 
[7] COPPI, B., MARK, J.W-K., SUGIYAMA, L., BERTIN, G., Phys. 

Rev. Lett. 42_ (1979) 1058; Ann. Phys. 119 (1979) 370. 
[8] ANTONSEN, T., COPPI, B., MIT/RLE Report PRR-79/23 (1979), 

to be submitted to Phys. Lett. 
[ 9] COPPI, B., MIT/RLE Report PRR-79/20 (1979), to be published 

in Comments on Plasma Physics and Controlled Fusion. 
[10] COPPI, B., MAZZUCATO, E., MIT/RLE Report PRR-78/40 (1978), 

and Phys. Lett. TLA (1979) 337. 
[11] COPPI, B., SHARKY, N., MIT/RLE Report PRR-80/4 (1980), 

submitted to Nucl. Fusion; MIT/RLE Report PRR-79/25 (1979). 
[12] ANTONSEN, T., COPPI, B., ENGLADE, R., Nucl. Fusion 19_ 

(1979) 641. 
[13] ENGLADE, R., ANTONSEN, T., PORKOLAB, M., SCHUSS, J., Bull. 

Am. Phys. Soc. 2Á (1979) 1020. 
[14] BRAMBILLA, M., Nucl. Fusion 16 (1976) 47. 

DISCUSSION 

S. INOUE: In the transport problem you apply the energy conservation 
law, integrating it over the plasma column. I would like to ask how you deal 
with the momentum conservation, which dictates the cliange in the radial profiles 
of the plasma density, current and so on. 

B. COPPI: The transport model I presented has in fact been incorporated 
into a one-dimensional transport code that simulates many of the processes 
occurring in a toroidal configuration and includes the appropriate momentum 
conservation equations. 

R.J. TAYLOR: In your scaling do you use R2, a2, or R3 (like Kadomtsev)? 
B. COPPI: I did not in fact give a scaling for the energy replacement time 

but a particular expression for the local diffusion coefficient of the electron 
thermal energy. This is proportional to [B0/(nTe)] • (a/r), where B9 is the poloidal 
field at r, a is the plasma-column minor radius, and nTe the electron pressure. 
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Abstract 

PLASMA CONFINEMENT EXPERIMENTS IN THE TMX TANDEM MIRROR. 
Results from the new Tandem Mirror Experiment (TMX) are described. Tandem-

mirror density and potential profiles are produced by using end-plug neutral-beam injection 
and central-cell gas-fuelling. TMX parameters are near those predicted theoretically. The end-
plug electron temperature is higher than in the comparably sized single-mirror 2XIIB. Axial 
confinement of the finite-beta central-cell plasma is improved by the end plugs by as much as 
a factor of nine. In TMX, end-plug microinstability limits central-cell confinement in 
agreement with theory. 

1. INTRODUCTION 

The tandem-mirror magnetic fusion approach [ l , 2 ] has a 
number of de s i r ab l e engineer ing and physics a t t r i b u t e s . 
Gamma-6 experiments demonstrated the es tabl ishment of tandem-
mir ror dens i ty and p o t e n t i a l p r o f i l e s [ 3 ] . The TMX experiment 
[4 -6] descr ibed here has demonstrated fu r the r fundamental 
tandem-mirror p r i n c i p l e s . Notably, the measured TMX param
e t e r s are near those predic ted t h e o r e t i c a l l y , and mirror con
finement i s found to be improved, up to a fac to r of 9, with 
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FIG.l. Schematic drawing of the TMX 
magnet and neutral-beam system used to 
produce the tandem-mirror axial magnetic 
field, density, and potential profiles. 

H i g h e r e l e c t r o n t e m p e r a t u r e s a r e 
a c h i e v e d i n TMX t h a n i n t h e e a r l i e r s i n g l e - c e l l m i r r o r e x p e r i 
ment 2XIIB [ 7 , 8 ] . 

I n TMX, a p p r o x i m a t e l y 400 l i t r e s of p l a sma a r e c o n f i n e d 
i n a 0 . 1 - 0 . 2 - T s o l e n o i d whose ends a r e p lugged w i t h 2-T mag
n e t i c m i r r o r s and p o s i t i v e e l e c t r o s t a t i c p o t e n t i a l b a r r i e r s . 
The e n d - p l u g p lasmas a r e c o n f i n e d by minimum-B magne ts t h a t 
h a v e f a v o r a b l e c u r v a t u r e and so p r o v i d e magne tohydrodynamic 
(MHD) s t a b i l i t y to t h e c e n t r a l c e l l . The h i g h - e n e r g y 
(~10-keV) p l u g i o n s h e a t t h e c e n t r a l - c e l l p l a sma to h i g h b e t a 
( 0 . 1 ; w i t h c e n t r a l - c e l l n e u t r a l beams , l o c a l b e t a s up t o 0 . 5 
a r e a c h i e v e d ) . 

2 . TMX PLASMA PRODUCTION AND PARAMETERS 

The TMX magnet s e t shown i n F i g . 1 p r o d u c e s t h e i l l u s 
t r a t e d m a g n e t i c f i e l d p r o f i l e . The TMX plasma i s h e a t e d and 
s u s t a i n e d by 24 n e u t r a l beams . N e u t r a l - b e a m c u r r e n t s e x c e e d 
i n g 200 e q u i v a l e n t a tomic amperes p e r end p lug have been i n 
j e c t e d w i t h an a v e r a g e a c c e l e r a t i n g v o l t a g e of a b o u t 17 keV 
and a mean e n e r g y p e r atom of 13 keV. About 400 kW have been 
t r a p p e d by t h e e n d - p l u g p l a s m a s . To t r a p t h e n e u t r a l - b e a m 
atoms and i n i t i a t e b u i l d u p of t h e p l u g s , a t a r g e t p l a sma i s 
p roduced by a 5-ms p u l s e from four d e u t e r i u m - l o a d e d -
t i t a n i u m - w a s h e r p lasma g u n s . The c e n t r a l c e l l i s f u e l e d by a 
gas f e e d . 

P lasma p a r a m e t e r s i n TMX a r e c o n t r o l l e d by n e u t r a l - b e a m 
c u r r e n t (power) and c e n t r a l - c e l l gas f e e d , a s w e l l a s by 
m a g n e t i c f i e l d s t r e n g t h . R a d i a l and a x i a l p r o f i l e m e a s u r e 
ments of d e n s i t y , p lasma p o t e n t i a l , and e l e c t r o n t e m p e r a t u r e 
a r e i l l u s t r a t e d i n F i g . 2 . The a x i a l m a g n e t i c f i e l d and f i e l d 
l i n e p r o f i l e s a r e a l s o shown fo r r e f e r e n c e . The e x i s t e n c e of 

C-coil ' 
Transition 
coils 

Octupole coil 
Plasma flux tube 

Neutral-beam 
injectors 

electrostatic end plugging. 
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FIG.2. Radial and axial measurements of 
plasma potential <f>, electron density ne, 
and temperature Te. 

an axial potent ial well has been measured with a thallium-ion-
beam probe to measure the cent ra l -ce l l potential and a gridded 
end-loss analyzer to measure the plug potential on axis . The 
measured end-plug radial size is determined by the neutra l -
beam size , while the measured cent ra l -ce l l radius follows by 
flux conservation from the plug radius (Bpr2 = Bcr£). 

Measurements of par t ic le and power flow indicate several 
sa l ient features of TMX. Neutral beams supply par t ic les to 
the end plugs and supply power to both the end plugs and 
central c e l l . The cent ra l -ce l l gas feed is 10 to 100 times 
larger than the trapped end-plug beam currents . Preliminary 
modeling [6] of gas penetration to the central flux tube 
roughly predicts the measured axial loss currents. Measure
ments of power flow in the one case studied indicated that 
approximately 70% of the power flow went to end walls and 30% 
to the cent ra l -ce l l wall . About a third of the cent ra l -ce l l 
power loss was accounted for by impurity radiat ion, predomi
nantly titanium, oxygen, nitrogen, and smaller amounts of 
carbon. Another significant fraction of the cent ra l -ce l l 
power loss can be at t r ibuted to hydrogen gas feed excitation 
and charge-exchange recycling. 

The observed parameters have been modeled [4] using 
point-model p a r t i c l e - and energy-balance computer codes [9 ] . 
They predict centra l -cel l parameters within about a factor of 
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2 i n most c a s e s where t h e c e n t r a l - c e l l d e n s i t y exceeds o n e -
t h i r d t h e p lug d e n s i t y . I n o t h e r c a s e s , t h e e f f e c t of i o n -
c y c l o t r o n f l u c t u a t i o n s i n t h e end p l u g on c e n t r a l - c e l l h e a t i n g 
and c o n f i n e m e n t becomes i m p o r t a n t , a s d e s c r i b e d be low. 

H e a t i n g of t h e c e n t r a l - c e l l p lasma by t h e end p l u g s has 
p roduced c e n t r a l - c e l l b e t a s up to 10%. S i n c e b e t a c o n t i n u e s to 
i n c r e a s e w i t h p l u g beam c u r r e n t and b e c a u s e b e t a i s i n t h e 
r a n g e p r e d i c t e d by t h e p o i n t - m o d e l p a r t i c l e - and e n e r g y -
b a l a n c e c a l c u l a t i o n s , we c o n c l u d e t h a t t h e s e b e t a s a r e d e t e r 
mined by a v a i l a b l e h e a t i n g power and c e n t r a l - c e l l con f inemen t 
r a t h e r t h a n by t h e o r e t i c a l MHD l i m i t s , which have n o t been 
exceeded i n TMX. N e u t r a l - b e a m i n j e c t i o n of 15-keV i o n s i n t o 
t h e c e n t r a l c e l l has p roduced s h o r t ( 4 0 - c m ) , l a r g e - L a r m o r -
r a d i u s p l a smas w i t h b e t a s of a b o u t 50% i n t h e m i d d l e of t h e 
c e n t r a l - c e l l where beams were i n j e c t e d . 

An a d v a n t a g e of t h e tandem m i r r o r ove r a s i n g l e m i r r o r 
i s t h a t a x i a l l o s s of t h e c e n t r a l - c e l l p lasma p r o v i d e s p lasma 
flow t h r o u g h each end p lug t o s u p p r e s s l o s s - c o n e - d r i v e n m i c r o -
i n s t a b i l i t i e s . S u p p l y i n g t h i s plasma flow from t h e c e n t r a l -
c e l l r a t h e r t h a n from t h e end r e g i o n s , as i n 2XIIB, a l l o w s TMX 
t o o p e r a t e w i t h low d e n s i t i e s (~2 x 10"cm"^) a t t h e end 
w a l l [ 1 0 ] . 

E l e c t r o n t e m p e r a t u r e s i n TMX a r e h i g h e r (up t o 260 eV) 
t h a n e v e r o b s e r v e d i n 2XIIB (180 eV) , even though much more 
power was t r a p p e d i n 2XI IB . Th i s i m p l i e s a b o u t two o r d e r s of 
m a g n i t u d e improvement i n e l e c t r o n ene rgy con f inemen t s i n c e TMX 
c o n t a i n s many more e l e c t r o n s i n t h e l a r g e c e n t r a l c e l l . I n 
a d d i t i o n , b e c a u s e of t h e end p l u g s , t h e r e i s no s i g n i f i c a n t 
l o s s cone i n t h e c e n t r a l c e l l , and t h e c e n t r a l c e l l i s 
e x p e c t e d t o be much more s t a b l e t h a n t h e end p l u g s . I n c o n 
f i r m a t i o n , no f l u c t u a t i o n s a t t h e i o n - c y c l o t r o n f r e q u e n c y a r e 
d e t e c t e d i n t h e c e n t r a l c e l l . 

3 . 'AXIAL CONFINEMENT IN THE TMX CENTRAL CELL 

We d e t e r m i n e t h e o n - a x i s c e n t r a l - c e l l a x i a l - c o n f i n e m e n t 
p r o d u c t from measurement s a t r = 0 of t h e c e n t r a l - c e l l d e n s i t y 
n c and t h e e n d - l o s s c u r r e n t d e n s i t y j c : 

( n x ) = en 2 L / j ( 1 ) 
c c c c 

We compare this measured confinement product with mirror con
finement without end plugging 

. .. w (2) 
1C 1 I 11 w C 

where the two terms describe collisional loss in the short and 
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End-loss current — 
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FIG. 3. Direct evidence of end plugging. 
When the east plug is turned off at 20 ms, 
the current flowing out the east end 
increases relative to the west end indicating 
west-end electrostatic plugging. 
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long mean-free-path l i m i t s , r e s p e c t i v e l y (TMX has operated in 
both reg imes) . We have observed a x i a l confinement up to 9 
times t h a t expected wi thout end plugging, i . e . , (nT) c / (nT) m up 
to 9 . 

D i r e c t evidence of e l e c t r o s t a t i c end plugging has been 
obtained by tu rn ing off the n e u t r a l beams t h a t f i r e i n t o one 
end p lug . When t h a t end-plug dens i ty decays, we measure t h a t 
the conf ining p o t e n t i a l well decays. More loss cur ren t flows 
through t h a t end plug as shown in F ig . 3 . Since the flow out 
of the c o l l i s i o n a l c e n t r a l c e l l i n t o the end plugs i s equa l , 
we conclude t h a t end plugging e x i s t s . The end plugging i s 
e l e c t r o s t a t i c and not " r f plugging" because we observe t ha t 
degraded c e n t r a l - c e l l confinement occurs for g r ea t e r r f 
f l u c t u a t i o n s . 

When the c e n t r a l - c e l l confinement i n c r e a s e s , the cu r ren t 
dens i t y j c flowing through the end plugs dec reases . If j c 

decreases below t h a t requi red for the m i c r o s t a b i l i t y , end-plug 
f l u c t u a t i o n s i n c r e a s e . This e f fec t i s i l l u s t r a t e d in F ig . 4 . 
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In t h i s e x p e r i m e n t , t h e n e u t r a l - b e a m c u r r e n t was i n c r e a s e d 
w h i l e m a i n t a i n i n g a f i x e d c e n t r a l - c e l l gas f e e d . A c c o r d i n g t o 
t h e o r y , t h e s t a b l e l i m i t on t h e e n d - p l u g - t o - c e n t e r - c e l l den
s i t y r a t i o n p / n c was 3 f o r t h i s e x p e r i m e n t . As n p / n c 

i n c r e a s e d from 3 t o 7 , t h e f l u c t u a t i o n s a t t h e i o n - c y c l o t r o n 
f r e q u e n c y i n t h e end c e l l ( d e t e c t e d i n t h e c e n t r a l c e l l ) 
i n c r e a s e d an o r d e r of m a g n i t u d e . 

At low f l u c t u a t i o n l e v e l s , t h e o b s e r v e d a x i a l c o n f i n e 
ment was c l a s s i c a l and s i g n i f i c a n t l y exceeded t h e c o n f i n e m e n t 
e x p e c t e d w i t h o u t e l e c t r o s t a t i c p l u g g i n g . As t h e f l u c t u a t i o n 
l e v e l i n c r e a s e d , c e n t r a l - c e l l a x i a l con f inemen t d e c r e a s e d , 
c o n s i s t e n t w i t h t h e t h e o r y of Matsuda and R o g n l i e n [ l l ] which 
d e s c r i b e s t h e e f f e c t s of p lasma f l u c t u a t i o n s on c e n t r a l - c e l l 
c o n f i n e m e n t . 

4 . CONCLUSIONS 

The e x p e r i m e n t s r e p o r t e d h e r e d e m o n s t r a t e t h a t a f i n i t e -
b e t a t a n d e m - m i r r o r c o n f i g u r a t i o n can be e s t a b l i s h e d and s u s 
t a i n e d by n e u t r a l - b e a m i n j e c t i o n and t h a t a x i a l c o n f i n e m e n t i s 
improved by e l e c t r o s t a t i c end p l u g g i n g . End -p lug m i c r o -
s t a b i l i t y imposes an upper l i m i t on TMX c e n t r a l - c e l l c o n f i n e 
m e n t . N e a r - t e r m e x p e r i m e n t s w i l l be d i r e c t e d toward m e a s u r e 
ments of a x i a l and r a d i a l c e n t r a l - c e l l p a r t i c l e and power 
b a l a n c e . I n t h e l o n g e r r a n g e , m i c r o s t a b i l i t y improvements and 
t h e r m a l b a r r i e r s w i l l be added t o TMX. 
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DISCUSSION 

D.D. RYUTOV: You reported that the maximum electron temperature 
obtained on TMX was 260 eV. One would expect ambipolar confinement to be 
better in such a case. Was this true? 

T.C. SIMONEN: The highest electron temperatures are generally obtained 
with a low central-cell gas feed (central-cell density). As can be seen from 
Fig. 4, this condition does not represent the optimum confinement. 

D.D. RYUTOV: Do you mean that in shots with Te s 260 eV you 
always observed a high level of fluctuations? 

T.C. SIMONEN: I believe that fluctuations are generally strongest at 
the highest electron temperatures since then the end plus ambipolar hole is 
largest. 

A. Y. WONG: After the east beam is turned off there is a delay of a few 
milliseconds before the loss current is increased in the east end. Is this delay 
expected? 

T.C. SIMONEN: Yes, because the end loss should not increase until the 
east end plug density and potential decay. According to our measurements, 
it takes 1—2 ms for them to decrease to the respective central-cell values. 

A.Y. WONG: Figure 4 shows that the TMX data agree with the classical 
theory of Matsuda and Rognlien. Are the fluctuations in the experiment at a 
sufficiently low level for this agreement to be expected? 

T.C. SIMONEN: Yes, at low fluctuation levels the experimental con
finement parameters are near the classical values. The theory of Matsuda and 
Rognlien describes how TMX confinement is degraded by higher-level RF 
fluctuations. 

T. SATO: What is the energy confinement time for the central cell plasma? 
T.C. SIMONEN: About 1-2 ms. 





IAEA-CN-38/F-2-1 

INITIAL RESULTS FROM THE 
TANDEM MIRROR PHAEDRUS* 

R, BREUN, J. CONRAD, S. GOLOVATO, J. KESNER, 
R.S. POST, J. SCHARER, R.E. SIEMON**, D. SMITH, 
D.A. BROUCHOUS, D. GAMAGE, S.F. HORNE, T. PIAN, 
D.R. PIRKLE, D. SMATLAK, J. YUGO, L. YUJIRI 
The University of Wisconsin-Madison, 
Madison, Wisconsin, 
United States of America 

Abstract 

INITIAL RESULTS FROM THE TANDEM MIRROR PHAEDRUS. 
The tandem mirror Phaedrus was designed with the aim of testing RF-heating techniques 

for auxiliary heating, low-energy neutral-beam re-fuelling and confinement properties of 
tandem mirrors. Fundamental ion cyclotron heating has been used to increase plug energy 
content during stream gun start-up by a factor of 10. Second-harmonic ion cyclotron heating 
has generated strong ion-tail heating. Studies of the tandem configuration demonstrate the 
problem of magnetic-field error and techniques to minimize the problem. Stable tandem 
confinement has been achieved with fundamental heating in both end plugs. 

INTRODUCTION 

The tandem mirror Phaedrus was designed with the aim of 
testing RF heating techniques for auxiliary heating, low energy 
neutral beam refueling and confinement properties of tandem 
mirrors. The basic design parameters and machine schematic are 
given in Fig. 1. While neutral beam construction is being 
completed, the experiments are being performed using Ti washer 
guns which produce plasma in both the end plugs and central cell. 
The resultant initial target plasma parameters are listed in 
Table I-A. The washer guns operate for up to 1.5 msec and continu
ously refuel the end plugs. The stream guns have the undesirable 
property of maintaining thermal contact through a high density, 
n < 4 x 1013/cm3, stream between the gun and the plug plasma. 
The stream electron heat conduction dominates the electron energy 
balance in the current experiments. 

In experiments on auxiliary heating of the end plug, plasmas 
have been heated at u . and 2OJ .. The effect of RF heating on a 

ci ci 3 
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FIG.l. Schematic drawing of Phaedrus coil set, vacuum chamber and 7-cm plug-radius 
plasma boundary. The table gives design values including neutral-beam injection. 

mirror plasma has been analyzed using a Fokker-Planck code in 
which RF has been added using a quasi-linear diffusive model. 
Spatial dependence along a field line is included in the bounce 
average approximation. This feature permits observation of the 
effect of Doppler broadening of the heating zone and movement of 
the wave-particle resonance zone in real space. 

Calculations have been done for the slow ion cyclotron and 
fast magnetosonic waves for parameters similar to those in the 
experiment. For slow wave heating, all particles satisfying the 
resonance condition OJ . - u - k„v„= 0 interact with the RF field. 
Thus diffusion in velocity space may occur for all values of v,. 
The result of calculations with the loss cone empty show that 
while E. may be increased by RF heating, the RF induced diffusion 
into the loss cone results in little change in the ion energy 
density due to the reduced particle confinement time. 

Heating at 2w . is velocity dependent with an RF diffusion 
term D^ctC^p,)2. Velocity space diffusion decreases as v, 
approaches the loss cone hole. RF heating results in tail pro
duction and an increase in ion energy density even with the loss 
cone empty. Thus fast wave heating may be extrapolated to reactor 
plug plasmas. 
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TABLE I. PARAMETERS AT CROWBAR 

Case E! T E (stream on/off) Coupled RF Z-antenna 

A N o R F 5 X 1 0 1 2 c m ~ 3 100 eV 30eV/10eV 

B cocI 

m = 0 5 X 1 0 1 2 c m ~ 3 300 eV 30eV/10eV 50 kW 0.3 + J19Í2 

C coCI 

m = l 7 X 1 0 1 2 c m ~ 3 1 keV 30eV/17eV 50 kW 0.3 + J15Í2 

D 2CJ C I 

m = l 5 X 1 0 1 2 c m - 3 see Fig.4 30eV/10eV 12 kW 0 . 1 + J 1 9 Í 2 

70 GHz INTERFEROMETER 
HORNS (2) 

LANGMUIR PROBE 

FAST WAVE 
ANTENNA 

POLYCHROMATOR-
SWIVEL PROBE 

FIG.2. Schematic of plasma flux tube showing principal diagnostics and the ICRF antennas 
on east-end plug. 
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HEATING AT u 
CI 

Fundamental resonance heating experiments have been carried 
out in a single plug and in the tandem mirror mode. The antenna 
is a 1 cm dia. copper tube covered by an 18 mm ceramic tube 
located 20 cm off the midplane where w < w ., as shown in Fig. 2. 
The antenna is located 6 cm radially from cithe z axis. At this 
location the plasma has an elliptical cross section of 5 cm x 30 cm. 
The antenna can be cun as an m = 0 or m = 1 antenna, and up to 50 kW has 
been coupled from the antenna with an efficiency of n = 90%. 

The geometry is shown in Fig. 2 and results of the heating for 
both antennas are listed in Table I. The mean ion energy E. is 
determined from diamagnetism and density measurements. Charge 
exchange energy analysis does not show tail formation. The coupling 
efficiency n = (power radiated/power to antenna) is the same for 
m = 0 or m = 1 antennas although the heating efficiency of the m = 1 
antenna excitation is a factor of 3 better (the heating efficiency 
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is the ratio of power appearing as energy input to the confined ions 
to the total RF power leaving the antenna). By comparing the 
decay of the confined ion kinetic energy measured by a diamagnetic 
loop during RF heating and immediately afterwards, the net power 
input to the confined ions is determined. The net heating power 
is the total energy loss rate determined as the slope of the 
diamagnetism subsequent to RF turnoff less the loss rate observed 
if RF heating is continued. In case c the power in the confined 
plasma is - 30% of the total coupled RF power. This measurement 
does not account for RF power deposited to ions outside the 
confined flux tube and this power channel could reasonably 
account for the other 70SS. In case c, the resultant power flow 
from the ions to electrons is - 10 KW but no increase in T is 
measured due to the strong coupling to the gun stream plasma 
during injection. In contrast to the quasi-linear calculations 
mentioned above, no decrease in particle confinement is observed, 
presumably due to trapping of plasma contained in the loss cone. 
The ICRH increases the trapping rate of the gun stream resulting 
in a plasma of 50JÍ to 100% higher density at gun turnoff. 
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FIG. 5. Mapping of three field lines onto 
the central-cell midplane with starting 
positions at the plug midplane. The 
reference case a is for ideal coil set 
alignment. Case b is for a 1° rotation of 
re-circularizing coil set relative to the 
Ioffe coil. 

After gun turnoff, the stream continues for 100 ysec and 
dominates the energy balance. The electron temperature as measured 
by Thomson scattering is plotted in Fig. 3 for a single plug and 
for the tandem configuration with and without RF. The increased 
electron temperature with RF is not simply due to increased drag 
power from the ions to electrons and can only be explained by a 
decrease in the electron power loss during RF heating. Although 
we do not expect fundamental heating to extrapolate to reactor 
conditions as an auxiliary heat source, it is useful to increase 
the energy content during start-up of plug plasmas. We will explore 
the use of higher power fundamental heating to assist in neutral 
beam start-up. 

HEATING AT 2u . 
ci 

Heating experiments at 2w . have been carried out in hydrogen 
plasmas in a single end plug?1 The antenna as indicated in Fig. 2, 
is placed next to the plasma 25 cm from the midplane and should excite 
m = ±1 modes. Coupling 12 KW from the antenna produces a hot ion 
tail, as shown in Fig. 4, with a Maxwellian temperature of 550 eV. 
The charge exchange data shows that a large fraction of the confined 
ions are in the tail. The ion energy density, as measured by plasma 
diamagnetism, shows a 50-100?i increase dependent on gun characteristics 
while the density rises by at most 15S. The ion tail density and temp
erature decay little for over 200 ysec after gun turn-off, although the 
bulk ions decay as they would without RF heating, with a decay time of 150 
ysec. No deleterious effects on confinement or plasma stability due to 2w 
heating have been observed. Heating is best when the 2o . resonance c i 

is halfway between the antenna and the midplane. The correlation 
of heating with resonance position indicates that this is direct 
" = 2" ci

aDSOrPtion» since minority fundamental heating is not possible 
in this experiment. 

A new m = 1 antenna has been used which yields improved coupling. 
The antenna uses the lower half of the u c i antenna shown in Fig. 
2. With a larger loop area, the vacuum fields at the resonance 
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zone are larger. In this configuration we have coupled 23 KW with 
TI = 84SS. The radiation resistance is increased 10 fold to ~ 0.3Í2. 
The ion energy density, as measured by diamagnetism was increased 
a factor of 6 to E. ~ 600 eV with a density increase of 30?ó. An 
estimate of the coupled power to the ions is 12 KW. It appears that 
in a plasma of the size and density of Phaedrus, which may 
not support fast wave propagation, the magnitude of the vacuum 
field at the resonance has a dominant effect. 

TANDEM STUDIES 

Studies of the tandem configuration show that the lack of axisymmetry 
makes the magnetic geometry particularly sensitive to field errors 
generated by rotations of the magnet set. The effect on field line 
mapping from the plug midplane (a) to the central cell midplane (b) 
is shown in Fig. 5 for a rotation of the recircularizing coil set 
by Io relative to the Ioffe coil (dashed line). For reference, 
the field line mapped with 0° rotation is also shown (full line). 
Due to the radial displacement of the field line, ions which are 
electrostatically confined will experience an enhanced radial loss 
over that given by the neoclassical theory for a coil set of a 
nonaxisymmetric tandem with a Io alignment error. This field error 
will also lead to enhanced radial electron heat transport, with 
possible radial ambipolar modifications. 

An alignment method used on Phaedrus consists of two axially 
spaced sets of B , BQ and B coils on a common rotating axial shaft. 
The correlation function taken between two rotating coils at 
different magnetic field coil locations determines the relative 
rotation. For Phaedrus this technique yields a rotation error of 
< 0.5°. The Fourier transform of the coil output may be used to 
measure the multipole moments of the individual magnetic field 
coils to determine field errors due to winding tolerances. The 
winding error on our Ioffe coil produced a larger dipole field 
error than the inherent octupole moment which exists in a perfect 
coil. Inherent field errors as well as small rotational errors can 
be corrected by trimming coils. 

Tandem mirror operation is achieved by operating stream guns 
injected into each plug for up to 1.5 msec. A fraction of the 
untrapped stream plasma is trapped in the central cell. The plug 
parameters at crowbar are similar to single plug plasmas but 
with higher electron temperature demonstrating improved electron 
energy confinement (see Fig. 3). The central cell parameters are 
N c ~ 1 x 1012/cm3 and T. - 25 eV. In absence of RF heating, the 
plug particle confinement time is x ~ 140 ysec. The decay of 
the plug is consistent with loss by^Coulomb collisions. During 
the plug decay the central cell plasma does not decay. This is 
consistent with a flow time from the central cell which greatly 
exceeds the plug decay time. With stream gun filling the central 
cell retains memory of the gun location on the flux surfaces and 
is not azimuthally symmetric. Under these conditions accurate 
verification of central cell confinement is not possible. The 
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situation is expected to improve with gas puffing. The plug 
ambipolar potential as measured by an end loss analyzer and the 
central cell potential as measured by Langmuir probes agree with a 
Boltzmann law during the decay. 

The central cell plasma remains stable during the plug decay 
with no evidence of flute fluctuations which have been character
istic of other average min-B experiments. 

Fundamental RF heating of the plug plasma at 40 KW yields a 
doubling of the plug density and a 3 fold increase in diamagnetism 
with associated increase in Te (see Fig. 3). With the RF 
continued after crowbar of the stream gun, the plug particle decay 
time is increased to T - 225 ysec with an ion energy density decay 
of 290 ysec. p 

Low energy neutral beams will be used to refuel the end plugs 
of Phaedrus. Fokker-Planck code simulations indicate that an end 
plug can be maintained at a peak density of 1013 cm"3 with an 
injected hydrogen neutral atom current of 100 A equivalent per 
plug at energies between 4 and 6 keV. This refueling current will 
be supplied by two neutral beam injectors per plug (locally 
fabricated) of the Berkeley field-free type, with 10 cm x 33 cm 
extraction grids. In order to obtain high current density at 
low energy, the extractor operates in the large accel-decel ratio 
mode. Initial injection experiments on Phaedrus with a smaller 
10 cm x 20 cm prototype source have achieved 35 A (drain) extraction. 
The larger 10 cm x 33 cm sources will be installed this summer and 
RF assisted neutral beam start up experiments will then begin. 

ACKNOWLEDGEMENTS 

We would like to acknowledge the efforts of Professor Conn in 
starting the project, Brian McVey for suggesting the improved 
2OJ . antenna arrangement and thank Igor Sviatoslavsky and 
Tony Chargin for help in the design of the experiment. 

DISCUSSION 

M. PORKOLAB: I did not quite understand the 2coci heating results. Is 
this mainly a tail heating effect? And what fraction of the particles is in the tail? 

R.S. POST: Most of the heating is in the tail. The bulk temperature 
increase is only 18 eV. We estimate from the charge-exchange data (Fig.4) 
and diamagnetism that 30-50% of the particles are in the tail. 
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Abstract 

PLASMA CONFINEMENT IN CENTRAL MIRROR OF GAMMA 6 (TANDEM MIRROR). 
A potential plug was introduced as a means of increasing plasma confinement time in 

the central mirror of the tandem mirror. The production of an ambipolar potential was 
verified experimentally and plasma confinement in the central mirror was improved by the 
potential plug in agreement with the Pastukhov formula. Plasma of 5 X 1013 cm - 3 density 
in the plug mirror was produced by hydrogen-loaded titanium washer guns, and the density 
ratio of plug to central mirror was about 5. Ion and electron temperatures were controlled by 
neutral beam injection (10 kV, 4 A eq.) in each plug mirror. Measurement of the plug 
potential showed that the potential is ambipolar as a function of electron temperature and 
density ratio of the plug and central mirror. Confinement time of plasma in the central 
mirror is determined by two methods: one is obtained by temporal variation of the plasma 
density as a function of plasma loss rate (rate equation), and the other by the Pastukhov 
formula with measured potential, ion and electron temperatures and densities. Confinement 
times obtained by both methods were in good agreement. 

1. INTRODUCTION 

Improvement of plasma confinement time is the most important task in 
realizing the mirror fusion reactor concept, and the tandem mirror [ 1 ] is one 
of the best methods of doing so. The preliminary experimental results of 
GAMMA 6 were presented at the last conference in this series [2]; the TMX 
experiment at Lawrence Livermore Laboratory is in progress [3]; and the 
construction of AMBAL 1 in Novosibirsk will be completed by the beginning 
of 1981. 

In this paper, the experimental results of plasma confinement in the central 
mirror of GAMMA 6 are reported and the fundamental confinement scaling 
law for the tandem mirror is presented. 

* Present address: Institute of Plasma Physics, Nagoya University, Nagoya. 

** Present address: Jôetsu University of Education, Joetsu City, Niigata-ken. 
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TO PUMP 

PLASMA GUN 

FIG. 1. Schematic diagram of experimental apparatus. 

2. EXPERIMENTAL APPARATUS 

Figure 1 is a schematic drawing of GAMMA 6. The broken line on the 
upper diagram shows the magnetic field strength along the z-axis. The mirror 
ratio is 2.3 at the plug and 5 at the central mirror. The plasma is produced by 
hydrogen-loaded titanium washer guns located at both sides of the tandem 
mirror. The maximum density in the plug mirror is about 5 X 1013 cm - 3 and 
about 1/5 of it is in the central mirror. The neutral beam (10 keV, 4 A eq.) is 
injected in each plug mirror and produces the hot plasma, which heats the bulk 
plasma and changes the ambipolar potential. The shape of the 6 cm dia. plasma 
at the plug elongates into an elliptical cross-section 2.4 cm X 42 cm at the 
central mirror. 

Table I gives the bulk plasma parameters. These, however, vary slowly 
with time. The temporal variations of plasma densities at the centre of the 
plugs and central mirror are shown in Fig. 2, and the temporal variations, electron 
temperature and ambipolar potential <p are shown in Fig.3. These values are 
obtained by averaging the many plasma gunshots. 

3. SOLUTION OF RATE EQUATION OF DENSITY 

The experimental results indicate that the plasma is trapped in the central 
mirror about 100 jus after the titanium gun is fired. The temporal density 



IAEA-CN-38/F-2-2 115 

TABLE I. PLASMA PARAMETERS 

Plug mirror Central mirror Measuring apparatus 

Pressure 4X10"7(torr) 
during experiment 2 X 10-6 (torr) (H2) 

10"6(torr) 

Density 

Ion 
temperature 

Electron 
temperature 

Drift 
velocity 

5 X 1013 (max) (cm-3) 1013 (max) (cm-3) 

40+ 10 (eV) 

10±2(eV) 

0 - 2 0 (eV) 

20 ± 10 (eV) 

10±2(eV) 

0 ~ 3 (eV) 

Nude ionization gauge 

4 and 8 mm wave 
interferometer; 
Langmuir probe 

Faraday cup (B||) 

Langmuir probe 

Faraday cup; 
energy analyser 

•3x10« ,- ?* p ,u« 

0.2 . , „ , 0.4 06 

FIG.2. Temporal variation of 
plasma densities in plug and 
central mirror. 

Ô 0Î 02 03 QÂ 05 06 
Plasma Gunshot t [msl 

FIG. 3. Temporal variation of ambipolar potential. 

variation in Fig. 2 suggests that the density variation with time in the central 
mirror is correlated with the variation in the plug by a rate equation as follows: 

dnp/dt = S - (Ti + Ti')np + (7nc'/2) 

dnc '/dt = - 7 n c ' + 2T1np 

nc ' = Vcnc/Vp 
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FIG.4. Computer simulation results: S - source plasma density ; NP - plug density ; 
NC - central density; y is ALOG potential and 2G; y~l is confinement time; 
***are experimental values; the value ofji is determined by (NP/NC), 7 / by the shape 
of NP, RL V by the experiment. The broken line is the short pulse, corresponding to 
the experiment. 

where np and nc are the density in the plug and the central mirror, respectively, 
and Vc and Vp are the volume. 7, 7X and 7 / are particle loss rates; S is the 
source term as shown in the upper diagram in Fig. 1. We made a number of 
computer simulations using the rate equation. We chose the best shape of 
density variation in the plug and central mirror by comparison with experimental 
results as shown in Fig.4. On the assumption that 7 is given by the following 
formula, the result of the computer simulation agrees with the experimental result: 

7 s frnT1 + (RLc/vc) + {rüg(R) (Te/Ti) Cn(np/nc) 

+ (RLc/vc)}(np/nc)Te/Ti]-1 

7 m
_ 1 = 2.7 X 1010Ti3/2 (keV) logR/nc (cm -3) (sec) 

where Lc is the mirror distance at the centre, vc is the ion velocity and R the 
mirror ratio. 
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FIG. 5. Temporal variation of 
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Gamma is calculated by the rate equation from the density variation, as 
shown in Fig. 2. The results are shown in Fig. 5 with and without neutral 
beam injection. 

4. CONFINEMENT BY AMBIPOLAR POTENTIAL 

The difference in the potentials at the plug and at the central mirror is 
measured by the Langmuir single-probe method. The surface of the probe is 
located perpendicular to the magnetic field lines in order to avoid the effect 
of the magnetic field [4]. 

In Fig.3, the measured values of the potential difference are shown by 
circles. The solid line indicates neutral beam injection and the broken line 
indicates that there is no beam injection. The difference between the two lines 
is explained by the change of electron temperature as shown in the upper graph. 
The triangles are obtained by the ambipolar potential relation with measured 
values of Te, np and nc. We can conclude that the potential difference 0 is 
caused by the ambipolar mechanism [5]. 

We then obtained the plasma confinement time at the central mirror, 
using the Pastukhov formula [6] with measured values of <p, T¡ and n. The 
results are shown by black circles and triangles in Fig. 5 The dotted-and-dashed 
line shows the calculated single-mirror confinement time: 7 m

- 1 + (RLc/vc). 

5. CONCLUSIONS 

The confinement time of plasma in the central mirror of the tandem mirror is 
obtained by two methods in the GAMMA 6 experiment. Both values show good 
agreement. This indicates that the plasma confinement rule agrees with the 
Pastukhov formula in the tandem mirror, and the results are very valuable for 
the development of tandem mirror fusion research. 
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Abstract 

NEW RESULTS IN THE THEORY OF MHD-STABILITY AND TRANSPORT PROCESSES 
IN AMBIPOLAR TRAPS. 

The effect on ballooning instability of a large ellipticity E of the central-cell 
magnetic surfaces is considered. It is shown that in a sufficiently long cell the limiting 
j3 is defined by the E-value averaged over the length of the transition region: 
Pent ~ 1/E. The limiting /? can be increased by special 'tailoring' of the magnetic field in 
the transition region. — Estimates of the diffusion coefficients in the 'resonant regime' 
are given with allowance for possible singularities in the pitch angle (0) dependence of the 
radial displacement Ar of the particle reflected from the mirror. The presence of the narrow 
peaks in the function Ar(0) may result in a further increase of the transport coefficients 
in the region of low collision frequencies. - The influence of the finite-/? effects on radial 
transport in ambipolar traps is discussed. 

1. INTRODUCTION 

In ambipolar traps [1,2], the MHD-stability of a plasma against flute modes is ensured 
by the presence of a deep magnetic well in the plugs. There is still a potential danger, however, 
of the so-called 'ballooning' modes, which are localized in regions of unfavourable magnetic 
field une curvature and are unstable only for finite values of ¡3. 

The first part of the present paper is devoted to the following problem: how is /3crjt 
affected by large ellipticity1 of the magnetic surfaces in an ambipolar trap as well as by the 
presence of a long uniform-field region between the mirrors of the central cell? Our analysis 
is based on the energy principle [3] (see also review [4]). For the sake of simplicity, the 
magnetic field lines are assumed to be frozen into the planes located in the throats of the 
central-cell mirrors (Fig.l). This narrows the class of trial functions that can be used in the 
minimization procedure of the potential energy. This implies that the instability conditions 
found in this paper are sufficient conditions and the values of |3crjt obtained from them 
represent, in fact, the upper boundary for this quantity. At the same time, the difference 

The term ellipticity is used to denote the ratio of the maximum and minimum 
diameters of the cross-section of a magnetic surface by a plane perpendicular to the 
magnetic axis. 
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FIG. I. Magnetic-field geometry in an 
ambipolar trap. Shown is a planar field 
line the ends of which are assumed to be 
tied to the planes 1 and 2. 

FIG.2. Magnetic-field of a planar mirror. 
The field lines are tied to the plane Z = 0. 

between the true value of /3cr¡t and its upper boundary should be not too large, because 
there is a deep magnetic well beyond the mirror. 

To clarify the physical meaning of the effects under discussion, in addition to the 
ambipolar trap, we consider axisymmetric and 'planar' mirrors (the latter being mirrors in 
which the magnetic field has only two components Bx = Bx(x,z), Bz = Bz(x,z), Fig.2). 
The plane mirror is of interest because, being very simple, it preserves many features of a 
non-axisymmetric mirror of high ellipticity. Moreover, it imitates well the conical section 
of the axisymmetric trap discussed in Ref.[5]. 

The first part of our paper is arranged as follows: in Section 2, the perturbation of 
the plasma magnetic energy is estimated and the conditions are found for j3CIit <l. In 
Section 3, an equation is given for the eigenfunctions of the most dangerous perturbations 
and simple analytical formulas for /3crjt are derived. 

The next section of the paper deals with the effect some specific features of particle 
reflection from the central-cell mirror have on transport processes in an ambipolar trap. 
In Ref. [6], it was found that in the AMBAL device the radial displacement Ar of 
the particle reflected from the mirror as a function of the particle pitch angle 6 varies 
abruptly within small intervals Ad -^ 7r/2. The authors of Ref. [6] have pointed out that 
in this situation the neoclassical transport coefficients are higher with a smooth dependence 
Ar(0) (in Ref. [6], the mechanism responsible for this has been called a diffusion on the 
splitting of drift surfaces). In Section 4, estimates for this effect are given in the resonant 
regime which is the most interesting case from an experimental point of view. 

Section 5 discusses the effects introduced into transport processes by a finite j3-value, 
while Section 6 summarizes the results. 

2. ESTIMATES OF MAGNETIC-ENERGY PERTURBATION 

In accordance with the expected result, we shall from the very beginning consider 
a plasma with ]3 <̂  1. In this case, the answer to the question of plasma stability depends 
very much on how small the magnetic-energy perturbation 

5W™ = 
• / 8n 

dV (1) 
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FIG. 3. Initial (solid line) and final 
(dashed line) positions of the field line 
in a magnetic-field perturbation. 

can be made, where SB is a perturbation of the magnetic field. In particular, in flute 
perturbations, 5B vanishes so that they can be unstable even when 0 -*• 0. In our case, 
however, the line-tying condition precludes pure flute perturbations so that 5WM > 0. 

For simplicity (and in accordance with the real situation), we shall assume that the 
angle between the magnetic field lines and the magnetic axis of the system is much smaller 
than unity (paraxial approximation) and that the distance between the mirrors is much 
larger than the mirror length (so that the stability of each mirror can be considered 
independently). The small parameter which characterizes the accuracy of the paraxial 
approximation is R/Lm, where R is the plasma radius in the homogeneous part of the trap 
and Lm is the mirror length. 

Let us first estimate SW^ for axisymmetric and plane mirrors in which the magnetic 
field Unes are planar curves. In the paraxial approximation, in these mirrors the magnetic 
field strength is determined by its value B(z) on the axis and, to an accuracy of (R/Lm)2, 
the magnetic field line equation has the form: 

xM B(z) = const 

where [i = 1 and ¡JL = 2 correspond to the plane and axisymmetric mirrors, respectively. 
It is convenient to label each magnetic field line by its distance from the magnetic 

axis in the uniform-magnetic-field region (where z > Lm , Fig.3), i.e. to represent the equation 
of the magnetic field line in the form 

x = x(x0,z) 

In our case, 

x = xok"1^ (2) 

where k denotes the local mirror ratio B(z)/B0, B0 being the magnetic field strength in the 
uniform-magnetic-field region. 

For a flute perturbation, in the paraxial approximation the plasma displacement % 
depends on the z-co-ordinate in the following way: 

%(z) = |f(z) = | 0 
8x(x0,z) 

9xft 
(3) 

where if0 is the flux-tube displacement in the region z > Lm. This displacement exactly 
matches an initial magnetic field line with another line of the unperturbed magnetic field. 
By suitably choosing the flux-tube cross-section the magnetic field strength in the displaced 
flux tube can be made equal to that of the original magnetic field in the new position of 
the flux tube so that the magnetic energy will not change. 
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The displacement (3) does not satisfy the line-tying condition £(0) = 0. For this 
reason, let us consider a more general expression: 

S = o(z)$f(z) 

where a(z) is some dimensionless function satisfying the boundary conditions: 

a(0) = 0, « ( L m ) = l (4) 

The first of relations (4) ensures that the magnetic field lines are frozen in the mirror throat 
while the second specifies the displacement at the entrance to the mirror, thus normalizing 
the function a (z). 

At the new position of the flux tube, the magnetic field inside differs from the 
surrounding one, the difference being 5B = 5B|¡ + 5Bj_, where the subscripts II and 1 refer to 
the direction of the surrounding magnetic field. In the paraxial approximation, the angle e 
between the direction of the displaced flux tube and the surrounding field is obviously 
equal to 

e(z) = { f(z) — 

In the same approximation, 8B± = eB(z). The quantity SBn can be made to vanish by a proper 
choice of the new cross-section of the flux tube (as in the case of the flute perturbation). 
As a result, we obtain 

"-•/S-^/^Jf-v 
where the integration is taken over the volume of the flux tube. In the paraxial approximation, 
from the conservation of magnetic flux A$ in the flux tube, we have dV = A<î> dz/B(z), i.e. 

'-hffl «W,,-£S-/Bgf#Ydx (5) 

Then, taking into account relations (2) and (3), we find that 

füfrífe) 5 W M^±p!/k l -^yd z 

Minimizing SW ĵ under the boundary conditions (4), we easily find min ÔWM^ 

L, 
. . A*£gB 

min 5W» = M o T 

87TL„ 
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It is remarkable that in the axisymmetric case the function B(z) does not enter the expression 
for min SWM, thus indicating that j3crit is insensitive to the mirror ratio: /3Cnt remains of the 
order of unity even when kmax > 1. On the other hand, in the planar case, min 5WM ~ 1/k, 
where 

k(z) dz/Lm 

0 

and we may expect j3cr¡t to decrease as the mirror ratio grows2. 
Qualitatively, the difference between the planar and the axisymmetric case lies in the 

fact that in the first case the flute perturbation decreases in the direction towards the magnetic 
mirror more rapidly (£f ~ B0/B) than in the second case (£f ~\/Bo/B) so that the planar 
case requires a smaller magnetic-field perturbation to nearly match the flute perturbation 
in the B ~ B0 region to zero displacement in the mirror throat.. 

The reasons given above show that in the case when the central-cell mirror of an 
ambipolar trap has a large ellipticity the most dangerous perturbations will be those localized 
in the vicinity of the plane y = 0 (Fig. 1 ) because in this region the magnetic-field structure 
is similar to that of a planar mirror. In the analysis of these perturbations we can make an 
important simplification connected with the fact that the magnetic field lines are planar 
curves in the region considered. In the calculation of £f we may, respectively, use formulas (3) 
and (5). As is well known (see, for example, Ref. [7]), in the paraxial approximation, the 
magnetic-field-line equation can be written in terms of k(z) and the magnetic-surface 
ellipticity E(z): 

x = x0(kE)-1 / 2 (6) 

(we consider the field lines at y = 0). As a result, we obtain: 

/ Lm X1 

A ^ B o I /* dz 1 min5WM= 1 / E — J 7) 
87rLm \ J Lm y 

0 

Thus, if there is a long region of rather large ellipticity, /3CIjt may become much less than 
unity, j3cr¡t ~ 1/E. It should be noted that this conclusion, derived from the expression (7) 
for the magnetic energy, is only correct for ambipolar traps with a rather long uniform-
magnetic-field region between the mirrors. In the opposite case, the magnetic-energy 
perturbation in the uniformity region can exceed min SWM O), resulting in an increase 
in |3crit (see the next section). 

We note in conclusion that the quantity Lm in the above formulas for min 5WM is 
not rigorously determined for mirrors smoothly joining the region of uniformity. Therefore, 

2 To obtain an accurate formula for j3cr¡t, one must minimize not 5WM, but the full 
expression for the potential energy, which will be done in the next section. 

- / 
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these formulas can only be regarded as order-of-magnitude estimates. The uncertainty 
related to the choice of Lm is removed in the formal analysis to which we now turn. 

3. MINIMIZATION OF POTENTIAL ENERGY 

In the ballooning-mode stability analysis, for a plasma with isotropic pressure, it is 
convenient to use the following expression for the potential energy [3]: 

il-6W = - / dV 7P (div|)2 + -— (ÔB + ( f • e") [rot B X 7])2 

2ir 
(£ -e)2 [rotB X e ] ( B V ) e 

(8) 

where SB = rot [| X B ], e is a unit vector parallel to yp , and y is a ratio of specific heats. 
As we have mentioned in the previous section, we shall consider a quasi-flute 

perturbation % (r) localized in the symmetry plane y = 0 of an ambipolar trap. In this case, 
as in the case of the axisymmetric trap [3], we can minimize SW with respect to the £y and In 
components (In is the projection of f onto B). Omitting the intermediate algebra, the 
details of which can be found in Ref. [8], we shall give here the final expression for 5W 
which contains only the component £n along the normal to the field line: 

5W = ^/-K^J + 0 q q E£ (9) 

where 

q(z) = 
dx (x0, Z) 

dx0 
= (kE)" 

x0 9p 

B2, 3x0 

(10) 

and the prime denotes differentiation with respect to z. Taking into account the definition 
of q(z), we see that the first term in SW of expression (9) is identical with SW^ of 
expression (5). Note that the parameter |3 in formula (9) is determined by the pressure 
gradient on the considered field line in the uniform-field region and does not depend on z. 

Equation (9) agrees with Newcomb's results [9]. Minimization of (9) leads to the 
following equation for a = | n / q : 

a V 
3„"v»,--/3qdq E a = 0 (11) 

As has been discussed in the Introduction, the boundary conditions to Eq.(l 1) are 
that a should vanish in the mirrors (in planes 1 and 2 of Fig.4). The problem will, however, 
be simplified if the second boundary condition is imposed in the uniform-field region at 
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FIG. 4. Planar field line in an ambipolar 
trap (solid curve). The dashed curve 
shows the position of this field line after 
perturbation of the magnetic field. 

IF c z 

FIG.5. Shape of the potential well in 
the problem of determining j3cr¡t. 

the entrance to mirror 2 (in plane 2' of Fig.4). This does not produce an error if the field 
Une has a favourable curvature between planes 2' and 2, since the length of the trap L is 
much greater than the mirror length L m . 

By introducing a new independent variable f, 

/ 
f ( z ) = / E (z ' ) dz (12) 

we reduce the problem of determination of j3cr¡t to the quantum-mechanical problem of 
formation of the zero energy level in the potential V, which is equal to /3q3q" in the interval 
0 < ? < f L (f L is the value of f corresponding to the point z = L) and V = °° outside this 
interval (Fig. 5). The solution is easy to obtain if we note that the function j3 q 3q" = - ( 1/2) j3(kE)-3 

X [(kE)" - (3/2) (kE) '2 /kE] is equal to zero outside the mirror (where z > L m ) and rapidly 
decreases in the mirror together with 1/kE. Therefore, the width Az of the potential well 
is approximately equal to L m , and the well is situated in that part of the mirror region where 
k ~ E ~ 1. On a f-scale, this corresponds to a potential well of width Af ~ L m situated at 
a distance f 0 ~ E L m from the left-hand boundary and at a distance of f L ~ f o ~ L from 
the right-hand boundary. We thus, for E > 1, arrive at the problem of the zero-energy-level 
formation in a Ô-function-type potential situated between two infinitely high walls. The 
solution to it results in the following expression for j3cr¡t: 

u 

kf q 3 q " ( f L - m d f (13) 

where the product q 3 q" is assumed to be a function of f. Formula (13) is, of course, valid 
only if the calculated value of |3crit is much less than unity. 

A rough estimate of j3CIjt which allows for its dependence on L is easily obtained 
from expression (13). Using the estimate q" ~ 1/LÍL , we have 

- i 
crit 

1 £o (fL fo) 
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VEd) 

«(*) 

FIG. 6. Ellipticity E(z) and mirror ratio 
k(z) for the AMBAL device. 

and substituting the above values of f0 and f L
 _ f o we obtain: 

Lm 1 
Pcrit L Ë (14) 

Thus, when L <, Lm E, /3cr¡t is greater than the estimate obtained in the previous section 
(which does not allow for the finite trap length). 

In the opposite case, L >̂ Lm E, formula (13) may be simplified by replacing 
?L-?by? L : 

H cnt / q3q"Edz / E(z')dz' (15) 

(we have returned to the variable z and we have taken infinity as the upper limit since the 
main contribution to expression (15) comes from the region where z ~ Lm ^ L). As 
expression (15) is determined by the magnetic-field configuration in the mirror only, it may 
be considered characteristic of the 'quality' of an asymmetric mirror with respect to 
ballooning modes. For example, we notice that, for the ambipolar trap device AMBAL whose 
functions E and k are shown in Fig.6, formula (15) gives j3crit = 0.09. Here we must emphasize 
that, in fact, for AMBAL the ratio Lm/L is of the order of unity so that, for the real 
device, j3crit~ 1. 

The results obtained provide a method of increasing j3crit in long traps. This can be 
achieved by constructing a mirror where the region of high values of E is short enough to 
make Ë ~ 1. This requirement is fulfilled, for example, for the following functions: 

E(z) = 1 + 
Emax 1 

u+zW / 2 ' v<\ (16) 

where Em a x is the maximum value of E. Taking, for simplicity, k = E, we see that for 
" < l , 0 c r f t ~ l . 

On the other hand, for v > 1 and Emax 

12 v« 

{v2-\){2v-\) 

> 1 , 

sinz n/v 
(17) 

is much smaller than unity. 
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O 0.2 0A 0.6 0t 

FIG. 7. Square of radial-displacement 
amplitude for the AMBAL device. The 
quantity a is normalized to p^T, where 
Pu is the Larmor radius and r the 
distance to the magnetic axis. The 
dashed line shows the loss-cone angle. 

4. EFFECT OF PEAKS IN THE REFLECTION FUNCTION ON TRANSVERSE 
TRANSPORT 

As is well known [10], the increased transport in ambipolar traps is caused by the 
fact that, because of asymmetry of the mirrors, a particle reflected by them is displaced 
not only azimuthally, but also radially. In the paraxial approximation, the radial 
displacement Ar is given by [11] 

Ar = a cos 2 \p 

where \jj is a polar angle of the point where the particle enters the mirror (i// = 0 corresponds 
to a symmetry plane of the trap). The amplitude a, which we shall henceforth refer to as a 
reflection function, depends on the radius r and the particle pitch-angle 0 in the region 
of the uniform magnetic field B0. 

In the first papers [10, 11] on neoclassical and resonant transport a(0) was assumed 
to be a smooth function, i.e. to change on a scale of the order of ir/2. Numerical 
calculations for specific magnetic fields have, however, shown that this might not be true. 
As an illustration, a(0) is shown in Fig.7 for the AMBAL device. Evidently, in the 
neighbourhood of the value 6 = 6P s 0.77 the reflection function varies on the scale 
A6 = 0.1, which is small in comparison with n/2. This peculiarity in the a(0)-dependence 
is due to the specific structure of the magnetic field in the mirror and can, in principle, 
be excluded by appropriate 'tailoring' of the magnetic field. 

As can be seen from Fig.7, another singularity in the a(0)-dependence exists in the 
neighbourhood of the loss-cone angle, dc = arcsin k"1/2. It is explained by the fact that 
when a particle pitch-angle d goes to 6C the time spent by the particle near the field 
maximum increases. This causes a corresponding increase in the displacement Ar caused 
by the magnetic" drift in a non-uniform field. The behaviour of the reflection function in 
the neighbourhood of dc is easily obtained from the general expression for the longitudinal 
adiabatic invariant I, given in Ref. [7]. Up to terms of the order of E"^^, we have 

1 

8V2 PH1 
1 

Ek2 - kE' kEE"+k"E 2 ) In 
2\/k8d 

(18) 
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FIG. 8. v, 0 — phase plane. Two neigh
bouring resonant zones are shown, 
intersecting the region of the reflection 
function maximum. 

where 80 = 6 - 6C, PH = mvc/e Bo, A is a constant of the order of unity and the values of the 
functions E and k, together with their derivatives, are taken at the point of the field maximum. 
The azimuthal variation of the mirror ratio on the drift surface Akmax/k 

max/^max 
r2/£2 imposes 

a constraint on the minimum value of 86 at which formula ( 18) is still valid: 86 Vkmax ^ r2/#2 • 
We shall now consider how a sharp peak of the function a(0) affects the transport 

processes in ambipolar traps. We shall restrict ourselves to rough estimates of the effect in 
terms of peak position 6P, peak width Ad and maximum value am = a(0p). We shall also 
assume that a typical angle A\p of azimuthal ion displacement during one flight through the 
trap is larger than or of the order of unity - the most interesting case from the experimental 
point of view. 

Let us recall first that, at A\¡/ J> 1, transverse transport is determined by 'resonant' 
particles, i.e. particles whose v- and 0-values lie in the neighbourhood of the curves [11] 

Ai//(v,0,r) = -r(2k+ 0 (19) 

where k is an integer. By order of magnitude, the width of the resonant particle zone in 
the 6- and v-directions is equal to 86r ~ Ôvr/v ~ y/a/RA\jJ . The projection of their 
trajectories onto the equatorial plane of the trap has a banana-like shape of width 
Arb ~\ZaR/Ai// , the time of 'banana' by-passing being T\> ~ t¡ VR/aAi/T, where tu = L/v. 
The estimates for the diffusion coefficients in the resonant regime for the smooth function 
a(0) have the following form: 

'aAjA1'2 / - X3/2 

D, ban vR2 («•r * , £ f W (20) 

D„ «**[* A\¡J- (21) 

The presence of the peaks in the reflection function a(0) results in the appearance of 
a new narrow zone in the phase space within which a is of the order of am and which 
intersects the resonant curves of Eq.(19) (Fig.8). 

We are interested in estimating the contribution of the particles in the band Ad to the 
diffusion coefficient (in what follows, the notation Dp is used for this contribution). 
The result depends on the relation between Ad and ôvr/v. 

Let us first consider the case Ad J> Svr/v. 
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At low values of the collision frequency v, when the time needed for the particle to 
be scattered through an angle 66r is longer than the banana by-passing time, v~¡f = 
v~l S02 J>rt,, the diffusion coefficient Dp is determined by the resonant particles lying 
in the intersection regions of both bands. The value of Dp is equal to (A^) 2 i>eff 
multiplied by the fraction of the particles in the intersection region. Taking into account 
the fact that the number of the resonant curves can be estimated to be Ai// and the relative 
phase volume of the intersection with one resonant curve equals dp A05vr/v (we allow 
for the fact that dp may be small), we find, with the help of the expressions for Svr 

and Arfc given above, 

5vr / a m Ai// 
Dp ~ (Arb)2 vM 6p Ad— A* ~ ~ *R2 f — ¿ — ) 6p Ad 

(22) 

*£(ir V wn 

This expression for Dp can, in fact, be obtained by multiplication of the 'banana' diffusion 
coefficient (20) with a = am by the phase volume 8P Ad. This circumstance can be utilized 
to estimate Dp at vef¡ J> T~¿ : 

a2 / a ^ 3 / 2 

D p ~ D p l ( a m ) 0 p A 0 ~ — dpAd, *tZ[-j¡r) A*-1 '" (23) 

We note that with further increase in the collision frequency, when scattering through an 
angle Ad occurs within the transit time t j , i.e. when vt|| >̂ A02, the resonance is smeared 
out and all the particles from the band Ad make an equal contribution to Dp (this regime 
was considered in Ref. [6]. The estimate of Dp in the last regime coincides with 
expression (23), so that, at Ad J>ôvr/v, formulas (22) and (23) are valid in the whole range 
of the parameter vt \\. 

In the opposite case, Ad <jSvr/v, we must take into account that, because of Coulomb 
collisions, the particles from the intersection of both bands leave the band Ad faster than 
they move out of the resonance. Therefore, the role of the effective collision frequency 
i>eff is now played by the ratio vjAd2. Taking this into account, we easily obtain the 
following results, valid for Ad <,8vt/v: 

w amA* "'* 
*,-*'{-£-) A<,-»'¿-, » t l á ( J ^ ) ùf (24) 

DP~^»PA«, niz(^£ty\o* (25) 

To get an idea of the importance of transport due to the narrow peak in the reflection 
function, we shall compare the diffusion rate D of the resonant particles, lying outside 
the band Ad (see formulas (20) and (21)) with the estimates of Dp obtained above. For 
simplicity, we shall assume that 0p ~ 1, and the maximum value am is of the same order 
of magnitude as the characteristic value of a outside the peak. 
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FIG. 9. Comparison of diffusion 
coefficients (20), (21) and (24), (25). 
The total curve is shown by the heavy line. 

FIG. 10. Cross-section of a magnetic 
surface: (a) vacuum field; (b) in the 
presence of a plasma. In the second case, 
even purely azimuthal displacement of 
a particle results in its transition from 
one surface to another. 

This comparison shows that, for Ad J> 5vr/v, D p is A0 - 1 times smaller than the 
estimates given by formulas (20) and (21). In other words, in this case the narrow peak 
gives only a small correction to the resonant diffusion coefficients. 

The situation is quite different for Ad <, 5vr/v. For this case, the diffusion 
coefficients (20), (21), (24) and (25) are plotted in Fig.9. The presence of the peak results 
in a significant increase in diffusion in the region of low collision frequencies, so that the 
overall picture is cnanged (heavy curve in Fig.9). 

5. THE EFFECT OF FINITE 0 ON RESONANT DIFFUSION 

As was discussed in Ref. [12], in the non-axisymmetric mirrors of the central cell, 
longitudinal currents are generated which then flow along the field lines in the region of the 
uniform field. The origin of these currents can be understood in the following way. The 
plasma equilibrium equation cVP = [j X B] defines the transverse current density 
i± = (c/B2) [B X V p]. Then, from the charge conservation condition, div j = 0, we find 
that, generally speaking, in non-axisymmetric configurations also a longitudinal current j \\ 
exists. Presenting j \\ in the form j u = xB, where x is some scalar function, and using the 
equation div j y = - div jj_, we obtain 

X = - 2 c 
/ ds B"4 VP [B X VB] (26) 

The requirement that x should vanish at both ends of the device (it is assumed that there is 
no current inflow at the ends) uniquely defines the magnetic surfaces (i.e. the surfaces 
at which p is constant). It is then found [12], that for a sufficiently large length of the 
central cell, L >̂ Lm//3, the distortions of the magnetic surfaces caused by the longitudinal 
currents are quite substantial. The cross-section of the magnetic surface with the 
equatorial plane is no longer a circle but has the shape shown in Fig. 10b. 
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This effect can result in an additional increase of the transverse losses. In fact, it is now 
not only the radial but also the azimuthal displacement of a particle reflected from the 
mirror that will result in its transition from one magnetic surface to another. And while 
the radial displacement can, at least in principle, be reduced by a special choice of the 
magnetic-field geometry [13, 14], this cannot be done for the azimuthal displacement. 

As follows from expression (26), the longitudinal currents can be reduced by using 
magnetic fields satisfying the condition 

n [B X VB] = 0 

where if is a unit vector normal to the magnetic surface. However, finite plasma pressure 
in the mirrors will again result in a violation of this condition and in the formation of 
longitudinal currents. 

6. SUMMARY 

A large ellipticity of magnetic surfaces in the central-cell mirrors results in a decrease 
of the threshold for the ballooning modes. This effect occurs in sufficiently long traps, 
thus imposing certain constraints on the length of the uniform-magnetic-field region. 
j3crjt may be increased to values of the order of unity by using mirrors in which the region 
of large ellipticity is so short that E ~ 1. 

The sharp peaks in the reflection function a(0) can result in an additional increase 
in resonant diffusion at low collision frequencies. Another source of enhanced resonant 
diffusion is distortion of the magnetic surfaces due to finite )3. 
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DISCUSSION 

B.I. COHEN: Have you applied your calculations of the critical /3 for 
the ballooning instability and also the resonant ion transport calculations 
to the TMX parameters? If so, what did you find? 

D.D. RYUTOV: We could not apply our results to the TMX parameters 
since we did not have sufficiently accurate data on E(z) and k(z) profiles for 
this device. A crude estimate gives j3CIjt between 10 and 20%. 

A.Y. WONG: When you found stability at |3crit ~ 1, did your calculation 
take into account the significant perturbation of the vacuum magnetic 
field profile? 

D.D. RYUTOV: When our criterion gives /3 — 1, the result remains unaffected 
by the finite-/? equilibrium equilibrium effects. 
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Abstract 

STUDIES IN TANDEM MIRROR THEORY. 
This paper discusses the formation, maintenance, and micro stability of thermal barriers, 

which have been introduced as a means for improving tandem mirror reactor performance at 
reduced technological demands. It also describes calculations of tandem mirror central-cell ¡5 
limits due to MHD ballooning modes. 

1 . THERMAL BARRIERS 

1.1 I n t r o d u c t i o n 

Thermal b a r r i e r s (TB's) [ l ] a r e i n t e n d e d t o improve t h e 
p e r f o r m a n c e and r e d u c e t h e t e c h n o l o g y r e q u i r e m e n t s of a tandem 
m i r r o r (TM) f u s i o n d e v i c e . T h e o r e t i c a l l y , t h e y a l s o g e n e r a t e 
i o n v e l o c i t y and s p a c e d i s t r i b u t i o n s t h a t a r e s t a b l e t o t h e 
l o s s - c o n e i n s t a b i l i t i e s common t o m i r r o r m a c h i n e s . Making use 
of t h e TB c o n c e p t r e q u i r e s on ly m o d i f i c a t i o n of c o n v e n t i o n a l 
TM d e s i g n s and does n o t r e q u i r e new components or t e c h n o l o 
g i e s . A l t h o u g h t h e b a s i c p r i n c i p l e s of b a r r i e r s have a n t e 
c e d e n t s i n a v a r i e t y of m i r r o r e x p e r i m e n t s , t e s t s of t h e i r 
f e a s i b i l i t y a w a i t e x p e r i m e n t s now under c o n s t r u c t i o n a t 
Lawrence L ive rmore N a t i o n a l L a b o r a t o r y (LLNL) and e l s e w h e r e . 

C a l c u l a t i o n s show Qf] t h a t a TM r e a c t o r would r e q u i r e 
c e n t r a l - c e l l i o n and e l e c t r o n t e m p e r a t u r e s T c «= T e c » 40 
keV and a p l u g g i n g p o t e n t i a l s een by t h e c e n t r a l c e l l 
0C « 100 kV. When t h e d i s t r i b u t i o n of e l e c t r o n s a l o n g t h e 
m a g n e t i c f i e l d i s d e s c r i b e d by a Bol tzmann d i s t r i b u t i o n , t h e s e 
imply a r a t i o of p l u g - t o - c e n t r a l c e l l d e n s i t y n p / n c % 9 , i n 
t u r n i m p l y i n g h i g h m a g n e t i c f i e l d s and i n j e c t i o n e n e r g i e s f o r 
t h e p l u g s . Us ing a u x i l i a r y e l e c t r o n h e a t i n g to i n c r e a s e 
0C oc T e c i s most e f f e c t i v e o n l y when T e c / T c i s i n c r e a s e d 
( o t h e r w i s e , t h e c e n t r a l - c e l l c o n f i n e m e n t p a r a m e t e r 
TLTÇ *> 7 x 1 0 1 0 T J / 2 ( 0 C / T C ) e x p ( 0 c / T c ) i n c r e a s e s o n l y a s 
T ^ / 2 ) ? and l a r g e i n c r e a s e s i n t h e r a t i o T e c / T c a r e p r e c l u d e d 
by i o n - e l e c t r o n c o u p l i n g i n t h e c e n t r a l c e l l . 

* Permanent address: MIT, Cambridge, Massachusetts, USA. 
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FIG.l. a) Schematic diagrams of (top) 
the MFTF-B and (bottom) the TMX 
Upgrade magnet configuration. For 
simplicity, two circular coils are not 
shown on the TMX-Upgrade. 

b) Profiles of magnetic field B, 
potential <p, .and density n versus z for 
barrier/plug end-cell with sloshing ions. 

The e s s e n t i a l idea of thermal b a r r i e r s i s to r a i s e the 
e l ec t ron temperature in the p o t e n t i a l peak T e p r e l a t i v e to 
T e c and T c , s ince 0C s ca l e s approximately with T e p . Because 
in a convent ional TM the c e n t r a l - c e l l e l e c t rons pass through 
the p lugs , t h e i r power t r a n s f e r with those trapped in the plugs 
is s u f f i c i e n t to prevent es tabl i shment of a s i g n i f i c a n t temper
a ture d i f fe rence in s p i t e of in tense p lug-e l ec t ron h e a t i n g . As 
seen from the c e n t r a l c e l l , a thermal b a r r i e r i s a nega t ive dip 
in p o t e n t i a l before the p o s i t i v e peak of the plugging poten
t i a l . I t r e s t r i c t s the flow of low-energy e l ec t rons from the 
c e n t r a l c e l l to the p o t e n t i a l peak, thereby reducing t h e i r 
thermal coupling and allowing an inc rease in Tep with aux
i l i a r y h e a t i n g . This negat ive dip in p o t e n t i a l i s c rea ted by 
mainta in ing a r e l a t i v e minimum in ion d e n s i t y , j u s t as the 
p o t e n t i a l peak i s generated by a r e l a t i v e ion -dens i ty maximum. 

Two experiments are under cons t ruc t ion a t LLNL incorpo
r a t i n g TB 's . Their designs d i f f e r in the combination of the 
b a r r i e r / p l u g conf igura t ion and the a d d i t i o n a l requirement of 
magnetohydrodynamic (MHD) f l u t e - i n t e r change s t a b i l i t y (see 
F ig . l a ) . Both employ regions of h igh-pressure plasma in 
quad rupo le - s t ab i l i z ed mi r ro rs to anchor the c e n t r a l c e l l s . 
The TM conversion of the Mirror Fusion Test F a c i l i t y (MFTF), 
MFTF-B, s p l i t s these funct ions by providing the MHD anchor and 
the b a r r i e r / p l u g in two success ive mirror c e l l s at each end of 
the c e n t r a l c e l l , r e s p e c t i v e l y , a yin-yang and a fan-shaped 
mirror region ca l l ed an A - c e l l . The TMX upgrade combines 
these funct ions i n t o a s i ng l e minimum-B mirror c e l l a t each 
end, s u p e r f i c i a l l y l i k e a convent ional TM, but n e u t r a l beams 
are in j ec t ed d i f f e r e n t l y . 

1.2 Ba r r i e r formation 

The TMX upgrade end c e l l i s an e longated , quadrupole-
s t a b i l i z e d mir ror machine having a /3-enhanced mirror r a t i o 
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«4, and the axial B profile as shown in Fig. lb, in which the 
central cell lies to the left. (In the MFTF-B, the axial B 
profile in the A-cell is similar, although the yin-yang cell 
and its pressure peak for MHD stability would lié;'' to the 
left.) Ions are injected either normal to B at B/B^ ?» 2, or 
at 45° to B at the midplane. Such injection causes a peaking 
in the ion density at the turning points in what is termed a 
sloshing-ion distribution having two maxima, or lobes. Col-
lisional relaxation of this double-peaked density profile is 
prevented by removing ions scattering to large pitch angles by 
charge exchange on the injected beams, supplemented as neces
sary by axially injected "pump beams." Pump beams, injected 
into the loss cone of the mirrors, remove trapped ions by 
charge exchange, converting them into passing ions, thereby 
reducing departures from the injection profile. Sample Fokker-
Planck-determined profiles are given in Sec. 1.3. 

The flow of ions entering the mirror from the central 
cell is throttled by the first mirror, expands in the de
creasing magnetic field, and finally is reflected by the 
potential 0C described below. To the left of point b in 
Fig. lb, the potential and density satisfy Boltzmann's rela
tion, so that this decreasing density, together with the den
sity depression in the sloshing-ion profile, generates a bar
rier between the outer lobe of density and the inner-lobe-
central-cell region. When electrons trapped in the outer lobe 
are heated by local application of electron cyclotron resonance 
heating (ECRH), T e p and the outer lobe potential will rise 
to generate the 0 profile shown in Fig. lb. The potential 
peak at point p forms the final plug as seen by the central 
cell. Energetic, anisotropic electrons that are magnetically 
trapped and result in part from the heating in the outer lobe 
and in part from a second ECRH frequency tuned to the midplane 
electron gyrofrequency will depress the thermal electron 
density at the barrier midplane njj* below the ion density 
nb. 

Two important results have been obtained by Cohen et al. 
I_3J. The potential 0b + 0c adjusts so that the net parti
cle flux between locally trapped and passing electrons nearly 
vanishes, matching only that injected by ionization of neutral 
beams. For parameters of interest, they find 

"o + % = T e p l n [ ( V n b ) ( T e c / T e p ) 1 / 2 | <*> 

or 

0 = T lnf/n /n*\/T /T )1 / 2 j - T ln/n /n* ) (2) 
c ep | \ p b / \ ec ep/ ec \ c b / 
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For s u f f i c i e n t l y low n^ and l a rge T e p / T e c , the requi red 0C 

can be generated by an ion dens i ty n p even l ess than n c . 
For the power t r a n s f e r they found Qf] 

P = - n (T - T ) T _ 1 (1 + g(R)/2R) (3) 
e p ep ec p 

where Tp = Vvr/4 r0 g(R) £ exp(£) when £ = (0b + 0C)/Tep ^ 2, 
and TQ is the electron-electron scattering time, and g(R) «» 1; 
for R >>1, g(R) = Win [(W + 1)/(W - 1)] with W = (1 + R"l)l/2. 
Equating this power to the ECRH power applied to the outer lobe 
determines Tep. 

Detailed variation of 0(z) is determined from charge neu
trality. When densities are calculated from model distribution 
functions having discontinuities, discontinuous potential pro
files can result. However, distributions that model properly 
smooth Fokker-Planck solutions yield continuous profiles, such 
as that shown in Sec. 1.3. 

Studies of the energetics of this configuration show that 
the large reduction in ion density required to sustain 0C, com
pared to a TM without barriers, results in saving more power 
than is expended in maintaining the barrier profiles, including 
the pumping and ECRH Qs]. 

1.3 Fokker-Planck so lu t i ons 

The s losh ing- ion end c e l l d i s t r i b u t i o n s described in the 
preceding s ec t i on have been obtained by numerical i n t e g r a t i o n 
of a bounce-averaged Fokker-Planck equation of the form 

9t J V J VH | 8 t coll. V I 

v f xs (4) 

where i^ib and vxb are the i o n i z a t i o n and charge-exchange 
r a t e s , and Sb(z,v) i s the ion source shape assoc ia ted with 
the b t n n e u t r a l beam. Wells of a r b i t r a r y shape, even in z , 
are al lowed. Ion dens i ty p r o f i l e s n¿(z) are ca l cu la t ed from 
the s o l u t i o n f, which i s a function of cons tan ts of the bounce 
motion; and assuming Maxwellian e l e c t r o n s , we find the ambi-
polar p r o f i l e from 

0(z) = 0 (0 ) + Tg i n [ n i ( z ) / n i ( 0 ) " | (5) 
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where "0" refers to the midplane. Ion density profiles n¿(z) 
peaked off midplane similarly generate potentials peaked off 
midplane. In this symmetric model, these potentials are not 
asymmetric as shown in Fig. 2a; rather, by proper choice of 
Te, both sides have the higher peak of the figure. 

1 
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/+~~\ ' 
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FIG. 2. a) Axial pro files of density and 
magnetic field for sloshing-ion example. 
E(inj) = 80 keV, R(inj) = 2.5 at 125 cm, 
Rm = 4, potential = 40 kV, Tep = 40 keV, 
and Tc = 15 TeV. 

b) Vj_, Vft-distributions at the 
midplane of example a. 

We find that sloshing-ion distributions result over a wide 
range of system parameters, if injection is localized at a mag
netic field >1.3 times the midplane field and charge-exchange 
removal of ions scattering out of the injection profile is suf
ficient. A profile generated in a mirror ratio well of R^ = 4 
by injection normal to B at B(inj) = 2.5 BQ is shown in Fig. 
2a; a similar profile would result for injection at 0(inj) = 
40° at the midplane. For normal injection away from the 
midplane, charge-exchange pumping requires a second beam in
jected at small pitch angle; for angled injection at the mid
plane, charge exchange on the beam usually suffices. For the 
example in Fig. 2a, the averaged ratio of charge exchange to 
ionization was n c x/n£ o n = 1/2. Similar distributions were 
obtained for R^ varying from 3 to 6.5, 0(inj) from 40° to 65°, 
ñ c x/ñ¿ o n from 1/2 to 6/7, and electron temperature injec
tion energy from 0.01 (drag-dominated) to 0.5 (no drag). Dis
tribution functions for MFTF-B and TMX upgrade parameters will 
have much more low energy component, corresponding to a passing 
ion density roughly equal to the sloshing ion density. In some 
cases, f is nearly monotonie in v, . 

1.4 Microstability of the sloshing-ion distribution 

The non-Maxwellian distributions characteristic of 
sloshing ions in the end cells are far more stable to familiar 
mirror loss-cone-type instabilities than those having the den
sity maximum at the field minimum. The passing and barely 
trapped ions partially fill the low-v^ region below the peak of 
the sloshing ions. We employ the model 
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+ , expí r- I (6) 

where i is a positive integer, and the parameters £, v£, 
v¿, and V i are adjusted to best fit the Fokker-Planck 
results. For Fig. 2b, take i = 4, vj = V2, and ^i = 0.9. 

We calculate stability to loss-cone modes using a differ
ential equation along B that treats variation across B in an 
eikonal approximation [6J. Previous results found the DCLC 
mode at a) = £2ci (midplane) to be stabilized by a warm-plasma 
density fraction >5% at the midplane. For the sloshing-ion 
barrier plugs described, the passing ions (low v^ in Fig. 2b) 
exceed this fraction for all parameters of interest. The only 
remaning modes found are higher harmonic, shorter wavelength 
modes L?3 that can localize in the outer density lobe in Fig. 
lb. For stability these require more filling of the low-v 
distribution, TJ¿ s» 0.5 in Eq. (6), corresponding to a passing 
ion density roughly equal to the trapped ion density, as in 
MFTF-B and TMX upgrade. 

A second drive for instability lies in the streaming-ion 
character of the vii-distribution, which we model by drifting 
Maxwellians having temperature T£|| and drift energy Edr¿ft. 
To analyze this stability, we treat the electrons adiabatic-
ally, allowing for a fraction Ve of anisotropic electrons 
having Te¿ and Te|| and treat ions allowing finite k^P^, 
although generally k^P¿ > >1 is most severe. Absolute modes 
having Reco= 0 require max D(k||, k¿) > 0, generating the sta
bility boundary shown in Fig. 3. The percentages in Fig. 3 
show fractions 7]e for MFTF-B parameters. Introduction of hot 
electrons to enhance the barrier effect by reducing n§ 
in Eq. (2) is destabilizing and would place at least an upper 
bound on this hot-electron fraction. For the same reason, we 
expect the barrier midplane, where the hot electron density is 
maximum, to be the most susceptible to these modes. 

Modes having Reoo¥ 0 are being examined by a Nyquist anal
ysis. However, these are expected to place less severe con
straints than those with Recü= 0. 

Alfvén waves, which otherwise might be unstable when 
ub ^ ^A (tne Alfvén speed), are stabilized by the presence 
of the hot, mirror-trapped electron anisotropy (V|JL - v|||). 
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FIG. 3. Stability boundary for ion-ion, 
Re co = 0 mode for a distribution model
ling the.Fokker-Planck solution. Percents 
refer to hot-electron fraction in MFTF-B. 

The shear and compressional Alfvén modes, respectively, are 
given by 

CO 

and 

= k f [ V A + ( T e i - T e l | ) / M i ] 

¿ = k2vf + [2k
2 Te i + *,f (Te i - Te|| )] /M. 

(7) 

(8) 

so that w/kn = 0(Te /Mi)*/
2, too fast to couple to the drifting 

ions. A similar statement holds regarding the effect of these 
electrons on the firehose condition, B 2 + 47r(P. - Pi.) > 0. 

2. BALLOONING MODES 

The maximum /3 achievable is thought to be limited by bal
looning modes satisfying an eigenmode equation derived from a 
large-aspect-ratio expansion of the guiding-center energy prin
ciple [_8,9J. For a tandem with TB's the parameter space avail
able has six degrees of freedom: the field line coordinates ^ 
and 6, the angle specifying the orientation of the wave vector, 
and the values of /3 in the central, yin-yang, and barrier 
cells, PCf /? and /?D, respectively. The lowest eigenvalue 
COQ lies near the surface in the symmetry plane, and has only 
ip displacement, satisfying 

d_ 
dz ê 

2 Q dV 

B 2 dz U) 
2¿_ 4 ^ 8 ( P 1 +p||> 
' 2 B Zip 

K, V = 0 ( 9 ) 

where <£f2 is the flux-surface ellipticity, K^ is the normal 
vature, and QB~2 = 1 + 4TT(P^ - P.. )/B2. The parameter space 
is that of the /3's only. 

The effect of the various terms in Eq. (9) on stability 
can be seen in the variational form 

c u r -

"2~/42M£)2 3(P, + P„) 

dip 
W 2 

B 
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FIG.4. a) Axial structure of a typical 
ballooning eigenmode in a tandem with 
A-cell thermal barriers. Plots of the line-
bending and curvature coefficients are also 
shown. 

b) Ballooning-mode marginal-
stability boundaries in a tandem with 
A-cell thermal barriers for two different 
values o/]3b. 

-20 -10 0 10 20 ""O.O 0.1 0.2 0.3 

The first term, the line bending/stretching term, is positive-
definite and stabilizing. If &*• < < 1 anywhere along the flux 
tube, dV/dz can be large (the flux tube can bend and stretch) 
without a large stabilizing effect. The second term is local
ly stabilizing or destabilizing, depending on the sign of K^. 
If regions of positive and negative curvature are separated by 
a region of <f2 « 1, the mode can localize to minimize good 
curvature and maximize bad curvature, having only a small ex
penditure of bending/stretching energy. 

Eigenmodes having just such a structure are found in num
erical solutions of Eq. (9). An example is shown in Fig. 4a, 
where plots of the two terms in the integrand of Eq. (9) are 
superimposed on one of the eigenmode amplitude. 

The calculated stability boundaries for MFTF-B, 
min a>§ = 0, are shown in Fig. 4b for two values of /?b. 
The system is stable (unstable) to the left (right) of each 
curve. 
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DISCUSSION 

A.Y. WONG: Is the /3-limit higher for an axisymmetric system? 
D.E. BALDWIN: The principal problem for axisymmetric systems is 

the flute mode. If this cannot occur, for whatever reason, then the axisymmetric 
systems are stable to ballooning modes at higher /3 values than similar non-symmetric 
systems. This is due to the rarer occurrence of regions of locally extreme adverse 
curvature and regions amenable to bending. 

T.K. FOWLER: I would like to point out that the key idea behind the pre
dicted stability of thermal barrier end plugs is based on experiments by M.S. Ioffe 
and his co-workers at the Kurchatov Institute. This remarkable group has pointed 
the way, in almost every area of physics, that has led to our present confidence 
that tandem mirror reactors can work: minimum-B; identification of the DCLC 
instability; its cure by stream stabilization; and, most recently and perhaps most 
importantly, the possibility of a completely stable mirror system. This last work, 
showing that stability only requires warm ions (filling the loss cone) near the 
mirror mid-plane, has been discussed in a recent paper by B. Kanaev [Nucl. Fusion 
19(1979)347]. 
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Abstract 

RFC-XX PLASMA CONFINEMENT AND HEATING EXPERIMENTS. 
Ion-cyclotron resonance heating (ICRH) was carried out on RFC-XX using two sets 

of Nagoya type-Ill coils mounted axially 45 cm apart. The phase difference 5 between the 
two coils was controlled and the dependence of plasma parameters on 5 studied. RF plugging 
for the ICRH plasma was performed. Energy confinement was improved by a factor of 4. 
The ion-cyclotron fluctuations were stabilized by the application of RF plugging. It was 
also demonstrated, at Kyoto University, that simultaneous application of plugging and 
stabilizing RF fields improves confinement of a simple mirror. In plugging, the m = +1 mode 
exhibits longer particle confinement time and energy confinement time than the m = ± 1 mode. 

1. INTRODUCTION 

The RF plugging of an open-ended system has been investigated at the 
Institute of Plasma Physics, Nagoya, as a method of improving confinement in 
a cusp or mirror configuration. At the last conference in this series we reported 
that plasma confinement was improved for laser-produced high-density plasma 
in a spindle cusp by the application of RF plugging. 

In the present experiment, we adopt a new magnetic field configuration 
consisting of a long central section (uniform field) terminated by two spindle 
cusps, one at each end. The plasma is injected from one of the point cusps and 

* Gunma University, Kiryu, Gunma, Japan. 
** Department of Electrical Engineering, Nagoya University, Nagoya, Japan. 
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FIG. 1. Schematic diagram of RFC-XX. 

heated by ion-cyclotron resonance heating (ICRH) in the central section by 
using two sets of Nagoya type-Ill coils. To suppress the end loss of the RF-heated 
plasma, we apply RF fields in the ion-cyclotron frequency range to both ends. 
The ion-cyclotron fluctuations detected in the central section are stabilized by 
line cusp plugging. 

At Kyoto University, the stabilization and confinement of a plasma in a 
simple mirror by RF fields are being investigated. In the plugging experiment, 
circularly (m = +1 ) and linearly (m = ± 1 ) polarized modes are compared. 

2. EXPERIMENTS ON RFC-XX 

2.1. Experimental set-up 

This experiment is carried out on the RFC-XX device at IPP, Nagoya (Fig. 1 ). 
The magnetic field strengths in full excitation are 2.1 T at the line cusp, 3.9 T at 
the point cusp, and 1.0 T at the central section. Hydrogen plasma produced by 
a TPD-type plasma source is injected through one of the point cusps. The plasma 
density ranges between 1012 and 1013 cm -3 ; ion and electron temperatures are 
about 20 eV[ l ] . 

For plugging, each line cusp is equipped with a pair of ring electrodes of 
1.6 m outer dia. and 0.8 m inner dia. Each point cusp is equipped with a Nagoya 
type-Ill coil of 21 cm axial length. These RF systems are excited by four 1 -MW 
RF oscillators. For heating, two sets of type-Ill coils of 15 cm axial length are 
placed 45 cm apart in the central section. Two sets of RF oscillators are provided 
for the RF heating and the phase difference between them can be controlled. 
Diagnostics are shown in Fig. 1. 
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FIG. 2. Dependence of some parameters FIG. 3. Perpendicular temperature and 
on phase difference. power input plotted against plasma density. 

2.2. Experimental results 

2.2.1. Ion-cyclotron resonance heating (ICRH) 

To heat the ions, ion-cyclotron waves are excited by two sets of type-Ill 
coils mounted in the central section. The frequency used is 13.7 MHz. By con
trolling the phase difference between the RF voltages applied to the two coils, 
the waves can be made to propagate in one or both directions or to form a standing 
mode between two coils. The effect of the phase difference is evident, as shown in 
Fig.2, where the plasma density n is 2 X 1012 cm -3 and peak RF voltage Vrf 
applied to the coil is 9.4 kV. 

The net power input P is obtained by subtracting the power input without 
plasma from that with plasma. The value P is maximum for 5 = 180°. The 
ô-dependence of perpendicular temperature (TiL + T e i ) is similar to the 
P-dependence. Since the electron temperature increases very little during the 
RF heating pulse, the increment of perpendicular temperature is due to ion 
heating. The loading resistance of the left-hand coil RSL and that of the right-
hand coil RSR also depends strongly on Ô. The dependences of RSL and RSR 
just correspond to that of the wave amplitude B? , detected by the left-hand 
magnetic probe (#1) , and B R , detected by the right-hand magnetic probe (#3) , 
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FIG.4. Time histories of some parameters: loss flux, TJTE, density, power input 
and diamagnetism. 

respectively. The result that 1?L + BR has the same S-dependence as the perpen
dicular ion temperature indicates that the wave energy is converted to kinetic 
energy in the regions of magnetic beach. And this is consistent with the fact that 
the ion temperature does not increase so much for 0 = 0 ° when B2^ + BR is small, 
contrary to large B2 detected by the central magnetic probe (#=2). The 
ô-dependence shown in Fig.2 can be explained by a theoretical consideration 
taking into account the finite length of the coil system. 

The maximum value achieved in this series of experiments is plotted in Fig.3. 
We obtain Ti = 1 keV at n = 1 X 1012 cm"3 and Ti = 180 eV at n = 5 X 1012 cm -3 

forP= 190 kW. 

2.2.2. Plugging of ICRH plasma 

To confine the ICRH plasma, RF plugging is applied to the open ends. The 
effectiveness of RF plugging is evaluated by measuring the energy confinement 
time, which is a more important quantity than the particle confinement time. 
The energy confinement time r^ is derived by dividing the total energy stored 
in the plasma,E>by the power input to the plasma Pjn. In place of the total 
energy in the plasma we use the perpendicular component measured by the 
diamagnetic loop. In estimating input power, we can neglect the power from the 
plasma source and from the RF plugging field. The power input of the plasma, 
Pin, is estimated by the relation Pin = 7?(Prf — Pc) = V?, where Prf is the gross 
power output from the oscillators, Pc is the circuit loss, and r¡ is the heating 
efficiency which depends on the power loss to the wall round the propagating 
wave. As we can measure Prf and Pc, the energy confinement can be evaluated 
by the quantity r)TE = E/(Prf - Pc). 

Figure 4 shows time histories of some parameters. During the first half of 
the RF heating pulse, the RF plugging field is applied to two line cusps, while 
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the plugging is turned off during the latter half. The electron density increases 
for the duration of the heating and reaches 6 X 1012 cm -3 . The diamagnetic signal 
has large values for the heating period. The value of rçrg is improved by a factor 3 
with the line cusp plugging, which implies that the energy confinement time is 
improved by a factor 3, with the assumption that 77 is not changed appreciably. 
The maximum value of the improving factor in this series of experiments is 4. 

The absolute value of rg (50 to 100 /is) is directly obtained from the decay 
time of the diamagnetic signal at turn-off time of the RF heating during RF 
plugging. 

2.2.3. Stabilization of ion-cyclotron fluctuations 

The ion-cyclotron fluctuations are detected by the RF probe in the circum
ference of the plasma column in the central section. The fluctuations are almost 
stabilized by application of RF plugging at the line cusps. 

3. IMPROVED RF PLUGGING IN A SIMPLE MIRROR PLASMA 

This experiment is performed in the simple mirror machine HIEI at Kyoto 
University. The magnetic field strength at the throat is 0.69 T and the mirror 
ratio R = 1.7—2. Hydrogen plasma of density n = 1011 —1012 cm -3 produced 
by the TPD source is injected through one mirror end. The RF field of m = +1 
or m = ± 1 mode is applied at the other end for plugging. The frequency used 
is 9.5 MHz. 

The end-loss flux with the RF plugging field is further reduced through 
stabilization of the flute mode by the m = ± 2 RF field simultaneously applied 
near the midplane [2]. 

The particle confinement time r is estimated from the loss flux along and 
perpendicular to the field lines and the plasma density profile. The ratio of 
T with the RF plugging field to that without RF is given in Fig. 5 versus the RF 
power into the plasma divided by the density. The m = +1 RF field exhibits 
particle confinement time twice as long as that of the m = ± 1 field. 

The perpendicular component of plasma energy E measured with a 
diamagnetic loop is given in the inset of Fig.6. Since the value of E is expected 
to vary as E(t) = E(t = 0) + PinTE[ 1 -exp( - t / rE)L t being a time after the start 
of the RF pulse, we can estimate the absolute value of r E from the measured 
E(t). Figure 6 shows the product of plasma energy and energy confinement 
time as a function of the RF power into the plasma divided by the density. The 
value of ErE is increased by a factor of 5 with the m = +1 RF field with 
P R F M = 0.5 kW/1011 cm"3, while for the m = ± 1 RF field with the same power, 
ErE is increased by a factor 3. The absolute value of r E with the m = +1 RF 
field is 40 to 52 ixs, which is about twice as long as that without RF. 
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4. CONCLUSION 

In RFC-XX, the use of two sets of Nagoya type-Ill coils and the adjustment 
of phase difference between them has been successful for ion heating by ICRH. 
The maximum values achieved in this experiment are Tj = 1 keV at n = 1 X 1012 cm -3 

and Ti = 180 eV at n = 5 X 1012 cm -3 for P = 190 kW. Plugging for ICRH plasma 
is effective in improving the energy confinement. The maximum value of the 
improving factor is 4, and energy confinement time measured by the decay of 
the diamagnetic signal reaches 100 fis. The ion-cyclotron fluctuations are stabilized 
by the application of RF plugging at line cusps. 

In HIEI, both the stabilization of the flute mode and the improved end plugging 
are achieved by simultaneous application of the m = ± 1 field at the throat and the 
m = ± 2 field at the midplane. By using the m = + 1 field for plugging, the particle 
confinement time and the energy confinement time are improved by a factor 2 and 
1.7, respectively, compared to the m = ± 1 field. 
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DISCUSSION 

D.D. RYUTOV: What was the ratio of the fluxes through the line cusp and 
the point cusp when the line-cusp plugging was on? 

T. SATO: The ratio was 0.1 to 0.3 in the present experiment. 
D.E. BALDWIN: The demonstration of flute stabilization by the radial 

gradient of a ponderomotive potential is very exciting. However, it needs to be 
repeated at higher densities where the skin depth c/copi is much less than the 
plasma radius to determine whether the required En can penetrate the plasma. 
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Abstract 

ECRH AND NEUTRAL-INJECTION EXPERIMENTS IN THE CLEO STELLARATOR. 
Currentless plasmas have been produced in the CLEO stellarator by the use of electron 

cyclotron resonant heating methods. The mechanism of the absorption of power by the plasma 
has been studied and the effects of a small probing current on the resulting hot-electron plasma 
have been investigated. A 150-kW beam of energetic neutrals has been injected into a low-
power Ohmic discharge and considerable ion and electron heating has been observed. It has 
been possible to sustain only a cold currentless plasma by neutral injection alone. The absence 
of poloidal field on the axis of an £ = 3 stellarator causes the neutral power to be less effective 
in heating the plasma than in the case with Ohmic current. 

1. INTRODUCTION 

One of the most important properties of the stellarator 
configuration is that of confining plasma without current. Thus, 
although the present generation of experiments began by using 
a plasma formed by ohmic heating, a considerable effort is now 
being devoted to the study of hot plasmas in which the ohmic 
current is either absent or very small. This paper details the 
results of the application of auxiliary heating to the CLEO 
stellarator by two methods, neutral injection and RF heating 
at the electron cyclotron resonance. 

2. ELECTRON CYCLOTRON RESONANT HEATING 

Currentless plasmas were produced in CLEO by injecting 
~ 12 kW of 17.50 GHz microwave power, in 50- 100 ms pulses, 
through a waveguide aerial mounted radially in the torus wall 
and rotatable so as to launch either the ordinary (0) or extra
ordinary (X) mode. In most of the experiments the aerial was 

* Oxford University. 
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located 5° outside the highest point of the torus and incorpor
ated a matching device. A second unmatched aerial was also used, 
radiating only in the O mode. 

A pulse of hydrogen was injected into the torus 5 ms before 
the start of the microwave heating pulse. A feedback signal 
derived from the 2 mm interferometer was used to maintain a 
chosen value of average electron density n e throughout the micro
wave pulse. Average densities in the range (1.5-2.5) x 10 m~ 
and central electron temperatures of 50-100 eV were obtained, 
with no ohmic heating applied. 

The electron temperature was estimated by three methods. 
A toroidal current pulse (100-2500 A) was induced in the plasma 
after 50 ms, and the time variation of the plasma conductance 
was measured; a 28-36 GHz microwave superheterodyne receiver 
measured the plasma emission at the second harmonic of the 
electron cyclotron frequency (ECE) to give T (r); for selected 
plasmas the central temperature Teo was measured by Thomson 
scattering. Extensive comparison of the ECE signal with the 
conductance temperatures showed it to be roughly an order of 
magnitude below the blackbody level and to have a close to T e 

dependence, as expected theoretically for a low emissivity 
plasma. The resulting Te(r) profile was parabolic, with a rad
ius of ~ 10 cm. Agreement between the central conductivity 
temperature T e 0 and the Thomson scattering value was obtained 
for this profile, with Z - ~ 1. 

The electron cyclotron resonance field for 17.5 GHz is 
6.25 kG, and so a resonance region was contained in the 28 cm 
bore torus (RQ = 90 cm) for central fields of 5.3-7.2 kG. Com
puter plots of |B| in the plasma region showed the field values 
to be close to BA as calculated from its 1/R dependence, the 
perturbations due to the helical-winding currents being local
ised near the wall. 

Injecting power in the Q mode, plasmas were produced for 
a range of central field values BAQ. Figure 1 shows the measured 
values of T e Q. For the matched aerial, cyclotron resonance break
down in the feed waveguide prevented operation for BAQ in the 
range 5.95-6.76 kG. This region was covered using the unmatched 
aerial, which was located in a weaker fringing field. The power 
reflected back into the feed waveguide of the matched aerial was 
< 0.5%, whether or not plasma was present. As expected by the 
proximity to the aerial of the X mode cut off [l], at 0) = u) -
Oóü)ce , operation in that mode produced much higher reflection, 
and since the plasma had lower values of n and T e 0, in general, 
O mode operation was chosen. 
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FIG.l. Dependences on B^Q of Te0(CT) and PECE, where Teo(a) is the peak electron temperature 
measured by probing the plasma conductivity and PECE ZS the second-harmonic electron 
cyclotron emitted power; ïïe = 1.5 X ¿018 m~3 (matched aerial), 1.8 X 1018 m~3 (unmatched 
aerial). 

• » 

B í 0 = 5 7 kG 
ECRH plasma ££**«v«y . 

006 0-09 

6 = v„/vlh oc l/n,T,v 

FIG.2. Dependence of the electron energy confinement time on the drift parameter %, for 
ECRH and Ohmic plasmas. 

For TeQ < 100 eV, direct cyclotron absorption is expected 
to be small [2], In the present work the main absorption pro
cess is expected to involve mode conversion of the microwave 
power at the upper hybrid resonance layer into electrostatic 
Bernstein waves which then propagate in the plasma and are absorbed 
between the upper hybrid layer and the cyclotron resonance layer. 
The highest temperatures were obtained with B^Q «* 5.8 kGf giving 
cyclotron resonance 6.5 cm inside the plasma centre (R = 83.5 cm). 
For central resonance at 6.25 kG, T e 0 was lower by a factor of 
~ 3. 
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Direct measurements of the electron energy confinement time 
TEe w e r e niade by chopping the microwave power by typically a 
factor of 2 in ̂  100 lis, during the probing current pulse, and 
analysing the resulting initial transient behaviour of the plasma 
conductance and of the ECE signal corresponding to 2ü)ce at the 
plasma centre. As T e dropped ñ e remained constant initially. 
In Figure 2, the measured values of T E e are plotted against the 
drift parameter Ç, which is proportional to l/neT§, where I is 
the toroidal probing current. Also shown are values measured 
in purely ohmically heated plasmas having B A 0 = 6 kG. Since there 
was excellent agreement between the conductance and ECE methods, 
the latter was used to measure T E e for plasmas carrying no dir
ected current. 

The error bar marked in Figure 2 indicates the estimated 
accuracy in determining T E e. Shot to shot variations lying well 
outside this error were clearly evident in the raw data and are 
included in Figure 2. The measured energy confinement times are 
much shorter than those predicted by neoclassical theory, but 
they are close to those obtained by ohmic heating and to those 
obtained in tokamaks operating at similar low densities. Assum
ing that the plasma ions are kept cold by charge-exchange with 
neutrals from the wall, the electrons will lose their energy to 
them in ~ 5 ms. 

For a steady-state profile with T S Q = 60 eV, a = 10 cm, 
and a uniform density n e = 2

 x 1018 m - 3, the input power required 
for T E e = 1 IDS is ~ 2.5 kW, corresponding to a heating efficiency 
of ~ 20% for the applied microwave power of P. = 12 kW. Varying 
P^n from 5-12 kW showed Teg to rise in proportion while main
taining the same value of ñ . 

3. NEUTRAL INJECTION EXPERIMENTS 

The neutral injection system on CLEO stellarator now delivers 
up to 150 kW of neutrals tangentially to the torus at an energy 
20 keV for pulse lengths up to 100 ms. Target ohmic plasmas suit
able for injection are described in references [3] and [4], CLEO 
has £ = 3 helical windings, and therefore zero transform on axis 
in the absence of ohmic current. Thus fast tangentially injected 
ions are little affected by the helical field near the axis. In 
addition 20 keV protons have sufficient toroidal momentum that 
their drift surfaces depart significantly from the vacuum magnetic 
surfaces, even near the separatrix where the transform is large. 
Thus as can be seen in Figure 3 injected protons are confined only 
in a small region, and the power transfer profile will be peaked 
well off axis. At plasma densities ñ e c* 2 x 10 1 9 m~3 only ~ 30% 
of the beam is ionised on confined orbits for pure stellarator 
operation, rising to 50% with an ohmic current I ~ 6 kA. 
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FIG.3. Proton drift surfaces in CLEO 
vacuum fields. B^ = 20 kG, IL = 100 kA, 
E = 24 keV, counter-injection. Transform 
on magnetic surface just touching limiter 
B2 = 0.3. 

FIG.4. Operating diagram with 140 kW 
injection at 20 kV. B^ = 18.4 kG, 
IL = 100-120 kA,Jk= 0.35-0.55. The 
solid line is the boundary of the operating 
region with injection. The dotted line is 
the boundary for Ohmic discharges. 
The line average density is taken by 
assuming one interferometer fringe to be 
equivalent to ïïe = 5 X 10IS m~3. 

(a) Injection Heating of Ohmic Discharges 

On injection of 140 kW into a 6 kA ohmic discharge in hydro
gen with mean plasma density ñe ^ 2 x 10

19 m 3, the loop volts 
drop from 2 V to 1 V due to electron heating and stay low through
out the injection pulse. Electron and ion temperatures rise from 
Te = 150 eV, Tj_ = 130 eV to Te = 300 eV, T± = 250 eV. Electron 
and ion temperatures rise linearly with the calculated input 
power in fast ions with slopes 2.7 eV/kW for electrons and2.3eV/kW 
for ions. This corresponds to a rise in total energy content of 
3 joules/kW, and, if we assume all the fast ion power is trans
ferred to the plasma, indicates a total energy replacement time 
for injection dominated discharges of ~ 3 ms. The energy replace
ment time before injection is ~ 8 ms. The time constant for the 
rise in total energy content suggests that only ~ 1/3 of the power 
in fast ions is effective in heating the plasma. This may be a 
consequence of orbit effects in association with charge-exchange 
loss from the fast ions or additional losses from the plasma. 

Gas puffing during injection allows densities to be increased 
by up to a factor ~ 2 above that achieved by ohmic heating alone. 
Density clamping is not observed, and the particle confinement 
time increases with density exactly as for ohmic discharges. Fig
ure 4 shows the region in current-density space accessible with 
injection. Discharges with ohmic currents & 10 kA are completely 
free of MHD activity. There is a density limit, dependent on 
ohmic current beyond which it is not possible to sustain the 
plasma, but at lower densities a density plateau may be maintained 
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for the whole of the injection pulse. Close to the density limit 
a gradual rise in loop volts, impurity line radiation and bolo
meter signal is seen, and the electron cyclotron emission indicates 
a narrowing of the Tp profile. Then the central T. falls to ~ 15 eV, 

— 1 9 — 3 

the current falls to 200 A, and the density decays to ne^2 xiO m 
all on a timescale ~ 10 ms. This cold plasma survives until the end 
of the injection pulse. 

Hot ohmic plasmas T0 c¿ T. <=¿ 200 eV with line of sight den-
— 2 0 — 3 

sities ne U¿ 10 m have been achieved using neutral injection, 
higher densities than can be sustained by ohmic heating alone. 
Here the conversion of the neutral beam to fast ions is efficient, 
and charge-exchange losses from the fast ions become negligible even 
near the plasma edge. Despite this these denser discharges are cooler 
and the energy confinement time does not increase with density. Highe] 
toroidal beta values are reached at higher densities and peak values 
up to 0.75% can be achieved and sustained. 

Injection dominated discharges in. CLE0 depart strongly from 
the trend of increasing electron energy replacement time T with 
decreasing ratio, £, of electron drift velocity to electron thermal 
velocity seen in some ohmic discharges [5]. Here we define 
T E e = E /(P^ + Ppi) where Ee = electron energy content, P^ = ohmic 
power and PF^ = calculated power to fast ions. We have already 
noted that T E e falls with increasing injection power at' constant 
5e despite the fall in £ due to heating, and that T remains con
stant with increasing ñe. 

Ion conduction losses and radiation are important in these 
discharges, and calculations show that the power transfer profile 
peaked off axis reduces the effectiveness of injection heating. 

(b) Low Current and Currentless Plasmas with Neutral Injection 

We have approached low current and currentless operation in 
three ways. Firstly a low capacity ohmic heating bank is used to 
produce a short ~ 20 ms current pulse which breaks down the gas 
fill before injection. Secondly the ohmic current of a long pulse 
injection dominated discharge is allowed to decay on a timescale 
~ lOO ms set by the ohmic heating circuit. Thirdly low current, 
Ig < 1 kA, low density, ñe < 5 x 1018 m~3, ohmic discharges can be 
used as the target for neutral injection. Following these tech
niques, only cold Te =¿ 15 eV plasmas with densities ne & 2 x1019 

m could be sustained by neutral injection with low (Ig c¿ 200 amp) 
or zero ohmic current. 

These cold discharges are included in Figure 4. Thus the 
density limit on this figure appears to be the boundary between 
hot and cold plasmas set by a radiation barrier. Above I_ ̂  6 kA 
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densities in excess of the ohmic limit can be obtained, but below 
this rapid cooling occurs if the ohmic limit is exceeded. Injec
tion will heat plasmas within the ohmic limit, and though power is 
still transferred beyond the limit it is insufficient to balance 
radiation losses if Te is high. Below Ig ~ 6 kA, injection trans
fers little power to the centre of the plasma because of orbit 
effects, and we suggest this determines the character of the den
sity limit and prevents hot dense plasmas being sustained by neu
tral injection at low or zero ohmic current. 

4. CONCLUSIONS 

1. Currentless plasmas have been produced in CLEO by electron 
cyclotron heating. The parameters, including electron energy con
finement times achieved, are similar to those produced in ohmic heated 
plasmas and to those obtained in tokamaks at similar low densities. 
The measured containment times are shorter than expected on the basis 
of neo-classical theory but this is thought to be due to loss of elec
tron energy on the cold ions, which themselves lose energy by charge-
exchange on the high background of neutrals. 

2. Using neutral injection, we have demonstrated significant elec
tron and ion heating in stellarator plasmas with ohmic currents > 6 kA. 
It has been possible to achieve substantially higher densities than 
obtainable by ohmic heating alone giving high peak values of toroidal 
beta up to 0.75%. 

3. Below Ig ~ 6 kA, neutral injection is unable to extend the 
region of operation to higher densities than obtainable by ohmic heat
ing alone, and currentless plasmas sustained by neutral injection have 
been cold. This is thought to be due to the combined effects of impur
ity radiation and an unfavourable injection power transfer profile 
caused by the absence of poloidal field on the axis of an £ = 3 stellar
ator. 
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Abstract 

CONFINEMENT AND STABILITY OF OHMICALLY HEATED PLASMAS IN THE CLEO 
STELLARATOR. 

The stability of Ohmic discharges in the Cleo stellarator has been investigated. It is found 
that instabilities associated with rational-q surfaces at q = 2 and q = 3 are responsible for most 
of the MHD activity and/or loss of confinement. Confinement in MHD-free, low-current 
discharges is found to depend mainly on density. Energy confinement times increase with 
density initially, becoming constant at high densities. The particle confinement time increases 
linearly with density as does a confinement time derived from microwave scattering measurements 
of fluctuations (assuming fluctuations due to drift waves). In MHD-free plasmas, the density 
limit at any current appears to be due to radiation from low-Z impurities. The maximum line-
average density achieved is 6.25 X 1019 m~3. 

1. INTRODUCTION 

CLEO [l] is a 7 field period £ = 3 conventional toroidal 
stellarator with the following parameters; major radius R = 0.9 m; 
mean plasma radius a = 0.1 m; toroidal field BT < 2 T;and vacuum 
rotational transform *v < 0.6, taken normally at the flux sur
face in contact with the limiter. The outer vacuum magnetic 
surfaces are approximately triangular; the variation of vacuum 
transform with the flux surface mean radius is *(r) = +v (r/a) . 

In previous work [2] the electron energy confinement time 
TEe w a s shown to scale approximately as the inverse of the mean 
electron drift parameter £~ . Effects on confinement due to MHD 
activity and changes in density and vacuum transform were reported 
[3]; the resulting variations in TEe were consistent with drift 
parameter scaling. 
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We present here recent work on the stability (section 2) 
and confinement (section 3) of ohmic plasmas in CLEO. A wide 
range of discharges has been investigated in order firstly to 
determine the boundaries of useful operation of the stellarator, 
secondly to attempt to identify the modes responsible for the 
MHD activity and their effects on confinement, and thirdly to 
study the confinement properties of ohmic discharges which are 
essentially free of MHD activity. 

The experiments were performed in discharges in hydrogen 
in a well-gettered torus (=* 75% of surface area) with Z ^ f ^ l - 2 . 
Pulsed discharge cleaning in hydrogen was used on a regular 
basis to reduce the level of low-Z impurities. Considerable 
attention was paid to equilibrium with the result of better 
confinement properties for well-centered discharges. Position 
control was achieved with a programmed vertical field and a 
pair of soft X-ray surface barrier diodes with a limited horizontal 
scan to determine the centre of the pressure profile. A check 
on the equilibrium was provided by a low-f3 equilibrium and flux 
surface analysis for ohmic discharges in CLEO [4]. 

2. STABILITY 

The stability/operating diagram (gas current I„ vs line-
of-sight mean density ne) for CLEO at BT = 1.85 T and * = 0.4 
is shown in Figure 1. 

The accessible region is bounded at low currents (I„ < 10 kA) 
by a current-dependent density limit which causes the current 
channel to be terminated in 5 - 10 ms. This limit varies with 
the level of impurity radiation, and there is evidence from elec
tron temperature (T ) profiles (ECE - electron cyclotron emission 
using a scanning Michelson interferometer) that termination of 
the plasma is preceded by edge-cooling, suggesting that low-Z 
species are responsible for the radiation. There is no evidence 
of MHD activity associated with this process, which does not 
appear to be affected by changing the vacuum transform. Over 
most of the range of density, the central Te prior to the current-
termination is between 60 and 120 eV. At low density, ne^5 x 
1018m-3, plasma can be sustained with gas currents of a few hun
dred amperes with Te(o) ¡=¿ 20-60 eV. 

As the gas current is increased, instabilities occur which 
degrade confinement and restrict the range of useful operating 
conditions. Instabilities have been observed on the loop volt
age, magnetic coils, density, ECE (tuned Fabry-Perot interfero
meter) , soft X-ray emission and Ha and impurity line emission. 
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They are believed to be associated principally with MHD activity 
at rational-q surfaces within the plasma, although there is evid
ence that n = 2, m = 3 and 5 tearing modes may be important under 
some conditions. We present here an identification of the rational-
q modes present in plasmas with *v = 0.4 (Figure 1). The identi
fication is based mainly on a stability analysis (code STABG [5] 
with vacuum fields added) of profiles of current density j(r) 
derived from TQ profiles (ECE) assuming constant Zeff. Positive 
identification has been possible experimentally for some cases. 
Rotational transform profiles illustrating the positions of the 
rational-q surfaces for a number of conditions are shown in Fig
ure 2. The description which follows uses the labelling of fea
tures in Figure 1. 

A - No MHD activity; q = 3 stable (Figure 2(a)). 

B - Low level (+_ 10% approx) fluctuations on loop voltage; 
inner q = 3 surface unstable to m = 3 ideal or resistive tearing 
modes, depending on j(r) and I-; outer q = 3 surface stable 
(Figure 2(b)). 

C - Gross fluctuations and strong internal disruptions 
observed on loop voltage at low density; at high density, 
ne > 2 x lo

19 m~3, sawteeth observed on most diagnostics [3], 
with m = 3, n = 1 precursors identified. Large m = 3 tearing-
mode island formed either at one q = 3 surface with weak shear 
or at two coupled q = 3 surfaces (B and A above). 

D - Low-level (+_ 20% approx) fluctuations on loop voltage; 
single stable q = 2 surface near edge of plasma (Figure 2(c)); 
MHD activity due probably to m = 5, n = 2 tearing modes. 

E - Large fluctuations on loop voltage; inner q = 2 sur
face unstable either to ideal or resistive m = 2 modes; outer 
q = 2 surface stable (Figure 2(d)). 

F - Current limit at this value of *v, with major disrup
tions or current saturation; extensive m = 2 island near the 
edge of the plasma formed probably by the coupling between two 
unstable q = 2 surfaces. 

G - Region accessible only with *v < 0.25. 

This description of MHD behaviour is in agreement with the work 
of Matsuoka et al.[6] who computed the MHD stability of an £=3 
stellarator for three different current density profiles; regions 
of ideal and resistive instability associated with total rotational 
transforms of 1/3, 1/2 and 1 were predicted. 
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FIG.3. Variation of electron energy confinement time with gas current showing the effects 
ofm = 3 and m = 2 islands at BT = 1.85 T,¿y = 0.4 and ñe = 2 X 1019 m~3. 
o single shot; • accumulated over > 3 shots. 

3. CONFINEMENT 

3.1. Effect of MHD Activity 

The variation in the electron energy confinement time TEe 

with gas current Ig is shown in Figure 3. The reduction in TEe 

when large m = 3 and m = 2 islands are formed, as described in 
section 2, is clearly observed. In order to eliminate/ as far 
as possible, effects due to MHD, confinement studies have been 
restricted to currents below the 'q = 3' limit C in Figure 1. 
TEe appears to be little affected by the modes present in region 
B of this figure. 

3.2 , Variation with Density 

The variation of the electron and total energy replacement 
times TEe and TE with line-average density ñe is shown in Figure 
4(a) for a toroidal field of Bip = 1.85 T, a vacuum transform of 
+v = 0.4 and a gas current of Ig = 8-8.5 kA. Similar curves 
have been obtained on CLEO for several gas currents and rotational 
transforms. 

At low densities, both T„ and TE increase approximately 
linearly with ñe, as in 'Alcator' scaling for tokamaks [7] . At 
these densities, the mean impurity radiation power density (Fig
ure 4(b)) is small compared to the axial ohmic power density, as 
is the electron-ion equipartition power density. The energy con
finement is governed principally by electron thermal conduction. 

q = 3 
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i 

q = 2 

I 
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FIG.4. Variation of confinement properties with line-of-sight mean density ïïe at BT = 1.85 T, 
*v = 0.4 and Ig = 8—8.5 kA. Data at maximum achieved density (at Ig = 10 kA) are also shown. 
Prad - line-of-sight mean total radiation level. 

A radial power balance performed for a discharge with ñe = 1 x 
10 m~ has yielded a value for the electron thermal diffusivity 
Xe at r = 0 of about 0.35 m

2« s"1. The variation with density is 
approximately \ & O.l x lo19/n (m_1 s-i/m"3). 

The energy confinement times at high densities are nearly 
independent of density. Here, power balances show that ion 
thermal conduction dominates the heat transport in the central 
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region of the discharge out to about half the minor radius. 
Ion temperatures computed using a neoclassical ion energy trans
port code, with measured T and n profiles and computed neutral 
density profiles, agree well with measurements using a neutral 
particle analyser. For the cases analysed, an ion thermal dif-
fusivity Xj_ of n° greater than three times the neoclassical value 
is required for the equipartition power to the ions to be less 
than the ohmic power. The profiles of ion temperature produced 
by the code are broader than the measured T profiles, and this 
allows the power transported by ion thermal conduction from the 
core to be transferred back to the electrons in the outer region 
of plasma. Since most of the power returns to the electrons, 
the high level of total radiation observed for high-density dis
charges can be explained by radiation from low-Z species near 
the edge of the plasma. 

The effect of increasing ne on peak electron and total 
toroidal beta, 3T ^and 3T is shown in Figure 4(c). The nearly 
constant value of 3m above ñ fa 1.5 x 1019 m-3 reflects the 

J-e e _ 
decrease^in central Te with increasing ne. The estimates of 
3Te and 3T given here use the measured Te(o) and ne(o) (Thomson 
scattering ne(o) scaled to a known profile of ne(r)), and T^ 
values measured with a neutral particle analyser. 

The gas flow rate required to sustain a constant density 
under the conditions of Figure 4(a) is independent of density 
to within 10%. Also, the line-of-sight Ha intensity does not 
vary significantly with density. It can be inferred, therefore, 
that the particle confinement time T increases linearly with 
density as shown in Figure 4(d). The values in the figure were 
estimated from the gas flow rate and are accurate to within a 
factor 2. Recycling, with a coefficient of 0.5 at the titanium 
surface of the torus, is taken into account in the calculation. 

Microwave scattering at 2 mm has been used to examine the 
spectrum of density fluctuations <5n/ne. A confinement time Tf 
can be derived from the spectrum using the expression 

T f K [" (ir)' V 
which assumes that drift waves are responsible for the fluctu
ations and that the phase is constant between on and Sty (fluctu
ating potential) for all conditions. 0) is the fluctuation fre
quency obtained from the scattered spectrum. The variation of 
Tf with density ñe is depicted in Figure 4(e). A linear increase 
with density is seen as in TEe and TE at low density and T over 
the whole range of densities. 
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The highest density achieved with ohmic heating in CLEO 
under MHD-free conditions is rie = 6.25 x lO

19 m~3 at Ig = 10 kA 
%ith BT = 1.85 T and *v = 0.4. Here TEe ^ 8 ms, TE ^ 16 ms and 
8T =* 0.35% (shown in Figure 4(a) and (c)). The ñR/B value is 
3.1 x 1019 m"2 T"1. 

3.3. Variation with Other Parameters 

The main effects of changing I on confinement are due to 
MHD activity. For MHD-free conditions, Te increases with current, 
and it has not been possible to identify independent scalings of 
TEe w^-tn either Te or Ig. 

The variations in TEe with %v in the range 0.2 - 0.6 and Bm 
in the range 0.6-1.85 T are slight for well-centered discharges. 
The effects reported earlier [2,3] were due to changes in equilib
rium position in the absence of a vertical field. 

At high density, the ion temperature is little affected by 
changing +v. This can be understood on the basis of little power 
being transported in the ions near the edge of the plasma (section 
3.2) where the effect of the il = 3 vacuum field is greatest. 

Data on particle confinement and microwave scattering have 
yet to be fully analysed. 

4. CONCLUSIONS 

It is shown that a current-dependent density limit, probably 
due to radiation from low-Z impurities, restricts the region of 
operation in Ig vs. n_ space at low currents. Regions where m = 3, 
n = 1 and m = 2, n = 1 MHD instabilities are present are identified 
and the effects of MHD activity on confinement discussed. The 
presence of large m = 3 and m = 2 islands decreases considerably 
the energy confinement time. Operation at the highest currents 
is only possible at low values of vacuum rotational transform 
where the effects of the m = 2 island are less serious. 

Confinement in discharges substantially free from MHD act
ivity is shown to depend principally on the density. Particle 
and energy confinement times increase approximately linearly with 
density at low density. The particle confinement time continues 
to increase at higher densities, but the energy confinement time 
becomes nearly independent of density. Here, heat transport is 
determined by ion conduction in the central core of the discharge, 
but power returns to the electrons in the outer region where much 
of it is lost in radiation. A confinement time derived from the 
fluctuation spectrum measured by microwave scattering (on the 
basis that drift waves are responsible for the fluctuations), 
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increases linearly with density as do the particle confinement 
time and the energy confinement times (at low density). The 
highest density achieved in an ohmic discharge free of MHD act
ivity is 5e = 6.25 x 10

19 m~3. 

The electron energy confinement time depends only weakly 
on toroidal field and vacuum transform in discharges where the 
equilibrium is centered on the major azimuth. 
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DISCUSSION 

ON PAPERS H-l-1 AND H-l-2 

J.L. SHOHET: Am I correct in interpreting your results as showing that 
unstable behaviour occurs when both the q = 2 or q = 3 surfaces are inside the 
plasma and when the shear is negative? 

D.J. LEES: It is necessary only for either q = 2 or q = 3 to occur in a region 
of low shear. We have no evidence that the sign of the shear is important, only 
the magnitude. 

R.J. TAYLOR: There has been some discussion on whether tokamak 
confinement scaling goes as R2 rather than a2. Can you see this in your results? 

D.J. LEES: We have compared the scaling with a law proposed by Chu and Lee1 

for tokamaks and stellarators, which contains 1/qR. When this is allowed for in 
terms of Ipiasma it gives an a3 dependence for TE- This scaling is used to explain 
the PLT results. Our data also lie on this curve, though somewhat above the 
low-current (high-q) tokamak data. This, of course, is scaling for TE and not xe-

B. COPPI: You quoted a factor four improvement over certain tokamak 
experiments. Could you say whether you took any particular form of the electron 
thermal conductivity as a reference in making this comparison? 

D.J. LEES: I made the comparison with tokamaks, for example DITE, in 
which the major radius was approximately the same as in Cleo, so no scaling was 
needed for it. I then scaled the energy replacement time at the same density by a2, 
as for Alcator scaling. The result shows that Cleo is better by a factor of about 
four than the high-q tokamak results. 

1 CHU, T.K., LEE, Y.C., Nucl. Fusion 20 (1980) 803. 
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Abstract 

ELECTRON HEAT TRANSFER AND DENSITY FLUCTUATIONS IN THE WENDELSTEIN 
VII-A STELLARATOR. 

The electron energy confinement in the W VII-A stellarator has been studied in Ohmically 
heated discharges. A low-density regime (ne(0) < 5 X 1013 cm-3) has been found, where the 
coefficient of electron heat conductivity Xe follows drift parameter scaling closely. This implies a 
reduction of Xe with increasing ne and Te. An attempt is made to correlate density fluctuations, 
as measured by microwave scattering, with the observed losses. — With neutral-beam heating, 
a considerable improvement of confinement has been observed. The confinement time increases 
with temperature, supporting the results observed in Ohmic heating. — Furthermore, a sharp 
overall reduction in the density fluctuation level at the beginning of injection is observed and may 
also contribute to the improved confinement. A brief description of the microwave scattering 
system is given. — In the high-density regime (ne(0) > 5 X 1013 cm"3), the energy loss is increased 
by MHD mode activity (the (2,1) mode for -t (a) < 1/2). Changes in the temperature profile due 
to magnetic islands have been observed. 
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Introduction 

In this paper we discuss the electron energy confinement in the W VII-A 

Stellarator for ohmically heated plasmas. First results of experiments with 

additional neutral beam heating and their effect on density fluctuation level 

and energy transport are also presented, along with a description of the 

new microwave scattering diagnostic (appendix). As described in /l/ and /2/, 

in standard helium discharges (20 kA, 3.5 T, t = 0.14) there exist two 

regimes of confinement: the low density regime, where the confinement time 

is proportional to ñ , and a high density regime, where the confinement time 
13 -3^ decreases with density. In the low density regime (n (o) < 5x10 cm ' it 

is possible to describe the electron heat conductivity xe(
r) by a function 

of the local parameters n (r) and T (r) with xQ ̂  1/n y T . In the high 

density regime (n (o) > 5x10 cm ) more parameters besides n and T seem 

to be necessary to describe the local heat conductivity, it is believed that, 

for *C(a)^l/2, growing (2,1) tearing modes /2 & 3/ with islands up to 2.5 cm 

wide cause the confinement to deteriorate. 

Low density regime 

The electron heat conductivity is derived from the electron energy 

¿'P0H"")-Prad('-l)-pei"-'))'-'<"-' 
balance equation xe = gr • 

e dr 

The temperature profile Tp(r) is described accurately by an analytical expression 

T (r) = T (o)/ [l+(r/r ) aj , where the profile parameters T e(o), rQ, and a 

are found by a least squares fit to the measured points obtained by Thomson 

scattering. The ohmic heating power density P0H(^) is calculated from the 

temperature profiles assuming Z ff(r) = const. The radiated power density 

P ^ .(r) is obtained from bolometric measurements. The electron-ion transfer 

power density Pp-sir) is calculated from the ion temperature profile, where 

the central temperature has been measured and the profile T-(r) is assumed 

to follow the electron density profile. In ohmically heated plasmas, 

Pei is very much less than PQH and energy losses due to mass flow are 

negligible. 

In contrast to the procedure described in /2/, we have now looked for 
Vn VT 

an analytical approximation for xe of the form xe = A n T where 
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FIG.I. Xeni3^o/^OH versus temperature. ni3 is the local electron density in units of 1013 cm~3. 
The straight line represents results from 20 kA, 3.5 T, t0 = 0.14 helium discharges. 

A, v and v T are constant factors. We have used values from profiles of 

different density (which also means different radiation levels /l/) and 

also different plasma currents, but with IQU/B = const 

(I0H = ohmic heating current and B = toroidal magnetic field). Only 

points outside the q=l surface have been used. To determine A >v ,Vy, 

a linear regression method has been applied. The result was 

x = 3xl05 n "°-97T " ° ' 6 8 c m V 1 (T in eV, nG in 10
13cm"3) which is 

e e e -1 -0 66 
s/ery close to the x p ̂

 n T ' that was obtained by plotting n xe
 vs-

temperature. The statistical error in this n-T approximation of x0 was 12 %. 
1 e 

In contrast x ^ n alone gives a statistical error of 72 % and is therefore 
in poor agreement with the measurements. 

To study the influence of global parameters on x e in the low density 

regime, the toroidal field B and the plasma current I0H have been varied 

independently. In Fig. 1 we have plotted n ñ xJ- r \u^ Q vs temperature for 

different combinations of IQM and B , thus including a variation of 

Inu/B . The temperature dependence for these cases is clearly the same and 
n fifi 

it also shows x e
 % ^nu/^0

 x l/n"T ' to be a good approximation to our 

present results. The external transform IT was varied between 0.055 and 

0.23, but no significant dependence of x e on *C was detected. Also no 
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FIG.2. Density fluctuation level ne as measured by microwave scattering at 
kL^ll cm'1 ±5k/2 = 3cm~1. 
(a) Scattered amplitude S(k,co)in (arbitrary units) versus frequency at four different line 

densities, ¡n^i X lO^cm'1 equal to (1) 4.7, (2) 6.0, (3) 8.0, (4) 9.5. 
(b) Scattered amplitude Sfk)^2 (i.e. density fluctuation level ne in given k± range) integrated 

over frequency versus line density with and without neutral injection. 

dependence on the local value of t ( r ) (=l/q(r)) could be found. As a result 
the scaling of x e can roughly be described by xe ^l/BQç where I ^ I o H ^ ' V ^ > ) 
is the average drift parameter (ñ = area averaged density, T g = density 
averaged temperature). These results suggest that a current driven in
stability might therefore be the cause of the anomalous heat transport in 
this region. However, results from the microwave scattering diagnostic do 
not show any clear correlation between the density fluctuation level and the 
drift parameter. 

Fig. 2 shows the fluctuation level ne, integrated over frequency (but 
not over wavenumber kL) vs. line density over a wide range of discharge 
conditions (helium, deuterium, < - 0.16-0.23, IQH = 10-20 kA, 
B = 2.5-3.5 T). It can be seen that the deduced rL/rr is constant for all o e e 
densities, although the confinement time and heat conductivity vary considerably 
over these conditions. However, the large variation in both frequency and 
amplitude with line density may obscure a correlation of r\Jr\a with xQ 

o 6 6 6 

(for example, we expect x e ' ° ( ^ e / n
e ) <»> f o r f l u te - l i ke modes, or 

xe ^ (^e/O î f°r tne dissipative trapped electron modes /7/, where 
wand kjL are the wave frequency and perpendicular wave number), so we 
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cannot yet be conclusive as to the physical processes leading to the drift 

parameter confinement scaling as described above. 

The integrated scattered spectrum shows a weak radial dependence, 

peaking at r = 8 - 13 cm, and of course this becomes much more peaked 

towards the outside of the plasma if the amplitude is normalized to the 

local density. Most of our results are taken with a large scattering volume, 

with 2 < r < 1 5 cm in order to obtain a global average in n0. Almost no 
-1 -1 

dependence on kL is seen over our range of 6 cm - 25 cm . Preliminary 

results with COo laser scattering, at kt^ 100 cm" , confirms the global 

behaviour observed with microwave scattering with and without neutral 

injection. However, the fluctuation spectrum is narrower in frequency than 

that observed with microwave scattering. 

Temperature dependence of x 

We have carried out some additional experiments to determine whether 

the favourable T dependence of xe is due merely to the fact that we 

derived it from ohmic heating discharges, where temperature and current 

are linked together. We have, however, changed the temperature 

independently of current by adding krypton to the discharge ("negative 

heating") and keeping all other external parameters constant (Inu = 20 kA, 
14 -2 

BQ = 35 kG, /ndl = 4 x 10 cm ). PR . in this case peaks at the centre 

of the discharge resulting in a profile similar to PQ„ (Fig. 3), thus 

reducing the central temperature from 500 to 350 eV. 

It is found, under these conditions, that the electron thermal 

conductivity agrees well with the results of Fig. 1, thus confirming 

the T ~ ' dependence of xe-Neither was a change in the fluctuation 

level observed, although a narrowing of the spectrum was measured with 

the reduction of T . It should also be noted that in all the profiles 

mentioned earlier the radiation level and temperature profiles varied 

substantially with line density /!/. 

Supplementary neutral beam heating will also answer the question of 

electron transport dependence on temperature. These results will be 

given in the next section. 
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Neutral beam heating 

First results on neutral beam heating experiments /4/ have been 

analysed. We have used helium and deuterium target plasmas with hydrogen 

neutral beams. Because of the short interaction length with almost 

perpendicular injection (84 co-injection) the target plasma has to be in the 

high density regime. Moreover, the density is increased during injection, 

to improve beam absorption, to a final density above that obtainable without 

injection. Even then, about 1/3 of the beam power is lost to the opposite 

wall. Approximately another 1/3 (depending on the external <£ ) of the power 

is calculated to go into loss orbits. The local deposition of the heating 

power is derived from numerical calculations /4/ on the slowing down of the 

fast beam particles and the measured ohmic heating power. The power which is 

lost by transport results from the difference between the input power and 

the radiated power, the latter being a large fraction of the input power /4/. 

In Fig. 4, xe n is shown vs. temperature for the time of maximum energy 

content in a series of discharges with T = 0.17 and InH = 25 kA. During 

injection, the electron heat conductivity is reduced by a factor of 2 to a 

value below that of the low density curve. Note that the target plasma is 

in the high density regime, where xe normally is anomalously high. Since 

the density during injection increases even further above the density of 

the target plasma, a clear improvement of confinement is evident. Moreover, 
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FIG.4. Xe"i3 versus temperature for 
experiments with additional neutral-beam 
heating. Straight line refers to Fig.l. 
The neutral-injection data have been 
normalized to 20 kA and 3.5 T. 

to1 ioJ 

the heat conductivity x e for the tQ = 0.23, IQH = 20 kA discharge turns out 

to be well below the low density values. In this case because of the high 

rotational transform the Lister Code /4/ predicts 33 % of the power in loss 
orbits. But even if all this power were deposited in the plasma, it would 

still only bring x e into the low density range. 

This leads to two possible conclusions: either the electron heat transport 

is considerably reduced during neutral injection, particularly at low plasma 

current and high rotational transform, or more of the injected particles are 

trapped than theoretically calculated, for example, if the particles on loss 

orbits experience anomalous improvement in confinement or slowing down. 

Although no direct evidence of anomalous slowing down of the beam is 

available, R.F. probe measurements indicate enhanced ion cyclotron activity 

which could affect the beam trapping. Microwave scattering measures a 

broad, low level turbulence in the frequency range 800 - 4000 kHz during 

injection which could also affect the beam trapping. 

An improved confinement during injection may result from the reduced 

level of density fluctuations observed. A sharp decrease in the fluctuation 

level occurs above a threshold injection power and within one millisecond 

of the start of injection. This implies that the change in amplitude is not 

due to temperature, density or profile changes,since these can only vary on a 

W V l i A Injection ; 

» #19S22«b=023 B0-a2T 
A#1940OllOH-20kA 

• »18200| *i0.17 B0=3.5T 

• #18099' IOH" 25 kA 

kTe [eV] 
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a) 

1000 1500 
KHz 

FIG.5. Fluctuation spectra S(k,<jo) (arbitrary units). 
(a) Spectra: (1) before injection, (2) with one injector, (3) with two injectors; 
(b) Measured scattered amplitude at ± 200 kHz (i.e. electron and ion drift directions) as a 

function of time, with two consecutive injectors. 
(c) Scattered amplitude at ± 200 kHz and + 1500 kHz as a function of time, with three 

simultaneous injectors. 

longer time scale. Fig. 5 shows the scattered spectra before injection, with 

one injector (below the threshold power) and with two injectors, into a helium 

plasma. Also shown is the scattered amplitude as a function of time at 

particular frequencies, showing the time scale of events. It can be seen 

that injection powers below the threshold value cause a spectrum shift in 

the electron diamagnetic direction but no amplitude change. This may be 

associated with a change in poloidal rotation of the plasma. With two or 

three injectors operating, the low frequency spectrum is reduced, and a broad, 

low level, high frequency spectrum is seen, extending sometimes as high as 

5 MHz. This is possibly associated with the enhanced ion cyclotron activity 

recorded during injection. Finally, we have plotted the integrated low-

frequency (-500 to 500 kHz) spectrum amplitudes on the 7Í vs. line density 

scaling graph (Fig. 2). It can be seen that the fluctuation level during 

neutral injection is much lower than without injection, correlated with the 

increased confinement. 
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FIG.6. Electron energy replacement time 
Tg normalized to Jig, versus average 
temperature Te (density-averaged). 
Solid symbols refer to T%>max -
JnekTedV/f(POH + P%)dV, open symbols 
to 7e

E>min = JnekTed VIUPQH + PN + 
PorbitldV, where Pfc is the calculated beam 
power density transferred to electrons 
and Porbittne orbit loss power density. 

To show whether the electron confinement improves with temperature 

during injection, we have plotted the energy replacement time xr normalized 

by ñe vs. the average temperature (density averaged) in Fig. 6. 

The normalized confinement time xí m3V/ñ" (solid symbols) is clearly 
_t smax e 

seen to increase with temperature. T C m,„ is calculated from the electron 
r E,max 

energy content divided by the sum of the ohmic heating power and the 

calculated /4/ neutral beam power into the electrons. However, even if there 

were anomalous beam trapping and all the calculated orbit losses were confined 

in the plasma, the same scaling for xî is apparent (open symbols xî • ) • 

High density regime 

It has been shown /2,3/ that there exists a s/ery close correlation 

between the occurence of (2,1) tearing modes, and energy and particle con-
13 -3 

finement, for densities "e(o) > 5x10 cm in standard discharges. Whenever 

the (2,1) mode activity increases, a deterioration of confinement is 

observed. This is also true for neutral beam heating experiments /4/. 

We have since tried to obtain experimental evidence about the existence 

of magnetic islands. For this purpose, the triggering of the Pockels-cell 
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for the laser was locked to the Mirnov coil signals. By use of a second laser 

focussed at the same radial position it was possible to get a measurement 

of T at the minimum and maximum of the poloidal field fluctuations for the 

same shot. Fig. 7 indicates that there is indeed a difference in the 

temperature profiles, especially when comparing the two temperature measurements 

made in the same shot. This difference agrees with the predictions of tearing 

mode theory /5/, assuming T = const on magnetic surfaces. From the perturbed 

magnetic topology a reduction of the global energy confinement is inferred /6/ 

but a quantitative calculation at this stage is difficult. 
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Microwave Scattering Setup 

A microwave scattering diagnostic has been in operation on the 

W VII-A stellarator for the last eighteen months.It is designed1 

to investigate poloidal-plane electron density fluctuations in the 

wavelength region from 3 to 10 millimetres, at frequencies from 100 Hz 

to 1 GHz. The W VII-A diagnostic follows essentially the method used on 

TFR /7/, with movable emitter and receiver horns. We have, however, 

incorporated innovations which make this diagnostic more versatile and 

simpler to use than previous systems. 

1.-1,-jt ,—, f,-¿f 

O'--" m 

O © 

SPECTRUM ANALYSER 
AND 

FILTERS 

FIG.8. Microwave scattering system on 
the W VII-A and CLEO stellarators. 
For W VII-A, /„, U^155 GHz, /„-/, = 
86 MHz, f2 = 64 MHz. 

Fig. 8 shows the experimental arrangement for scattering from the 

elliptic cross-section of W VII-A. The microwave power is supplied by a 

Varian Extended Interaction Oscillator (E.I.O.) delivering 10 Watts at 

155 GHz. The transmitting and receiving microwave horns (*v25 dB gain) can 

be pivoted using a novel flexible waveguide system.Thus most of the cross-

section can be viewed, with scattering angles from 0° to 50°. This allows 

a calibration to be carried out at 0°, and exploration of fluctuations in 
-1 -1 

the wavenumber range 6 cm - 25 cm . The received signal, consisting 

of the unscattered "stray" signal and the scattered, doppler shifted spectrum, 

The design was carried out in collaboration with Dr. P. Thomas of the 

CLE0 team (Culham), and a similar system has been installed on the 

CLEO stellarator. 
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is mixed with a local oscillator to produce an 86 MHz intermediate 

frequency. The addition of a second mixing stage transfers the scattered 

spectrum onto a stable crystal oscillator line (64 MHz), removing any 

frequency drifts and phase noise due to the microwave oscillators (also 

described in ref. 8). A bank of 16 narrow band filters covering the range 

± 2 MHz around the 64 MHz I.F. is used to give the scattered spectrum as a 

function of time, and the outputs are low pass filtered and digitally 

recorded. 
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Abstract 

NEUTRAL INJECTION IN THE WENDELSTEIN VII-A STELLARATOR WITH REDUCED 
OHMIC CURRENT. 

A high-density deuterium plasma with 0(0) < 0.5%; neo > 1020m~3; Te, Tj > 350 eV can 
be maintained in the Wendelstein VII-A stellarator with two neutral injectors (27 kV, H2; 
PN « 600 kW). During the injection phase the plasma current is reduced to zero in 50 ms. 
The edge value of the rotational transform is kept constant by increasing the current in the 
helical windings. This procedure prevents MHD instabilities and leads to currentless operation 
at an external transform of t0 > 0.5 without shear. The plasma shows no major instabilities, 
but the energy balance is dominated by radiation losses. Calculations based on the ODIN code 
for the conditions of W VII-A with 6° co-injection predict heating efficiencies of 77 = 17% 
(Pinj =V^N', PN == t o t a l neutral power; Pjnj = net heating power). 

1. INTRODUCTION 

Studies of plasma behaviour in the Ohmically heated W VII-A stellarator 
(R = 2.0 m, a = 0.1 m, B0 ^ 3.5 T; helical windings; £ = 2, m = 5, shearless 
external transform t0 ^ 0.23) have demonstrated the deleterious effect of plasma 
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current on transport and stability [1]. In particular, at high electron density 
ne(0) > 5 X 1019m~3 the radiation losses from the plasma edge lead to a change of 
the current profile and a consequent increase in MHD activity [2]. The MHD 
tearing mode m = 2, n = 1 and the disruptive instability can be stabilized by 
increasing the external transform t0 to values above 0.15, butt(0) and the current 
density jmax ^ (Bo/R) (1—to) a r e limited by sawtooth oscillations in the plasma 
centre. This limit in the central Ohmic power input determines the maximum 
achievable temperature and density in Ohmically heated discharges. Whereas the 
ion heat transport is in agreement with neoclassical predictions, the anomalous 
electron heat conduction Xe exceeds the classical value by a factor of 1000. 
At low density (ne(0) < 5 X 1019m -3) the following scaling law is found: 
Xe ~ (Ip/Bo) n_1Te"0 '68 whereas at higher densities the m = 2 tearing mode and 
associated islands lead to further increase of the heat losses [3]. Hence, the 
replacement of Ohmic heating by neutral beam injection promises improvement 
of plasma confinement and stability. On the other hand, with no plasma current 
the shear is also zero. This could lead to an increase of shear-suppressed drift 
instabilities. 

2. NEUTRAL INJECTION INTO W VII-A 

For heating purposes, four injectors with a total neutral power of more than 
1 MW have been installed on the W VII-A stellarator. The specifications of each 
injector are: 

Working gas: hydrogen 
Acceleration voltage: 25—30 kV 
Beam current: I = 30-35 A 
Fraction of neutral power E : E/2 : E/3 = 52:25:23 
Injection angle between beam and perpendicular direction 

to the magnetic field: 6 co-injection (at the port) 
Injected neutral power: PN = 250-350 kW 
Pulse duration: At < 200 ms 

Injection heating in W VII-A has to overcome several difficulties: 

(a) A large fraction of the beam is not absorbed in the plasma but strikes 
the opposite wall, which may lead to sputtering and impurity influx. 

(b) Near perpendicular injection would be expected to lead to significant 
orbit losses. These are highly energetic ions, which drift to the wall before being 
slowed down. The short interaction length of 0.2 m requires a high-density target 
plasma (n > 5 X 1019m~3) to be produced by Ohmic heating for sufficient 
absorption. 

(c) The small aperture of the injection ports (0 = 8.5 cm) requires high 
beam power densities and careful design of the beam line. 
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For the experiments reported here two injectors with a total power 
PN = 400—650 kW have been used. Hydrogen was injected into a helium or 
deuterium target plasma. 

3. MODE OF OPERATION IN W VII-A 

With Ohmic heating, a high-density target plasma is only possible after lengthy 
discharge cleaning at 50 Hz (Ne/He). To reduce the concentration of the main 
impurity (oxygen) to below 1%, additional titanium gettering is applied before 
pulse operation. 

There are three different types of injection experiments in W VII-A: 

(a) Injection at constant plasma current and constant external rotational 
transform t0- Gas puffing is used to increase the density during the injection phase 
at plasma currents below 35 kA. 

(b) Injection with reduction of the plasma current during discharge but with 
constant external transform. 

(c) Reduction of plasma current to zero during the injection phase and a 
simultaneous increase of the external transform in order to keep t0 + -tp(a) > 0.5, 
where -fcp(a) = transform of plasma current at the boundary. 

4. RESULTS 

4.1. Constant plasma current, constant external transform 

In helium discharges a maximum line density of/ndl =1.5 X 1019m~2 could 
be realized only at Ip = 35 kA and i0

 = 0.14. In the first experiments with neutral-
beam heating [4] a comparison was made between discharges of different plasma 
currents (Ip = 20—35 kA) but the same density (/ndl = 1.5 X 1019m~2) and the same 
value of-t0 +*p(a) ^ 0.5. In these conditions the m = 2 tearing mode was 
suppressed. 

Starting with a target plasma at Te = 250 eV, the beam primarily heats the 
electrons, and the increase of the electron temperature kTe to 400—500 eV at a 
central density of neo > 1020m~3 reduces the Ohmic power contribution. Neutral 
injection expands the accessible parameter regime in relation to that of Ohmic 
heating. 

4.2. Reduction of plasma current at constant external transform 

The experiments with reduction of plasma current during the discharge 
were limited by the occurrence of soft disruptions. These disruptions occurred 
at 00 « 8 (00 ~ n(Te + TO/Jp) and were accompanied by strong 3/2 modes 
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FIG.l. Energy content limits for 
discharges with NI different plasma 
currents and constant rotational 
transform. 

and 2/1 modes. Figure 1 shows two discharges at different plasma currents in 
relation to the plasma pressure obtained. The very fast rising m = 2 tearing modes 
(suppressed in OH-discharges at this high external transform of-e0 = 0.23) have 
been observed as precursors of the temperature-flattening and the subsequent plasma 
energy decay. The inward shift of the mode rational surfaces during current 
reduction, and the change of the current profile due to neutral-beam heating at the 
edge, destabilized coupled 2/2 and 3/2 modes and consequently the 2/1 tearing 
modes [5]. 

To control the position of the q = 2 surface, a feedback system for the current 
in the helical windings has been developed. During the 50-ms plasma current 
decay phase, the current in the helical windings is increased so that the total 
transform t0 +-tp(a) is kept above 0.5. This method has successfully prevented soft 
disruptions, and a phase with a vanishing Ohmic-heating current has been achieved. 

4.3. Operation at zero plasma current 

Several difficulties are involved in the procedure described above: (a) The 
reduction of the plasma current to zero has to be made in more than 30 ms in 
order to prevent strong perturbations of the current distribution, (b) The high 
external transform leads to a large ellipticity of the magnetic surfaces and a reduction 
of the effective plasma radius (-t0 = 0.5 -»• a/b = 2). (c) The target plasma has to start 
at a plasma current of 16 kA, otherwise a reduction to zero is not possible in the 
available time. Therefore only a low-density target plasma with /ndl = 4.5 X 1018m-2 

is possible, leading to a power absorption of 30% of the neutral beam, (d) The 
large amount of energy deposited at the wall in the initial phase of injection may 
release impurities from the wall and enhance the radiation loss, (e) Consequently 
the density build-up during the injection phase must be carefully adjusted to 
prevent strong cooling of the electrons. 
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for the discharge parameters of Fig. 2. 
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Deuterium was used as a target plasma since its heating efficiency was 
calculated to be slightly higher than in a helium plasma. 

4.4. Main parameters 

The most important parameters of the discharge are given in Fig. 2, which 
describes the plasma current Ip, the Ohmic power, the line density and the energy 
content measured by the diamagnetic loop. Figure 3 shows the temperature and 
density profiles in the currentless phase (At = 160 ms, At = 175 ms). 

The ion temperature was measured from the Doppler broadening of the 
impurity lines in the outer region. The central ion temperature from charge-
exchange measurements is, in general, higher than the electron temperature 
(Ti = 540 eV; Te = 320 eV at At = 175 ms). On the other hand, the heating power 
of plasma ions to electrons as calculated from these data requires a much higher 
neutral-beam heating of the ions than predicted by classical theory. 

file:///175ms
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FIG.4. Bolometrically measured 
radiation power-density profile during NI 
for the discharge parameters of Fig. 2. 

4.5. Energy balance and radiation loss 

The uncertainties in the ion heating power prevent a detailed analysis of ion 
heat transport. Some phenomena concerning electron heat conduction have been 
described in paper IAEA-CN-38/H-2 at this conference [3]. The radiation losses 
are measured with a bolometer and ultra-soft X-ray diagnostics. The importance 
of radiation losses on the energy balance is demonstrated in Fig.4. During the 
neutral injection phase, a significant increase of the central radiation power affects 
the central electron temperature and may be the reason for the flattening of the 
temperature profiles. At At = 175 ms the hollow Te(r)-profile indicates that more 
energy is lost from the central region than the electrons obtain by direct heating. 
The radiation measurements by ultra-soft diodes (through 1000-Â Al) and the 
bolometer (without filter) agree in the central region of the plasma. From 
comparison of intensities through various filters, an average photon energy of 
around 500 eV is deduced. The spectroscopy documented an increase of emission 
during the late phase of neutral injection at these photon energies. 

The origin of these losses is very likely the impurities 06+ , 07+ , N6+ and C5+. 
Spectroscopy and soft X-ray diagnostics exclude a significant contribution from 
iron and molybdenum lines. The strong increase of radiation in the plasma centre 
cannot be explained by a density and temperature increase only. An increased 
influx of impurities could not be detected; rather, a reduction of radiation from 
low ionization states 0 1 + — Os+ is observed. 

At present, it cannot be decided whether accumulation by diffusion or injection 
of oxygen by the neutral beam or interaction with the wall is responsible for the 
strong increase in radiated power. However, it seems unlikely that oxygen in the 
accelerated beam is responsible alone for the observed impurity effects, since only 
< 3% of oxygen in the beam has been measured in the test stand. Apparently this 
is not a specific problem of the currentless operation, since all experiments at high 
plasma currents with injection heating in helium exhibited similar behaviour. 
Nevertheless, in discharges with Ohmic heating, transport by sawtooth oscillations 
within the q = 1 region may counteract a possible accumulation of impurities in 
the centre and reduce the increase of radiation. 

WVIIA 
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FIG.5. Input power P O H + P^j versus 
time: bolometric measurements of 
radiated power within r < 5 cm and 
r ^10 cm. W represents the time 
derivative of the energy content when NI 
is switched on and off; Pabs is the 
calculated absorption power without 
orbit losses. 

VA; 
W VIIA / , 
B0= 3 .0 -3 .25T 

^ • i p ^ a s , 

NI H2 2 5 - 2 7 

L=0.2m 

6 comiection 

0H/0 2 

. . , J • 

kv , 

OK/H. 

N 

/ \ 

~ - - ^ He 

N . He 

NN ' A> 
/«*[« 

1 

2J 
— i — 

-0.1 

-Q2 

•03 

-0.4 

-05 

-OS 

0.7 

0 8 
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versus line density for He and D2 targets 
in W VII-A. The broken and solid 
curves are with and without the inclusion 
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Figure 5 gives a picture of the total power balance. The bolometer measure
ments of radiative losses are compared with the input power POH + Pinj- The 
injection heating power P¡nj is calculated by Monte-Carlo techniques (ODIN code) 
with a total neutral power PN = 635 kW. During the stationary phase of the plasma 
energy, between 140 ms and 180 ms, it can be seen that either the heating power 
Pmj is underestimated or the measured radiation power is too high. Transport 
to the limiter must also be accounted for in the injection power. The bolometer 
measurements are reasonably accurate, even after allowance is made for calibration 
errors, possible toroidal and poloidal asymmetries and interference by particle 
fluxes. The conclusion is that the calculation of heating efficiency based on classical 
assumption is too pessimistic. From the energy change W, at the beginning and the 
end of the injection phase, another estimate for the injection power can be obtained: 
t = 120 ms -» Pmj = W = 70 kW; t = 180 ms -> Pmj = W = 170 kW. The classical 
prediction at It = 175 ms is 106 kW. 

Figure 6 presents the calculations of heating efficiency for discharges in 
helium and deuterium. These are based on the measured temperature and density 
profiles at several times during injection. Changing from a helium to a deuterium 
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TABLE I. PLASMA PARAMETERS 
ACHIEVED IN W VII-A WITH TWO 
INJECTORS FOR VARIOUS PLASMA 
CURRENTS AS SHOWN IN FIG.7 
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.38 

.03 

.14 

.17 
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0 

106 

155 
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349 

Note: The last column gives the currentless plasma 
at 175 ms referred to in Figs 2, 3, 4, 5 and 8. 

target gives a slight increase of r¡. To demonstrate the ineffective absorption of 
the beam at the beginning of injection, the density accessible by Ohmic heating 
at Ip < 20 kA is indicated. Table I summarizes the most important parameters for 
different discharges with low and zero plasma current. In all cases the Ohmic 
power is small compared to the injection power. 

An important question is whether the confinement is improved in low-current 
or currentless operation. In Fig. 7 the energy content of the discharges of Table I 
are plotted versus.input power POH + Pinj- The accessible area for Ohmic heating is 
also indicated for He or D2. Even if all the orbit losses are neglected and the 
heating power is assumed to be equal to the total absorbed power Pmj- = Pabs, an 
improvement of the energy replacement time TE = E/(Pjnj + POH) in low-current 
discharges during injection can be seen. 
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FIG. 7. Energy content versus input 
power for the discharges listed in 
Table I. The regions accessible by Ohmic 
heating alone are marked. 
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There are some possible explanations of the improved confinement during 
neutral injection. With the onset of injection, density fluctuations monitored by 
scattering of C02-laser light at X = 0.5 mm and microwave scattering at X = 5 mm 
are considerably reduced in the frequency regime 0<f <300 kHz [3]. The fast 
decrease of the fluctuation level ôn/n seems to be strongly correlated with the 
obtainable plasma pressure. Neither the nature of these fluctuations nor the 
stabilization mechanism by neutral-beam injection is yet understood. 

An increase of the neutral-beam heating efficiency above the classical value 
would require an anomaly in the slowing-down process of the fast ions. HF probes 
at the plasma edge observe strong ion-cyclotron oscillations of the hydrogen 
minority after the onset of neutral-beam injection (CJ = nwc¡). These oscillations 
are apparently excited by the high-energy beam and therefore extract energy from 
the beam. Since the frequency is the second harmonic of the deuterium ions, 
the deuterium can be heated by these oscillations. If the mechanism occurs, the 
measured ion temperature is consistent with such an explanation. The increased 
power input to the ions compensates the heat transfer to the electrons and the 
ion heat conduction losses, which according to neo-classical scaling in the plateau 
regime can exceed the electron heat-conduction losses. 

5. NUMERICAL COMPUTATIONS OF HEATING EFFICIENCY IN W VII-A 

Earlier numerical computations [6] of the heating efficiency of neutral-beam 
injection in W VII-A, using a modified version of the FREYA code [7], indicated 
that a smaller fraction of the energy carried by the 'fast ions' was deposited in 
the plasma than might be inferred from experimental measurements. To study 
possible mechanisms for this apparent discrepancy, a considerably faster stellarator 
Monte-Carlo code, ODIN, has been developed, which incorporates an improved 
physical model and permits the tracking of more particles, thus reducing the margin 
for statistical error. In the present computations, the plasma is modelled so that 
the minor cross-section is elliptic and rotates around the torus with the stellarator 
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magnetic flux surfaces. Plasma temperature and density profiles are introduced 
to correspond to the experimental measurements along the line of the Thompson-
scattering profile, and values at other points are obtained using a suitable 
transformation. This model is used in calculating both where the fast ions are 
generated by the neutral beam and where these ions deposit their energy. 

The orbits of the fast ions are followed, assuming the usual VB and curvature 
drifts from magnetic fieldlines, and the E X B drift due to possible 'radial' electric 
fields are also included. The results from the electric field are still under 
investigation. Coulomb interactions slowing down the fast ions in their path 
through the plasma are assumed to be classical. Previous calculations assumed that 
ions whose orbits deviated beyond the limiter radius were lost to the system. 
The present results allow for the finite width of the limiter and the presence of 
'effective limiters' such as the MHD coils and diamagnetic loops. 

Differences in heating efficiencies for circular and elliptic plasmas were found 
to be generally small for the same effective plasma radius, but some changes in the 
energy deposition profile have been observed. The toroidal current profile has 
been assumed purely cylindrical throughout, but the effect of 'peaked' and 'flat' 
current profiles was also found to be small. The inclusion of a purely radial 
electric field, corresponding to a potential 0 = 1 kV across the plasma, has shown 
some improvement in particle confinement, but results are highly sensitive to the 
radial dependence of this potential. The inclusion of realistic limiter geometry 
has resulted, in many cases, in considerable improvement in computed efficiency, 
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e.g. from 0.2 to 0.3. Considerable improvement in efficiency was also obtained 
when low-density (5 X 1017m~3) and low-temperature (1—5 eV) plasma was allowed 
to extend beyond the shadow of the limiter. There is some experimental evidence 
for this. In Fig. 8 we show the power/cm3 deposited to ions (Pfie) and electrons 
(PBO as a function of radius, together with a plot of ne/Tl/2 (the factor governing 
slowing-down time due to electrons) for a typical set of parameters in the zero-
current stellarator. The effect of slowing down from electrons in the outer region 
of the plasma is well illustrated. 

An important effect in the high fraction of computed orbit losses is that of 
the pitch-angle scattering, illustrated in Fig.9. Assuming injection of a 'pencil' beam 
in the mid-plane of the torus, efficiency is plotted as a function of injection angle 
with and without scattering. For near-perpendicular (3°) injection, confinement 
is so poor that scattering has little time to have any effect, while for 'tangential' 
injection (40°) particle orbits are well confined and again the effect of scattering 
is small. However, for the injection angle (6°) used in W VII-A, the effect of 
scattering is large, since only a small angle scatter is required to change a confined 
orbit. 

6. SUMMARY AND CONCLUSIONS 

Neutral injection into W VII-A can extend the parameter regime beyond that 
of Ohmically heated plasmas. Operations without Ohmic-heating current could 
only be obtained by keeping the total rotational transform above 0.5 during the 
whole discharge in order to suppress the m = 2 tearing mode. Most of the 
experiments were done with two injectors. The energy content of the plasma in 
the currentless phase was 1.8 kj as compared with 0.3 kj before injection. 
Preliminary results with three and four injectors (total neutral power 800—1100 kW) 
indicate that the energy content can be increased to 3.5 kj. Despite the 
uncertainties in actual heating power from the neutral beam, the energy confinement 
is improved in relation to Ohmically heated discharges. However, even if the 
anomalous electron thermal conductivity were reduced in currentless operation a 
considerable improvement of the total energy confinement cannot be expected 
since the electron energy loss is dominated by radiation,and ion heat conductivity 
becomes the dominant transport loss. The ions are in the plateau regime where the 
theoretical conductivity Xi scales with Tf2. The increase of radiation during 
injection seems to be correlated with the direct energy deposition by the beam on 
the wall. Adjustment of the beam power and the density increase may reduce these 
problems. The increase of high-energy radiation from the plasma centre in the last 
phase of injection can only be understood by an increase of the density of highly 
ionized impurity ions, especially oxygen. 
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The energy balance of the plasma requires a stronger ion heating than predicted 
by classical calculations. If the slowing-down mechanism of injected ions can be 
enhanced by the observed ion-cyclotron waves, this would lead to a reduction of 
the orbit losses and higher heating efficiencies. In stellarator operation (Ip -*• 0, 
shear -»• 0) a plasma beta |3(0) « 0.5% was obtained. So far no MHD activity has 
been observed although,according to theoretical computations,^ approaches the 
critical regime of localized MHD modes [8]. 

Another remarkable effect is the strong reduction of the fluctuation level at 
the onset of injection as observed with the CO2 laser and /¿-wave scattering 
diagnostics. Since changes of the plasma profiles occur on a time scale of tens of 
ms, this must be the direct effect of the neutral beam and of the presence of fast 
hydrogen ions in the plasma. There are some indications of a correlation in the 
level and frequency of fluctuations with plasma confinement but this has to be 
investigated further. 

In summary, neutral-beam injection has been shown to be a powerful method 
for producing and maintaining a high-density plasma in a stellarator field. 
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DISCUSSION 

ON PAPERS H-2-1 AND H-2-2 

J.C. WESLEY: It appears that the increase in central radiation that you 
observe is very similar to what is seen in Doublet III in a type 'O' discharge, i.e. 
one without central MHD activity. Do your discharges in fact show a similar 
absence of central MHD? 

H. RENNER: In the currentless phase no MHD perturbations were observed. 
A high current (q = 1 at the centre) with sawtooth activity seems to prevent a 
strong increase in central radiation. 

J.G. CORDEY: Have you considered whether charge-exchange recombination 
of the impurities by the neutral beam may be responsible for the large increase in 
radiation seen on injection? This process produces a sharp rise in radiation coincident 
with the beam switch-on. Do the 0 6 + lines, for example, show a sharp increase? 

H. RENNER: We have considered this mechanism but do not believe it has a 
significant effect. In particular, the time behaviour of the central radiation is not 
consistent with the process you suggested. The intensity rises during the injection 
phase but no sudden increase is observed at beam switch-on. 

D. PALUMBO: In the expression you give, I presume Xe decreases with T. 
Is that right? 

H. RENNER: Yes. 
D. PALUMBO: And what was the current? 
H. RENNER: The plasma current in our experiments varied between 14 and 

35 kA and the main field from 2.5 to 3.5 T. 
G.H. WOLF: In discussing the power balance, you explained that even if you 

made the unrealistic assumption that all your neutral-beam power of 365 kW was 
absorbed by the plasma and if you subtracted the measured radiated power of 
about 155 kW, you arrived at an absolute minimum possible plasma-transport-
dominated confinement time of TE ^ 10 ms. Can you give a plausible estimate on 
the basis of your diagnostic information of that component of the energy confine
ment time which is due to plasma transport only? 

H. RENNER: We can use the time behaviour of the plasma energy on beam 
switching to estimate the heating power: W ~ Pjnj ~ 180 kW. If this value is 
correct, then by subtracting just the central radiation losses within 5 cm (Prad ~ 80 kW) 
we get an energy exchange time of about 18 ms. 

H. FURTH: A critical question appears to be whether the bulk plasma ions 
are heated by the beam ions in the classical manner or by some anomalously fast 
process. You have suggested that there may be an anomalous energy transfer 
through the coincidence of cyclotron harmonics of the beam and plasma ions. In 
that case, the heating should be diminished in 3He plasmas. 

H. RENNER: That is an interesting suggestion. 
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S.M. HAMBERGER: Have you considered the effects of a radial electric field 
on the trapping of the hot ions? This field might be indicated by the plasma 
rotation detected by the microwave scattering. 

H. RENNER: The code calculations show that the electric fields have a 
small effect on the heating efficiency but this depends very much on the radial 
field distribution. Analyses of the scattered microwave and C02-laser spectra give 
contradictory results. For further explanation we have to wait for the spectroscopic 
measurements. 
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Abstract 

EXPERIMENTAL STUDY OF MHD-ACTIVITY AND THE EFFECT OF A LIMITER IN 
THE L-2 STELLARATOR WITH OHMIC HEATING - THEORY OF STELLARATOR 
EQUILIBRIUM AND STABILITY. 

Plasma stability is studied in the L-2 stellarator in the Ohmic-heating regime both with 
X-ray diagnostic and magnetic probes. The radial electron temperature distributions are 
measured and the current density distributions are calculated. At the centre of the plasma 
column, m = 0 sawtooth oscillations are observed. In the peripheral plasma region, large-n 
and -m oscillations are found. — A limiter is used to decrease the wall-plasma interaction. 
The limiter which is introduced 3 cm into the plasma decreases the wall-plasma interaction 
and reduces the fraction of radiative loss to half of its value, which does not, however, bring 
about a substantial decrease in the Zeff value. — The possibility of additional plasma re
fuelling with solid hydrogen pellets is demonstrated. The efficiency of pellet plasma trapping 
is studied. — A system of MHD equations for magnetic systems with a periodic magnetic 
field is obtained by an averaging procedure. On the basis of these equations, the plasma 
stability is studied as a function of plasma pressure and Ohmic-heating current in stellarator-
type devices. It was shown that in some cases plasma stability improves with increasing 
pressure. 
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1. EXPERIMENTAL STUDY OF MHD-ACTIVITY AND THE EFFECT OF A 
LIMITER IN THE L-2 STELLARATOR WITH OHMIC HEATING 

Eh.D. Andryukhina, M.S. Berezhetskij, M.A. Blokh, G.S. Voronov, 
S.E. Grebenshchikov, N.P. Donskaya, K.S. Dyabilin, B.I. Kornev, 
S.V. Kladov, N.V. Lunin, N.F. Larionova, S.N. Popov, M.S. Rabinovich, 
I.S. Sbitnikova, Yu.V. Khol'nov, A.V. Khudoleev, O.I. Fedyanin, I.S. Shpigel'. 

1. Investigations on plasma confinement and Ohmic heating in the L-2 
stellarator have been carried out previously [1, 2] for the case where the last closed 
magnetic surface was placed inside the vacuum chamber. In this regime, we have 
a magnetic limiter instead of a material one. Ohmic heating causes a non
monotonic dependence of the angle of rotational transform on the radius. Magnetic 
surfaces with * = 1 may arise both at the centre of the plasma and at its boundary. 
It is particularly interesting to study the plasma in these conditions. 

The radial dependence of the rotational transform due to the plasma current 
profile is established by the conductivity determined by the electron temperature 
profiles. The measurements of the electron temperature profiles were carried out 
in the centra] part of the plasma column (r < 6 cm) by using the method of laser 
scattering, soft X-ray radiation spectrometry, and the plasma radiation intensity 
at the second harmonic of the electron-cyclotron frequency. The data on the 
electron temperature profile in the outer region were obtained from spectroscopic 
measurements (intensity distributions of the following lines: O II 4416 Â, 
C III 4650 Â, O IV 3385 Â, O V 2781 A, O III 3760 Â, C VI 5292 Â). We have 
determined the radii where the maximum intensity of each line appeared. The 
temperatures at these point were taken to be equal to two thirds of the ionization 
potential. 

The measurements showed that the radial electron temperature profile in the 
central part of the plasma column was almost parabolic. In the outer region, a 
layer of rather low electron temperature (20—30 eV) was observed (Fig. 1 ). 

Using the measured electron temperature distribution, we have calculated 
the current density distribution, taking into account the effect of stellarator-
trapped particles [3]. We see that practically all the plasma current flows in the 
region with r ~ 9 cm while the radius of the boundary magnetic surface is 
11.5 cm. The fact that there is virtually no current in the outer shell is associated 
with the low electron temperature due to radiative cooling of the plasma boundary 
and with a decrease in plasma conductivity caused by trapped particles. 

Figure 2 shows the calculated profiles of angles of rotational transform 
in the conditions of Fig. 1 for various ratios of Ohmic-heating current to 
longitudinal-magnetic-field strength. In the centre of the plasma, the angle of 
rotational transform decreases with the radius, and there is a q = 1 surface (for 
sufficiently high currents) as in tokamaks. In the outer plasma region, however, 
the rotational transform increases and there is a large shear. 
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FIG. 1. Normalized profiles of Te (r), j(r) 

and I(r) = 2 fj(x) dx without limiter, for 

B= 13 kG, I°n = 17kA,n~e = 1013 cm'3, 
TJO) = 400 eV (dashed line represents 
parabolic distribution). 

FIG. 2. Radial dependence of angle of 
rotational transform for different values 
ofIp/B (A/G). Crosses: sawtooth-phase 
inversion radii for proper I/B [5 ]. The 
curve for I/B is taken from magnetic 
measurements. 

5 10 Hem) 

The plasma stability in the central hot-plasma region was studied by soft 
X-ray detectors. These detectors received the radiation along various chords 
across the plasma column. It was found that inside the column there are 
characteristic sawtooth oscillations with m = 0. The radii of phase inversion for 
the sawtooth oscillations were published in Ref. [4]. Their values are shown 
in Fig.2 for some values of I/B. The electron temperature profiles reported in 
this paper were used for calculating the distributions of the rotational transform 
¿(r) (Fig.2). These distributions are in good agreement with the results of X-ray 
measurements in Ref.[4]. Let us note that, according to the calculation, at the 
centre the angle of rotational transform is substantially larger than unity. The 
value of <(0) at the centre is very sensitive to the current density distribution. 
In these calculations, we have assumed Zeff = const., over the column cross-
section. If this assumption is not valid the current distribution changes, which 
may affect the rotational transform at the centre. The rotational transform at 
the boundary does not depend on j(r) in the inner region. When the plasma 
current increases (I/B > 1.5),-r = 1 at the boundary (Fig.2) so that plasma stability 
might be affected. 
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The stability of the plasma column boundary region was studied by magnetic 
probes which measured the fluctuations of the poloidal magnetic field, EL. The 
probes were placed at the outer surface of the vacuum chamber. The probe 
signals were processed by correlation analysis in order to evaluate the phase 
velocity. The frequencies of the field fluctuations were in the range of 3 to 
10 kHz for various heating regimes. 

The measurements showed the perturbations of the magnetic field B̂ , to 
look like running surface waves of the type fL, ~ exp {i(ox + m<¿> — nd)}. The 
direction of its propagation is the same as that of the diamagnetic electron drift. 

In no stellarator regime were we able to record the existence of m = 1, 
n = 1 (or m = 2, n = 2) modes, even at current values of I/B > 1.5. In all 
experiments, we observed high values of both azimuthal and poloidal modes in 
the range of 3 to 6, so that oscillations with mode ratios of n/m = 3/4, 4/5, and 
5/6 were seen to take place. 

We can interpret these results on the basis of the above calculations of current 
density and rotational transform. Though a rotational transform of-t = 1 at 
I/B ~ 1.5 appears on the plasma boundary, the current density in this region is 
too low and does not lead to strong perturbations at the plasma boundary. 
Poloidal-field and, accordingly, current density oscillations recorded by the 
probes develop in greater plasma depths plasma where resonant magnetic surfaces 
with^ = 0.75(3/4), 0.8(4/5), etc. exist. Thus, for I/B = 1.2-1.35, a mode with 
n/m = 4/5, and for I/B = 1.4—1.5, a mode with n/m = 5/6 appears so that the 
mode numbers are seen to grow when I/N rises, i.e. the angle of rotational trans
form increases at the surface where the oscillations are excited. This is in agree
ment with the functional dependences of ¿(r) in Fig.2. 

Summarizing, we may say that the plasma fluctuations observed both in the 
inner region of the plasma column and at the boundary may be understood on the 
basis of the measured electron temperature profiles and, accordingly, of the 
calculated distributions of the angle of rotational transform. 

2. A magnetic limiter cannot protect the vacuum wall from interaction with 
the plasma. Plasma particles leave the closed magnetic surfaces near the angles 
of the separatrix and give rise to a backward atomic flux. 

To change the conditions of plasma-wall interaction, experiments with a 
carbon limiter were carried out recently. The limiter consists of two parts that 
are, respectively, movable in the horizontal and vertical directions and can restrict 
the plasma radius rd . The experiments were done with the plasma current 
Ip = 17 kA, /ned£ = 2.3 X 1014 cm -2 and B = 13 kG kept constant. 

The central plasma density rises when rd decreases (ne(0)rd = const.). 
rd changes from 11.5 to 8 cm, and the electron and ion temperatures decrease by 
20 to 25%. Also the total radiation losses diminish, and the soft-X-ray flux 
(E > 1.5 keV) decreases by an order of magnitude. The loop voltage and, 
accordingly, the Ohmic power was observed to rise. 
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FIG. 3. Fractions of radiative to heat 
losses at limiter or limiter position. 

FIG.4. a) Scanning arrangement; 
b) Profile of neutral-atom flux, T: mean 
radius of magnetic surface tangential to 
observation chord; c) Dependence of 
neutral-atom flux from separatrix angle 
on limiter position. 
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The heat flux on the limiter measured with thermocouples attached to its 
inner surface increases when r^ decreases, attaining a value of 40 kW. Figure 3 
shows how heat and radiation loss powers depend on r^. 

The fraction of radiative losses decreases about twice when the limiter moves 
inwards. For rd = 8 to 9 cm, approximately 80% of the total heating power is 
lost on the limiter and through radiation. 

We have one more indication that the plasma-wall interaction really decreases. 
In the ion temperature profile measurements, the local source of the separatrix 
angle was found (Fig.4a). It can be seen in Fig.4b that the particle flux from this 
region is more intense than that from other regions. This effect seems to be due to 
the toroidal drift of the trapped particles. The intensity of this source decrease 
rapidly as the limiter 'plunges in', which indicates an effective decrease in the 
plasma-wall interaction. 

The electron and ion temperature profiles in the central part are only weakly 
affected by the limiter position. The profile deformation lies in the periphery 
and its behaviour is such that the temperature gradient in the intermediate 
zone enhances. Figure 5 shows the Te(r) profile for rd = 9 cm and calculated 
profiles of j (r) and I(r). Comparing Figs 1 and 5 we see that the limiter position 
virtually has no influence on the current-carrying channel. The decreases in the 
ion and electron temperatures are due to a decrease in diffusion and a growth 
of the temperature gradients. Although the limiter 'plunging-in' results in a growth 
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FIG.5. Same as Fig.l, but rd = 9 cm, 
TJ0) = 300 eV. 
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FIG. 6. Time dependence of (a) HQ emission 
and (b) electron density. 

1 2 3 t(ms) 

of the light-impurity flux by two times, from a comparison of the data of 
spectroscopic and X-ray measurements and calculations of Zeff (in our case, 
Zeff < 3) we conclude that heavy impurities stay the dominant cause of radiative 
losses. 

Summarizing, we may state that magnetic and carbon limiters seem to be 
fairly equivalent. 

3. To increase the plasma density, we have studied a method of producing 
a plasma from a solid hydrogen pellet. A pellet containing 4 to 8 X 1018 hydrogen 
atoms was freezed in the cryostat attached to the vertical port of the vacuum 
vessel. The pellet was freely falling and the discharge was plugged in at the 
moment when the pellet was in a fixed position inside the magnetic surface. 
If there was no pellet, the plasma had the following parameters: % = 5 X 1012cm~3, 
Te = 500 eV, T¡ = 65 eV. The experiments have shown that effective evaporation 
and ionization of the pellet results in a density growth of up to 2 X 1013 cm-3. 

Figure 6 shows the initial stage of pellet evaporation (H intensity) and density 
growth. The ionization is delayed by 0.5 ms in comparison with usual discharges. 
The electron density is smoothed out over the machine during 10—15 ms. 
A trapping efficiency of 80—100% is achieved, and it depends weakly on the 
pellet position in the moment of the discharge start. 
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2. THEORY OF STELLARATOR EQUILIBRIUM AND STABILITY 
L.M. Kovrizhnykh, S.V. Shchepetov 

The flute stability criterion in ideal MHD [5] can be written as: 
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Here, U'/U characterizes the average magnetic well (hump) of the system, £ is 
the shift of magnetic surfaces, satisfying the following equation: 
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Here, -t = ** + .tJ, where <r* is an angle connected with the helical fields, and-r an 
angle associated with the plasma current, £* the shift of the magnetic axis in 
the absence of plasma and current, and $ is the potential of the helical magnetic 
field; <... > designates averaging over the major azimuth, R0 is the major torus 
radius, and primes designate differentiation with respect to the radius. 

Equation (4) differs from the equation obtained in Ref. [6] by the two last 
terms on the right-hand side, which describe the shift of the magnetic-surface 
centres at P = 0. Eliminating £" with the help of Eq.(4), we obtain: 
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For smooth plasma density and temperature profiles, the plasma is stable if 
Qi < 0. For the sake of simplicity, we consider a currentless plasma (the effect 
of an Ohmic current will be discussed below). The first term in the curly brackets 
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FIG. 7. Results of numerical calculations 
of magnetic well deepening (a, c) and 
improvement of stability conditions (b, d) 
for p=Po (l-r2lrl). a) Curves (from 
above to below) correspond to $ = 2p0/B

2 — 
0, 0.001, 0.002, 0.003, 0.004, 0.005 for 
8 = 0.115; b) Upper curve corresponds to 
|3 = 0.005, § = 0.115; c) lower curve to 
j3 = 0.005, 8 = 0; c) and d) Ohmic-heating 
effect for current density distributions 
i = !o (l~r2lrl) for 0 = 0.005, 5 = 0.115. 
c) curves (from above to below) and d) curves 
(from below to above) correspond to 
*J(r0)=0.4, 0.3, 0.2, 0.1, 0. 

equals (N/n0) (t*r4)' (l/rR0)2 within the accuracy of small 8 - 20/Ro (N is the 
number of helical magnetic field periods, and n0 the multipolarity ) and characterizes 
the magnetic 'hump' of a straight stellarator. Since £-£* grows with the increasing 
pressure, the second term is also a growing function of the pressure and, for 
pressures higher than some critical value, becomes larger than the first term. For 
4*(0) < 1 and large shear (i.e. r% (d2**/dr2)|r= 0>**(0), it suffices to have a rather 
small shift of the magnetic axis to make the sum of the first and second terms in 
Qi negative. The third term is connected with the shift of the magnetic axis in 
the vacuum and can be positive or negative. Since, in modern machines usually 
N/n0 > 1, the two last terms are much smaller than the first for *~-t*; they are 
only kept to allow, in the limiting case, criterion (1) to go over, at $ = 0, into the 
criterion of Ref. [7]. 

Evidently, the stability of a system can be improved by increasing the 
pressure. For the condition Q1 < 0 to be fulfilled at the boundary, it is however, 
necessary to have £/r0 ~ 1 (for N/n0 > 1 ), which is no longer within the range 
of applicability of the results described. As far as the flute instability is concerned, 
the most advantageous profiles are those where the pressure p' -»• 0 at the edge in 
the framework of ideal MHD. Although the magnetic hump is large here, we have 
p'Qi -*• 0, and stability is achieved because of shear. 

The results mentioned above are illustrated in Fig.7, where L-2 stellarator 
parameters are taken as an example: ¿*(r) = 0.2 + 0.7 r2/ro, 5 = 0.115, N/n0 = 7, 
for vanishing vertical correction field. Figure 7 shows a deepening of the magnetic 
well and an improvement of the stability conditions for parabolic pressure 
profiles. If toroidality is taken into account, stabilization is brought about in 
the entire plasma region. Although the condition S > 0 is fulfilled in the 
main part of the plasma column, S < 0 at the edge, as was shown by numerical 
calculations for 0 = 0.01. The plasma is stable for |3 = 0.001, and pressure 
profiles given by p ~ p 0 (1 - r 2 / r 2 ) 2 . Allowing for toroidality and finite 
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pressure leads to an improvement of the stability conditions even for systems 
having a maximum of 'mean B' in the absence of plasma. Here, the limiting-/? 
restriction is removed for some pressure profiles. The effect of Ohmic heating is 
shown in Fig. 7, from where it can be seen that the stability conditions deteriorate 
with increasing current. This fact is, first, associated with the decrease in shear, 
and second, with the decrease in the magnetic well depth. 
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Abstract 

CONFINEMENT AND ADDITIONAL HEATING (NBI AND LHH) OF STELLARATOR 
PLASMA IN JIPP T-II. 

The confinement of Ohmically heated stellarator plasma was studied experimentally. 
The energy confinement time TE increases with total rotational transform angle * 2 in the case 
of * 2 /27T<0.25, i.e. q 2 ( a ) > 4 , while TE decreases with<s ÍOT*^/2TT> 0.3, i.e. qe(a) < 3 , 
which is consistent with the Alcator scaling. When the rotational transform angle due to the 
helical field Lh/2ir is larger than 0.14, no major disruptions are observed even for q^Ca) as low 
as 1.7 (<h/27T = 0.14, Ip > 100 kA at B t = 22 kG), although strong MHD oscillations with low 
frequency (~ 1 kHz) appear when qs (a ) < 2. Tangential injections of neutral beams were 
carried out for additional heating of stellarator and tokamak plasmas. With co-injection, the 
increase in ion temperature AT¡ at the centre per injected power P ^ into the torus is 
1.6 eV-kW - 1 in the stellarator, and 1.9 eV-kW - 1 in the tokamak configuration. For counter-
injection, AT¡/PN is 1.6 eV-kW"1 in both configurations. Lower-hybrid heating with frequency 
0.8 GHz was also applied. For a tokamak, ion heating as high as 120 eV was observed with 
input power of 120 kW. For a stellarator, heating efficiency was 1 eV-kW"1 at RF power less 
than 50 kW. However, the efficiency decreases at RF power larger than 50 kW. The result may 
be associated with the increased loss of fast ions with high perpendicular energy due to helical 
ripple. 

1. INTRODUCTION AND EXPERIMENTAL ARRANGEMENTS 

JIPP T-II is a hybrid device of stellarator and tokamak. Main parameters are: 
toroidal field Bt < 30 kG; major radius R0 = 91 cm; limiter radius 17 cm; 
£ = 2 helical windings with four periods; the rotational transform angle due to 

* Present address: Research Institute for Applied Mechanics, Kyushu University, 
Fukuoka812. 

** Present address: Dept. of Physics, Faculty of Science, University of Tokyo, Tokyo 113. 
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hard X-roy 
monitor 

FIG. 2. Time dependence of loop voltage 
VL, plasma current Ip, Te(0), Tj(0), TE, 
safety factor due to plasma current qt and 
total safety factor q2, in the case of 
Bt = 22 kG and4.h/2n =0.14. 

helical field is^/lir = 0.25 at Bt = 20 kG [1]. Diagnostics used in JIPP T-II 
experiments are shown in Fig. 1. Typical parameters of Ohmically heated plasma 
are: Te(0) = 0.8 keV; Ti(0) = 0.27 keV; ïïe = 2.0 X 1013 cm - 3; effective plasma 
radius aeff = 14 cm (geometric means of radii of ellipse); Zeff = 1.7 and energy 
confinement time TE = 5.3 ms in a typical case of Bt = 22 kG; Ip = 48 kA; 
*h/2ir = 0.14; ¿i/2ir = 0.2 (transform angle due to plasma current); -tullir = 
(th +-ÉI)/2TT = 0.34, i.e. q s (a) = 2TT/Í2 = 2.9 (Fig.2). 

2. ENERGY CONFINEMENT, MHD OSCILLATIONS AND DISRUPTIVE 
INSTABILITY 

The energy confinement time was estimated from measurements of the radial 
profile of electron temperature Te(r) by laser scattering and Fourier spectroscopy 
of the second harmonics of electron-cyclotron emission [2], average electron 
density ne by 2-mm microwave interferometer, and central ion temperature Tj(0) 
by fast neutral energy analyser through a tangential port. Profiles of electron 
density and ion temperature are assumed to be parabolic with elliptic contours. 

FIG.l. JIPP T-II device, showing locations 
of diagnostics, neutral beam injectors and 
lower-hybrid heating launcher. 
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FIG.3. Dependence of r E and Te(0) on 
*i and<\y in the case of B t = 22 kG. 
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FIG.4. Effect ofth/2ir on MHD 
instability. Open circles (Bt = 22 kG) and 
triangles (Bt = 19 kG) indicate discharges 
without major disruption, which may 
include soft disruption. Crosses indicate 
discharges with major disruption. Closed 
circles and triangles show discharges with 
the lowest <\-^(a) attained without 
external MHD instabilities. The shaded 
area shows the stable region where all 
kink and tearing modes can be stabilized 
by tailoring the current profile according 
to numerical calculations. 

Dependence of the energy confinement time TE and the central electron 
temperature Te(0) on the plasma current is shown in Fig.3 for three cases of 
-th/27T = 0, 0.09, 0.14. The energy confinement time TE scales as TE ^Hea^fC-th, <i). 
TE increases with total transform angle *£ in the case oí-t^jlir < 0.25, i.e. 
q2(a) > 4, which is consistent with the Mirnov-Strelkov scaling. However, TE 
decreases with-t^ when-t2/27r > 0.3, i.e. qs(a) < 3, which is consistent with the 
Alcator scaling. 

The MHD modes were analysed by twelve poloidal magnetic probes (eight 
probes along the poloidal direction, and four in the toroidal direction) and soft 
X-ray detectors. According to the measurements, decrease in the energy 
confinement time in the region 2.5 < qj(a) < 3 is not correlated with external 
modes at qs(a) = 2, 3, and may be related to impurity radiation and enhanced 
relaxation oscillation at the plasma core where qs (r) < 1. When qs (a) is less 
than 2, oscillations of m = 2, n = 2 and m = 1, n = 1 modes are observed on the 
probe signals, whose relative amplitude is about 1 %, and the loop voltage increases 
appreciably (twice as much) and has low-frequency (~ 1 kHz) oscillations. These 
phenomena are due to the increase in impurity content and the change in current 
distribution. 

Figure 4 shows the effect of helical field on MHD stability of current-
carrying plasma. In the tokamak operation (*h = 0) in JIPP T-II, the minimum 



212 FUJITA et al. 

qs(a) value of 2.2 is obtained without major disruption by controlling the current 
profile [1,3]. When the helical field is increased to-th/27r > 0.1, the minimum 
qs(a) value without major disruption becomes less than 2. When-th/27r > 0.14, the 
plasma becomes free from major disruption. These results agree with those of 
W VII experiments [4]. Numerical calculations based on linear theory show that 
the shaded area in Fig.4 is the stable region where all kink and tearing modes can 
be stabilized by appropriate tailoring of the current profile [5]. The reason why 
the disruption is suppressed by the helical field is not yet clear. The stabilizing 
effect of the stellarator field on positional disturbance is strong, and it is shown 
theoretically [6] that the linear growth rate of m = 2 tearing modes is decreased 
by the superimposition of the £ = 2 helical field. 

3. NEUTRAL-BEAM INJECTION HEATING 

Tangential injections of neutral beams (co- and counterinjections) were 
carried out. The ion source was a multifilament, magnetic-field-free plasma type 
developed at Berkeley. The beam extraction area with multiholes was 9 cm in 
diameter [7]. Neutral (hydrogen) beam power with energy 22 keV into the torus 
was ~60 kW for co-injection and ~30 kW for counterinjection. The beam duration 
was 40—100 ms. A typical example of the time evolution of ion temperature is 
shown in Fig.5(a) in the stellarator. Dependence of ATj on PN is shown in Fig.6 
for the stellarator (Bt = 22 kG; Ip = 45 kA; th/2n = 0.14; ïïe = 2.3 X 1013 cm-3; 
aeff = 14 cm) and for the tokamak (Bt = 22 kG; Ip = 60 kA; ïïe = 1.8 X 1013 cm -3; 
a = 15 cm). Heating efficiency of co-injection is ATÍ/PN = 1.6 eV-kW-1 for the 
stellarator and 1.9 eV-kW-1 for the tokamak, while heating efficiency of counter-
injection is ATÍ/PN = 1.6 eV-kW-1 in both cases. Differences of trapping efficiency 
of fast neutrals and the direct orbit loss of ionized fast ions between stellarator 
and tokamak configurations are estimated to be less than 5%. The other phenomena, 
such as increased loss of fast ions due to helical ripples, might serve to explain this 
difference. 

4. LOWER-HYBRID HEATING 

The maximum of averaged RF power is 160 kW for lower-hybrid heating with 
frequency 800 MHz and time duration 40 ms. Maximum RF power of 120 kW 
can be launched into the torus from a pair of C-shaped waveguides [7,8]. The 
efficiency of lower-hybrid heating is sensitive to the distance awG_aeff between 
the positions of the front surface of the launcher awG and the effective radius of 
the plasma boundary aeff. A distance of ~ 6 cm was chosen as an optimum value. 
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FIG.5. Time evolution of ion tempera
ture of stellarator plasma, (a) Neutral 
beam injection (co-injection) with power 
PN = 45 kW; (b) lower-hybrid heating 
with power PRF = 40 kW. 

FIG. 6. Dependence of the increase in ion 
temperature at the centre on the neutral 
beam power into the torus PN in the case 
of co- and counterinjections for stella
rator C) and tokamak (o) configurations. 

The electron density was adjusted to locate the turning point near the centre of 
the plasma column. In the tokamak (Bt = 22 kG; Ip = 83 kA; ïïe = 1.5 X 1013 cm"3; 
a = 17 cm), the ratio of ATi to RF power PRF into the torus was 1 eV-kW-1 up 
to PRF = 120 kW (Fig.7) and there was no tendency to saturate. No change was 
observed in the loop voltage VL and the electron density (< 5%). In the stellarator 
(Bt = 22 kG; Ip = 62 kA; ^¡lit = 0.09; ïïe = 1.8 X 1013 cm -3; and Bt = 22 kG; 
Ip = 54 kA; -fch/27r = 0.14; ñe = 1.3 X 1013 cm-3) the heating efficiency was 
ÁTÍ/PRF = 1 eV-kW-1 up to moderate power of PRF = 50 kW. However, the 
heating efficiency decreases when the power is larger than 50 kW (Fig.7). This 
tendency is emphasized in the case of<h/27r = 0.14. Figure 5(b) shows the time 
evolution of the ion temperature in the case of <h/27r = 0.14 when PRF = 40 kW. 
A slight increase ( 10%) in loop voltage is observed in these cases. 

According to the theory of stochastic ion heating, the energy of the lower-
hybrid wave is mainly consumed in the formation of the fast ion tail in the 
perpendicular direction. The ion temperature of the bulk plasma increases owing 
to the slowing down of the fast ions. Fast ions with high perpendicular energy 
are probably created by the lower-hybrid wave, and the loss of these fast ions is 
increased owing to helical ripples at the level of high power in the stellarator, 
which results in a decrease in heating efficiency. 

The results of spectral analysis of signals picked up by the electrostatic probe 
near the wall in the shade of the limiter are shown in Fig.7 for both tokamak and 
stellarator. Decay spectra are observed as PRF is increased above 5 kW. Frequency 
matching is satisfied. The low-frequency wave can be identified as the electrostatic 
ion-cyclotron wave [8]. 
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FIG. 7. Upper diagrams show dependence of AT¡ on RF power PRP into the torus. Open 
circles and plus signs in the stellarator show the cases of-th/2n = 0.09; closed circles and 
asterisks show the cases of-tullir = 0.14. Open and closed circles, plus signs and asterisks 
correspond to the cases where the distances 2a^ between rail limiters are 2 X 17 cm and 
2X13 cm, respectively. Middle and lower diagrams show spectra in the region of high and 
low frequencies in tokamak and stellarator. 
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We observed low-frequency spectra near the ion-cyclotron frequency that 
are different from the parametric decay. The signal of low frequency is considered 
to be the current-driven ion-cyclotron instability due to the increase of electron 
drift velocity in the outer plasma region [8]. 
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DISCUSSION 

H. WOBIG: If the efficiencies of neutral-beam heating in tokamak and 
stellarator operation are to be compared, the target plasma should be the same in 
both cases. Was this true for your observations? And what is the accuracy to 
which the heating power from the neutral-beam injection could be determined? 

K. MIYAMOTO: The plasma current is reduced in the stellarator case, so 
that the confinement times of the plasmas in the stellarator and tokamak are 
roughly the same. The difference between the plasma parameters of the two 
configurations is taken into account in comparing the heating efficiency. We use 
data obtained with the same neutral-beam power into the torus through the port: 
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this quantity can be measured accurately. We estimate the different loss processes, 
using reasonable assumptions. We also assume that the transport processes in the 
target plasma are not changed by neutral-beam injection. The observed difference 
seems to be outside the range of the uncertainties involved. 

B.J. GREEN: In the previous presentation (Paper CN-38/H-2), it was 
suggested from W-VIIA results that there was a significant improvement in energy 
confinement time for more-stellarator-like operation compared to more-tokamak-
like operation. Your conclusion is that for the JIPP T-II experiments the optimum 
energy confinement times were not significantly different for the two cases. 
Could you give a plausible explanation for these conflicting conclusions? 

K. MIYAMOTO: Experiments on transport carried out in JIPP T-II are 
limited to an Ohmically heated plasma at present. There is still some uncertainty 
in the W VII experiment results. We intend to make a detailed study of transport 
in currentless plasmas in JIPP T-II in the near future, since we have succeeded in 
sustaining a currentless plasma by lower-hybrid heating and neutral-beam injection 
over a time of 50 ms. 
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Abstract 

RECENT DEVELOPMENTS IN HELIOTRON RESEARCH. 
MHD activities in Heliotron D are studied for the subtractive Ohmic current case and 

the result is well explained by theory. A Monte-Carlo code has been developed to calculate 
the neutral beam energy deposition in a toroidal helical geometry. The heating efficiency on 
the injection angle is calculated for Heliotron E and fairly good efficiency is obtained even 
in perpendicular injection. The present status of Heliotron E is also described. 

1. MHD INSTABILITY OF OHMICALLY HEATED PLASMA IN 
HELIOTRON D 

The studies of MHD activities in the Heliotron D device have already been 
reported [ 1 ] for the case when the direction of a rotational transform due to the 
plasma current is the same as that due to the helical magnetic fields. We call this 
direction of the Ohmic current the additive direction. Here, we investigate the 
MHD activities in the case of the subtractive direction of the Ohmic current and 
describe the differences between both directions of the Ohmic current. Figure 1 
shows the intensities of the fluctuation observed by a magnetic probe located 
round the plasma column. The intensities of the MHD activity increase with the 
increase of *OH(X). The frequency range varies from 5 kHz to 20 kHz, which is 
the same as for the additive direction. Calculated results by the stellarator 
expansion theory are also shown in Fig.l. The ordinate s is a current profile 
factor given by 

j(r) = j 0 ( l - ( - f - ) 2 ) S 
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FIG.l. The upper sections show the 
unstable region of M = 1 mode as a 
function o/-eoH(a) and current profile 
based on stellarator expansion theory. 
N denotes a toroidal mode number. The 
lower diagrams show MHD activities of 
Helioiron D. 

Kink modes do not appear in the subtractive case, which seems to be stabilized 
by the strong shear in the heliotron. Tearing modes are, however, destabilized 
when a singular surface exists inside the plasma column. Since s is usually greater 
than unity in the present experiments, the stable region exists only near 
•*OH(a) = 0 — 0.5, which agrees well with the experimental results. 

The correlation between the containment and the amplitude of MHD 
instabilities has not been observed clearly. 

2. MONTE-CARLO CALCULATION OF NBI HEATING 
IN HELIOTRON E 

To produce and confine high-beta plasma in Heliotron E, an NBI heating 
experiment is expected after Ohmic heating experiments. We have developed a 
Monte-Carlo code to investigate the NBI heating in toroidal helical geometries. 
In non-axisymmetric systems the particles trapped in helical magnetic ripples 
have large excursions from the magnetic surface and most of them are lost by 
hitting the limiter or the vacuum chamber. The velocity space loss region 
determined by these escaping particles might reduce the heating efficiency for 
nearly perpendicular injections. Our purpose is to find the optimum injection 
angle for the NBI experiments on Heliotron E. 

The numerical code is composed of the calculation of the guiding centre 
trajectory in a model helical field and the collisions based on the Monte-Carlo 
method. This approach is more realistic and straightforward in three-dimensional 
geometries than that based on the Fokker-Planck equation. For given density and 
temperature profiles of the target plasma, the ionization profile of the fast neutral 
atoms along the filamentary injection beam is calculated by the track length 
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estimator of the Monte-Carlo method. Charge exchange and ionization by electron 
and ion impact are considered as ionization processes. Specifying the initial 
conditions of position and velocity and statistical weight proportional to the local 
ionization rate, fast ions are launched at their birth point. 

We follow the time evolution of many (typically 40 - 200) test particles up 
to the slowing-down time rs « Te /2/Ne, which is much greater than a typical 
bounce time of a fast ion trapped in a helical ripple. Instead of using the Biot-
Savart law, a model helical field is used to save computation time without 
sacrificing accuracy. The £ = 2 helical magnetic field Bis given by the helical flux 
function ^ : 

S = B Z ( O ) K + vy x S 

S = (z + p 6 ) / ( l + p2) 

¥ = — ^ B c z ( 0 ) { a * + e 0 - e1 pcK'2 ( 2 p c ) 

X c o s 2 ( 0 - 2 - 2 z ) } r 2 (1) 
Li 

where (r, 6, z) is related to the toroidal coordinate (r, 0,0) by z = (R + rcos0) -0, 
and K'(x) is the derivative of the modified Bessel function and p c = 27ra/L, 
p = 2ITT/L. Here, L and a are pitch length and minor radius of the helical winding, 
respectively, and a*,e0 and QX are parameters to be specified according to the 
configuration. The toroidal effect is included in the particle orbit by replacing 
Bz(0) by Bz(0)/(l + (r/R)cos0). The rotational transform obtained by following 
electrons in the model helical field agrees well with that obtained by line-tracing 
using Biot-Savart's law for Heliotron E and Wendelstein VII-A if we choose 
appropriate parameters in Eq.(l). The flux function vj> enables us to take into 
account the effect of the elliptic cross-section of the magnetic surface on the 
ionization and power deposition profiles. The density, temperature and neutrals 
of the background plasma are given in terms of the flux function and are assumed 
to be stationary. 

The guiding centre equations are solved by the Adams method of variable 
order and step size. Coulomb collision of the fast ions with particles of the back
ground plasma (electrons, ions and impurity ions) are simulated by generating 
random numbers. After each collision, we continue the orbit integration with 
new velocity determined by the collision until the fast ion becomes thermalized 
or eventually lost. 

The results of the hydrogen beam injection into the hydrogen plasma on 
W VII-A and Heliotron E are as follows. The heating efficiency for W VII-A drops 
as the injection angle becomes perpendicular to the toroidal direction (Fig.2). 
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FIG.4. Ionization and heating efficiency 
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and Ti(0) = 500 eV). 

Figure 2 shows good agreement with the results of both the Dei-Cas and Lister 
codes carried out at Garching for W VII-A [2]. By applying the same code to 
Heliotron E, we obtain the results shown in Figs 3 and 4. For the injection energy 
of 30 keV, an electron density of Ne(0) ~ 1 X 1014 cm -3 with parabolic profile 
gives optimum beam penetration into the Heliotron E plasma of average radius 
20 cm. The dependence of the heating efficiency on the injection angle in 
Heliotron E is quite different from that in W VII-A and the previous study on 
Torsatron [3]. The efficiency is about 75% even for perpendicular injection, and 
minimum points of efficiency exist on both sides. In these calculations, we 
neglect charge-exchange losses since neutral particle density is not known in 
Heliotron E. 
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FIG.5. Comparison of velocity space loss 
regions of W VII-A and Helio tron E on 
the perpendicular injection line. The 
calculation point is located at the midpoint 
between the magnetic axis and the outer
most magnetic surface in the outer side of 
the torus. 

To understand the difference between the stellarator and the heliotron, we 
calculated the loss region in velocity space by following the guiding centre orbits 
without collisions. The extent of the loss region depends on the spatial position 
and it is interesting that the region is narrower at the inner side of the torus than 
at the outer side. Figure 5 compares the loss regions of W VII-A and Heliotron E. 
Particles which do not escape from the confined region within 0.1 ms are regarded 
as confined, in which case the loss region splits into two because localized particles 
with small enough parallel velocity can be confined in Heliotron E. 

The NBI experiment on Heliotron E is now in preparation. The direction of 
injection of one beam line is just perpendicular to the device and the other two 
directions of injection subtend angles of 28° with respect to this perpendicular. 

3. THE HELIOTRON E PROGRAMME 

Heliotron E (Fig.6) is a new device which aims at a 'proof of principle' 
experiment in the heliotron system. It has 2.2 m major radius and 0.3 m X 0.15 m 
elliptic plasma cross-section. The 1 = 2 helical coil (pitch number k = 9.5) 
produces a toroidal magnetic field of 20 kG. In addition, the toroidal coil field 
of 6 kG is applied to change the size and properties of the magnetic surfaces. 

The magnetic field of Heliotron E has also large rotational transform and 
shear. The rotational transform has a minimum value of ~ 0.6 on the axis and 
a maximum value of ~ 2.5 at the outermost magnetic surface. The value of shear 
exceeds 0.5. Those characteristics are effective to confine a stable plasma. 

The first stage of the experiments is to study the confinement properties of 
Ohmically heated plasma in which Te ~ 1 keV, Ti ~ 800 eV and Ne ~ 1014 cm3 

are expected. A gyrotron of 28 GHz, 200 kW has also been prepared to test the 
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FIG. 7. Density dependence of Rvalue 
and energy confinement time. Ne and ]3 
are values on the axis. 

Nj (xlO^on-J) 

properties of a currentless plasma and to pre-ionize plasma. The second stage of 
the experiment is to inject neutral beams and to produce a currentless plasma. 
The neutral injection system of 2.6 MW (200 ms pulse duration) is now under 
construction. 

The Heliotron E experiment started in mid-June 1980. Experiments were 
performed for ten days at 10 kG magnetic field. A central electron temperature, 
an ion temperature and an average electron density were measured by laser 
Thomson scattering, Doppler broadening spectroscopy and 2 mm ju-wave inter-
ferometry, respectively. The boundary of the plasma was observed by TV camera. 
The measured diameters agree well with the computer-calculated vacuum magnetic 
surfaces. 

The plasma parameters obtained are as follows: 

Maximum plasma current 
Standard plasma current 
Electron temperature on axis 
Mean electron density 
Standard plasma duration 
Gross energy confinement time 
Maximum |3 value on axis 
Magnetic field 

9 0 k A ( q O H ( a ) = l ) 
4 0 - 7 0 k A ( q O H ( a ) = 2.3 
3 0 0 - 6 0 0 eV 
1 _ 4 X 1013/cm3 

150 ms 
3 — 6 ms 
1% 
10 kG 

1.3) 

Stable low-q discharges were obtained. This means that,by Ohmic heating, higher 
density and j3 value could be expected in Heliotron E than in tokamaks or 
conventional stellarators because of the higher current density. At present, the 
j3-value on the magnetic axis reaches 1%, as shown in Fig.7(a). It increases with 
density. This /3-value is obtained without particular discharge cleaning and Ti 
gettering. 
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A confinement study was performed. To get a gross confinement time (r^), 
we assumed a parabolic temperature profile and used a line-averaged electron 
density. The results are shown in Fig.7(b). Confinement in Heliotron E seems to 
agree with the Alcator scaling. Comparing the plasma parameters with those of 
tokamaks, the confinement property of Heliotron E seems to be understandable 
by considering the vacuum field transform and the plasma current transform 
simultaneously. 
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Abstract 

LINEAR AND NON-LINEAR STUDIES OF HIGH-/3 TOKAMAKS. 
A WKB technique is used to estimate finite-n stability boundaries for fixed-boundary 

high-beta tokamaks, and the effect of finite aspect ratio on these stability boundaries is 
discussed. The non-linear evolution of unstable two-dimensional high-beta equilibria is also 
discussed. Finally, the linear and non-linear behaviour of tearing modes driven by anomalous 
electron viscosity is studied. 

A. Finite Aspect Ratio Effects on Ballooning 

Recent theoretical and computational investigations have shown that it is 
possible to find high-g equilibria which are stable to fixed boundary, large 
toroidal mode number (n) ballooning modes. ' ' ' ' we report here on the 
effect of finite aspect ratio on the stability of these high g equilibria. 
The equilibria studied are the same flux conserving sequences studied in Ref. 
4 with q going from 1.0 to 2.0 and the ratio of the peak to average pressure 
being 5. We determine the critical n (n ) for stability to ballooning modes 
from a formalism discussed in Ref. 6, which uses a WKB technique to estimate 
finite-n stability boundaries. The results are somewhat surprising, in that 
even for aspect ratios of ten there are significant differences between the 
stability criteria obtained using the large aspect ratio reduced equations of 
Ref. 4, and the full set of ideal MHD equations used in the present 
investigation. „This is illustrated in Fig. (1) where 1/n is plotted 
versus eg = gq /e for aspect ratios 200, 50 and 10. Here g is calculated 
using the pressure and vacuum toroidal field on axis. While the aspect ratio 
200 curve is essentially identical to the infinite aspect ratio case of Ref. 
4, the aspect ratio 10 case is significantly different. For example, we see 
that for eg_ =2.2 the large aspect ratio equilibrium is stable to all n 
while the aspect ratio 10 equilibrium is unstable for n > 18. The results are 
even more striking for aspect ratio of 3, but the critical n's are not plotted 
for this case since the WKB contours do not close even for the largest value 

* Permanent address: Fusion Research Center, University of Texas, Austin, Texas, USA. 
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FIG.l. l/nc versus e/0c for aspect ratios 
200(a), 50(b), and 10(c). 

FIG.2. The displacement of the magnetic 
axis 5 versus e/3p. 

FIG. 3. Singularity of curren t sheet in 
the internal-kink case. The inverse square 
root of the peak current density in the 
current sheet is shown to approach zero 
as the artificial field Ba vanishes. It was 
also found that the total integrated 
current in the sheet approaches a finite 
value as Ba -*• 0. 
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of e3p , and an estimate of the critical n gives nc~3, a number so small that 
WKB theory is suspect. The term in the ballooning equations responsible for 
these results is that part of the normal curvature proportional to the 
toroidal current. This term is an order smaller in the aspect ratio than the 
toroidal field, but as the pressure increases we find that the current 
increases dramatically (a factor of 5 for the aspect ratio = 10 case)Jthus 
invalidating the large aspect ratio approximation even for tori with aspect 
ratio of the order of 10. 

While the stability of these equilibria is very sensitive to the value of 
the aspect ratio, we find that the shift of the magnetic axis 6 is practically 
independent of aspect ratio for values of aspect ratio from 3 to infinity. As 
seen from Fig. (2), 6 increases slowly with £&> for egD > 1.0, thus allowing 
the plasma reasonable thermal insulation even at these very high betas. 

B. Nonlinear Ballooning Modes 
We have followed the nonlinear evolution of ballooning modes using the 

high-3 reduced tokamak equations. Only modes with low toroidal mode number n 
are perturbed. In the nonlinear phase, sharp current sheets form in tha 
plasma. At this stage, the calculation normally breaks down. However, by 
introducing an artificial field into the problem we can limit the sharpness 
of current sheets, and thus a 3-dimensional equilibrium can be obtained. The 
true final equilibrium state then can be determined by converging the 
artificial field to zero. This method was first used to study the current 
singularity in the nonlinear internal kink, and the convergence study showed 
that the current sheet indeed becomes singular (see Fig. 3). 

The artificial field Ba is an independent field which behaves exactly 
like the real field B (i.e., 3Ba/3t = curl (V x Ba) , 
divBa = 0 , p dV/dt = -VP + j x B + curl Ba x Ba). Then the 

high-3 reduced tokamak equations are modified as follows to include the 
artificial field terms (underlined) to resolve singularities. The coordinates 
used are shown in Fig. 4; 

(1) 
dA _ 
d t 

dAa 
d t 

3<j> 

Bao 
Bo 

3U 
3<j> 

(2) 

dV U 
1 -*• 2 3P -»• 2 

— r — - B.VV.A + 2e V" + Ba.VV.Aa (3) 
at 1 3z 1 

w i t h v e l o c i t y VA= VU x <|> , magnet ic f i e l d B = VAx<j> + Bo<j> , a r t i f i c i a l 
f i e l d Ba = VAax<j) + Bao<f> and p r e s su re P . The t o t a l energy of t h i s 
system E = \ 2 / ( I VU|2 + |VA|2 + |VAa|2 - 2exP)dT 
i s conse rved . 

We n u m e r i c a l l y i n t e g r a t e Eqs. (1) - (4) u s i n g F o u r i e r decomposi t ion 
i n 9 and <}> and f i n i t e d i f f e r e n c e i n r . A p a r t i a l l y i m p l i c i t two s t e p 
d i f f e r e n c e scheme i s used . 
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FIG.5. (a) Contours of the function A in the initial 2-D equilibrium; (b) linear growth rates 
of n = 1 and n = 2 modes versus ej3p; (c) velocity lines ofn = l eigenmode. 

In Fig. 5(a) is shown the initial 2-D equilibrium we have studied.. This 
state is characterized by V2A = (2/q )(1-r ) and eP = (egp/2q )(1-r ) with 
a = 1 and egp = 0.3 . q values vary from 1 at the magnetic axis to 2 at the 
wall. This state is unstable to perturbations with any n. Fig. 5(b) shows the 
linear growth rates of n = 1 and n = 2 modes versus e3p» Fig. 5(c) shows the 
velocity lines of the n = 1 eigenmode. 

The 2-D equilibrium is perturbed with the n = 1 linear eigenmode. To 
resolve the singularities, the small artificial field Ba is introduced in such 
a way that Ba is never parallel to B . By dissipating the kinetic energy in 
the nonlinear evolution, we obtain a 3-D equilibrium state as shown in Fig. 
6. The pressure contours which moves with the plasma show a large shift while 
the A contours change very little. (A similar behavior was previously found 
in a low-3 case. ) Note sharp current spikes at <J> = 0 and <j> = ir . As the 
artificial field is further reduced, the profiles remain about the same, 
except the current peak becomes much steeper as shown in Fig. 7(a). This 
gives an indication that the current sheet would become singular as the 
artificial field becomes zero. (While we had previously "verified" the 
singularity in the internal kink case from a convergence study, we did not 
perform a similar study in this case due to an excessive amount of computing 
required.) At this stage, 15 n harmonics and 30 m harmonics are used in the 
calculation. The current sheet has an extended structure on the poloidal 
plane as shown in Fig. 7(b), and also has a broad extent following the 
magnetic field line. 

In a 2-dimensional helically symmetric system, singularities can occur 
only where the B field co—incides with the helix, since the flux conservation 
constraint prevents singularities occurring elsewhere. In a 3-dimensional 
systernthowever, we have not found any local or flux surface criterion for 
determining where the singularities will occur. 
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FIG. 6. A 3-D equilibrium state with small artificial field included. The magnetic function A, 
pressure p and toroidal current density J are shown on three poloidal planes at toroidal angles 
0 = 0, 0 = n/2 and (¡> = n, respectively. 

We have seen tha t the function A changes remarkably l i t t l e while the 
pressure prof i le suffers a large sh i f t (Fig. 6 ) . This can be explained since 
the following re la t ion holds throughout the nonlinear 
e v o l u t i o n ; ^ = B«VU « Bp«7pU = VpUxVpA«$ ~ VpUxVpP«$ = | | . The 
r e l a t i on B«VU << Bp«VpU which i s obviously va l id in the high-n l inea r 
ballooning theory i s found also val id in the present case. 
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FIG. 7. Toroidal current density profiles obtained by reducing the artificial field for the 
equilibrium shown in Fig.3. The dotted lines in (b) represent negative values. 

RADIUS 

FIG.8. Profiles obtained by using a resistive model. 

The current singularities resulting from the nondissipative Bqs. (1) -
(4) indicate that the ideal ballooning modes do not saturate with a regular 
profile. Instead, the ordering assumed will eventually break down and the 
resistive effects will become important. In particular, finite nonlinear 
tearing may eventually occur even in the limit of vanishing resistivity. 

If we include a scalar resistivity but no thermal conductivity, only Bq. 
(2) is modified through 

dA 2 • 
— = B.VU + nV A (2 ) 

Using these resistive equations with n = 10 , we find the plasma further 
shifts to the wall at § = TT with a steep pressure gradient as shown in Fig. 
8. This is to be expected since the function A which gives stabilizing effect 
is dissipated while the pressure which drives the instability is not. (Due to 
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FIG.9. Viscous growth rate r versus 
ideal-kink-mode growth rate TH- The 
small parameter e = TH/Í"V W í^e ratio of 
hydromagnetic to viscous decay time. 

-2.0 -1.0 0 1.0 2.0 3.0 

X„/<'/5 

this steepening pressure gradient, numerical errors build up invalidating 
further simulation.) More realistic models thus should include thermal 
conduction effects. 

C. Viscous Effects on Tearing Modes 

Classical tokamak confinement calculations are based on the existence of 
magnetic surfaces almost everywhere. The experimentally observed enhanced 
electron thermal transport has led to speculation that the underlying process 
may be a breakup of the magnetic surfaces on a microscopic spatial scale. 
Even small radial perturbations in the magnetic field can have a large effect 
because of the enormous electron mobility parallel to the field lines. ' 
Electron excursions in the radial direction could then be principally the 
result of their co-wandering with the field lines. 

We have investigated some effects that stochastic braiding of field lines 
may be expected to have on non-ideal, macroscopic tearing modes. The basic 
idea is that there is an anomalous transport of parallel electron momentum in 
addition to the anomalous particle and energy transport. We have modeled this 
effect through the introduction of an anomalous electron viscosity. 

The anomalous viscosity appears as an additional term in the Ohm's Law 

ne 

Here TI is the classical resistivity. The anomalous viscosity \i is roughly 
equal to x / the coefficient of anomalous perpendicular electron thermal 
conductivity. Estimates of the anomalous viscosity indicate that the 
viscosity has a much larger effect than does the (observed) classical 
resistivity in the Ohm's law for narrow current channels (< a few cm wide) . 
Such sharply peaked current profiles are intrinsic to linear and early 
nonlinear stages of the development of tearing modes. 

For the m = 1 mode, we have calculated the linear growth rate of the 
kink-tearing mode X ~ eVS-r."*1 with the small parameter e = T /T , the ratio 
of the Alfvln propagation time to the viscous diffusion time across the 
equilibrium current channel (See Fig. 9). 
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13 
For m _> 2 modes, we have recovered previous analytical results for the 

linear growth rate and have extended the analysis to the quasilinear 
regime. This nonlinear calculation of the time evolution of the magnetic 
island width W ( T ) shows_ that viscosity accelerates 

growth (viz. W v * 2.4 t(H£| A' t) 1/3 ) rather than the resistive 

growth W » .016 nc 2At WP until the island reaches a thickness at which the 
resistive and viscous cu rent diffusion rates are comparable. For current 
experimental parameters on PLT, this width is a few centimeters. Subsequent 
growth occurs at the slower rate governed by resistivity. The net result is 
that viscosity results in an "impulsive" increase in island width AW which is 
given by simplified analytic calculations as AW = 5 (IT3 u/nc2 )V2, 
with u = c2/io2 y . This result agrees well with detailed numerical 
calculations. 

One tempting speculation which could account for the disruptive 
instability is that there is a sudden onset of a large anomalous electron 
viscosity during the nonlinear resistive growth of a magnetic island. It is 
quite likely that, either because of nonlinear couplings or toroidal effects, 
a large magnetic island might itself generate very stochastic regions of 
magnetic field, especially close to the separatrix. If AW is comparable to 
the minor radius the disruptive instability may be triggered. This 
requires y/x ~10 , where y is the anomalous electron viscosity and x * s the 
measured anomalous thermal conductivity for the normal discharge. It is not 
implausible to speculate that just prior to disruption, "y becomes this large 
(especially if the large scale magnetic islands are themselves generating 
stochasticity). We conclude that the sudden onset of electron viscosity is an 
interesting candidate for an explanation of the disruptive instability. 
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DISCUSSION 

J.P. CHRISTIANSEN: Are the results from the non-linear calculations 
affected by the rate at which you remove kinetic energy? 

D.A. MONTICELLO: Not to any great extent as long as the same initial 
perturbation is used. 

J.P. CHRISTIANSEN: Since the removal of energy corresponds to viscous 
dissipation, can we conclude that the results do not depend on viscosity? 

D.A. MONTICELLO: Yes. 
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Abstract 

SATURATED KINK AND TEARING INSTABILITIES IN TOKAMAKS. 
A self-consistent theory of the saturated states of tearing and kink instabilities in 

tokamaks is described and calculations for the m = 2 mode are presented. A discontinuity 
in behaviour occurs as qa approaches 2 and there is an associated loss of equilibrium solutions 
which may be related to major disruptions. 

1. INTRODUCTION 

Our aim here is to describe the self-consistent saturated 

states of tearing and kink instabilities in tokamaks. Con

ventional mhd stability theory describes the growth of an 

instability in an unstable equilibrium as it passes through 

its linear and its non-linear phases [1-4]. While this is 

sometimes a correct view of the problem there are cases when 

it is inappropriate. In the case of tearing modes and kink 

instabilities in present tokamaks the characteristic linear 

and non-linear growth times are often substantially less than 

the timescale for changes in the general equilibrium. It is 

to be expected therefore that these instabilities will be 

saturated and that their time development will be determined 

by changes in the general equilibrium. Thus if the total 

current is changed sufficiently slowly the saturated 

instability will adjust adiabatically and the structure and 

level of the instabilities will be a function of the current. 

237 
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This view is borne out by experimental observations of the 

constant level of the various modes over substantial parts of 

the current pulse. 

In this paper we describe a model for the helically 

distorted, saturated states of both tearing and kink 

instabilities and examine their behaviour for m = 2. It is 

found that if the conducting wall is too far from the plasma 

there is a range of currents for which solutions of this type 

do not exist and it is believed that this may be associated 

with major disruptions. 

2. SELF-CONSISTENT SATURATED STATES 

An important element in determining the saturated state 

is the transport behaviour which governs the temperatures and 

the particle density. However, the transport in tokamaks is 

anomalous and is not understood. Thus, rather than use an 

unsatisfactory transport equation it is more straightforward 

to use a reasonable class of plasma profiles. We shall 

restrict ourselves to large aspect-ratio tokamaks and in this 

case all that is needed is the profile of electrical conduct

ivity. Because of the high thermal conductivity along the 

magnetic field the electron temperature will be constant on a 

magnetic surface and the electrical conductivity will there

fore be a function of the magnetic flux function IJJ . 

The only requirements which the saturated states must 

then satisfy are Ohm's law and pressure balance. It will be 

shown that the the jv x B term in Ohm's law is negligible in 

the present case so that the problem is just one of solving 

the equations: 

î = o| 

j_ x j8 = Vp 

where IS is the applied electric field. 
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In the calculations to be described here any interaction 

between modes on different resonant surfaces is neglected and 

it is assumed that each mode has a helical symmetry. The 

results presented are for the m - 2 mode. The well known 

effect of the m = 1 mode in limiting the value of the safety 

factor on axis, q , through its relaxation behaviour [5] is 

included by specifying q . 

3. MODEL 

We shall look for non-axisymmetric steady-state solutions 

of the following equations: 

1 x B = Vp (1) 

j = a (E + v x B) (2) 

with 

V x B = i (3) 

and 

a = a OJO (4) 

The applied electric field is taken as given and it is 

assumed that the plasma is bounded by a limiter. We shall 

find that the solutions are then determined without reference 

to any imagined initial state. 

Using the large aspect-ratio ordering [4] and introducing 

the helical flux function \¡) defined by 

w - 1 W B - - M - ^ r B where A = Ji A Br"7"9ë ' B0 " 9r m r Bzo w h e r e 8Z m 80 

equation (3) becomes 

V2if; (r,6) = -\ - 2 - B ,„v 
Jz m zo (5) 
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In leading order, equation (1) gives j = j (̂ ) 
z z 

and the z component of equation (2) gives 

E Z = n j z + v.-\ty (6) 

where the applied electric field E is constant. Thus v«V^ 

is a function of ty and, since the density is constant on a 

flux surface, the requirement that V^pv be zero for a steady 

state leads to VVIJJ = 0 so that equation (6) becomes 

E = nj2 (7) 

Substitution of equation (7) into equation (5) gives the 

normalised equation: 
V2iJ> = -a 010 + 2 (8) 

where we have used-mib /kB a2 ->• \b and-mE /kB r\ -*• O. 
zo Y z zo 

Equation (8) is the basic equation whose solutions we seek. 

4. TORN AND KINKED PLASMAS 

In addition to solutions having circular symmetry there 

are two basic helical types of solution to equation (8). The 

first is the torn plasma which has a magnetic island embedded 

in the plasma and the second is the kinked plasma which has a 

resonant surface outside the plasma. We shall obtain 

solutions for cases where the current profile extends out to 

the limiter. These are illustrated in Figure 1 together with 

the corresponding forms for i// . It is assumed the plasma on 

field lines passing through limiter is cold and therefore 

carries no current. The outer boundary condition is that \p 

is a constant on a circular conducting wall which may be 

placed at any radius r . There are further equilibria in 

which the current-carrying plasma does not extend to the 

limiter. In general these would be expected to expand until 

limiter contact is made, and for simplicity these cases are 

not discussed here. 
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FIG. 1. Geometry of the solutions and 
corresponding forms for \¡J. The current-
carrying plasma is shaded and the dashed 
lines show flux surfaces. \po gives the 
variation of \j/ in the horizontal direction 
and \pi that in the vertical direction; a is 
the radius of the limiter; r m ¡ n the minimum 
extent of the plasma and r. and r+ are the 
inside and outside radii of the island. 

Kinked plasmo 

FIG.2. (a) typical form for f(x); 
(b) typical conductivity profile for a torn 
plasma. 

The functional form of the conductivity is specified 

along a horizontal line in the diagrams of Figure 1. In the 

torn case the conductivity is taken to be constant over the 

island. Thus, choosing a set of functions f(x) such as 

that illustrated in Figure 2 (a), the forms for the conducti

vity are: 

Torn plasma: region i 

region n 

region in 

fVa-wJ 

o = f 

o = f l—wj 

Kinked plasma: a = t 
-mm 

where regions for the torn plasma are as shown in Figure 2(b). 
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The form of f used here is 

f = Oo (l-x
2) a (9) 

Equation (8) is solved by a relaxation procedure on a 

polar mesh using the conductivity function of equation (9). 

Convergence is typically achieved with 69 radial points and 

13 points round a quadrant. 

5. RESULTS 

We shall describe three sets of calculations. In each 

set the value of q and the position of the conducting wall 

are fixed and the total current is varied. This leads to a 

sequence of helical equilibria. Each equilibrium is found 

by adjusting the value of a in the conductivity function of 

equation (9). Physically this corresponds to adjusting the 

flatness of the current. The equilibrium curves are given 

in Figure 3. 

Figure 3 (a) is for q = 1 with the conducting wall at 

the limiter. The straight line gives the circular equilibria. 

These are unstable at lower currents to the formation of torn 

equilibria shown by the curve. The two lines join at the 

point of marginal stability for the circular equilibria. 

This is as expected since, in the limit of small amplitude, 

equation (5) gives the usual equation of linear tearing mode 

theory [2.L The maximum island width in this case is 10% 

of the plasma radius. 

When the conducting wall is moved to a radius 1.05a the 

results are as shown in Figure 3 ( b ) . The torn equilibria 

no longer return to stability as the current is increased. 

The termination of this branch occurs when the outer edge of 

the island makes contact with the limiter. This configura

tion is also unstable to the formation of kinked equilibria. 
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These join the circular equilibria at the point of marginal 

stability to kink modes. 

Figure 3 ( c ) shows the result of moving the wall to a 

radius of 1.2a. The principal change is that the gap between 

the two sets of equilibria is considerably increased. It 

appears that a transition from the torn to the kinked equi

libria is not possible without a change of current. The 

range of current for which there are no solutions lies at 

values of q just above 2 and may be associated with the major 

disruptions which are observed in tokamaks. 

In Figure 3 ( d ) the amplitude of the distortion of the 

plasma is given as a function of the current for the case 

r = 1.2a. This is measured by the island width for the torn 
w J 

plasmas and the surface deformation (a - r . ) for the kinked 
v m m 

plasmas. The rapid rise in the island width curve as the 

island approaches the limiter is believed to be partly due to 

the enhancement of the destabilising current gradient between 

the central region, with q held at one, and the inner edge 

of the island. 

If the wall is taken still further away, the gap between 

the two sets of equilibria becomes considerably larger as a 

result of the reduced wall stabilising effect on the kinked 

plasma. The effect of varying q has also been investigated 

and if a lower value of q is allowed the effects described 
o 

are diminished. For example, with the wall at a radius 1.2a 
the equilibrium curves for q =0.85 are closer together than 
those shown for r = 1.05 and q = 1 shown in Figure 3 (b). w o 

6. SUMMARY 

A method has been described for calculating the steady 

state, helical, resistive equilibria which result from tearing 

and kink instabilities. The results given for the m = 2 

mode indicate a large amplitude for these instabilities when 
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q is close to 2. For q just above 2 there is a discontin
ua na J 

uity between the solutions for the torn and the kinked 

plasmas which depends critically upon the radius of the 

conducting wall and may be associated with the experimentally 

observed major disruptions. 
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Abstract 

DETERMINATION OF STABLE THREE-DIMENSIONAL EQUILIBRIA. 
A procedure has been devised and is discussed for the determination of stable three-

dimensional equilibria. It is shown that, in contrast to the simple second-order Grad-Shafranov 
equation for two-dimensional equilibria, the magnetostatic equations define a quasi-linear 
fourth-order system in three dimensions. Using a variational approach, an iterative method is 
devised for determining such equilibria. The method defines a displacement field, dependent 
on the residual force, with which the pressure and magnetic fields are moved. Convergence 
is optimized using the Chebyshev semi-iterative method. Solutions converge towards a stable 
equilibrium. Given an unstable equilibrium, the fastest growing instability will evolve where 
the linear growth rate can be evaluated. These solutions compare well with conventional 
normal-mode analysis. The further non-linear evolution of such an instability leads either to 
the gross destruction of the plasma column or to the formation of secondary stable equilibria. 
In the tokamak regime, the solutions illustrate the gross destruction of the plasma if external 
kink modes are permitted. With the safety factor q exceeding unity externally, any internal 
modes which can grow according to linear theory are found to deform the internal surfaces 
grossly, while the outer surfaces are relatively unperturbed. The existence of secondary stable 
bubble equilibria is found. An extreme example of this is illustrated where a plasma column 
develops non-linearly into a stable shell. 

1. INTRODUCTION 

The solution of the magnetostatic equations in one and two dimensions has 
become commonplace and simple. In many toroidal devices such as the tokamak, 
axisymmetry is frequently assumed when, as a result, the magnetostatic problem 
reduces to the simple solution of the second-order Grad-Shafranov equation [1—3]. 
It is now clear that the simple assumption of axisymmetry is in practice invalid 
in the tokamak and other devices where the growth of quasi-equilibrium magnetic 
islands [4] imposes a three-dimensional structure. Axisymmetry also prohibits 
helical structures which might result from internal modes. Furthermore, the 
assumption of well defined magnetic surfaces, implicit to the axisymmetric 
Grad-Shafranov formulation, is not at all clear and is probably incorrect [5]. The 
absence of magnetic surfaces with a locally stochastic field in the finite-/3 three-
dimensional magnetostatic equations could lead to Arnold-type diffusion [6]. 
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248 DAVIES and POTTER 

For these reasons, and for a comprehensive survey of possibly more satisfactory 
equilibria, the full elucidation of the three-dimensional magnetostatic equations 
is of prime concern. 

For a complete study of three-dimensional magnetostatic equilibria, no 
a priori assumption can be made about the existence of magnetic surfaces as for 
example in Ref. [7]. Rather the 'equations of motion' of the field lines themselves 
must be resolved. Here, however, and following Ref. [7], we restrict ourselves to 
relatively simple topological structures by imposing a priori constraints. 

By defining Euler potentials for the field, the essential properties of the 
magnetostatic equations are illustrated (Section 2). To find solutions to such a 
system, we consider the variation of the potential energy in the fields and plasma 
pressure. An iterative algorithm can then be devised to ensure that the energy at 
each step is reduced [8—10]. Consequently, at each step a displacement field 
dependent on the residual force is defined. The pressure and magnetic fields are 
moved accordingly (Section 3). In the limit of convergence, stable equilibria are 
found. Any initially assumed unstable equilibrium will evolve along the fastest 
growing mode, ultimately developing to a secondary stable equilibrium. The 
numerical methods are discussed in Section 4. 

For unstable equilibria, good agreement is found for the growth rates with 
conventional normal-mode analysis [11]. The non-linear evolution of such unstable 
equilibria is discussed in Section 5. It is found that internal modes can leave the 
outer surfaces unperturbed even during the gross non-linear phase so that the 
plasma remains macroscopically contained. 

Secondary stable equilibria of bubble type [ 12] are found in some configu
rations (Section 6). The effect of resistivity is further discussed. 

2. EULER POTENTIALS AND OTHER PROPERTIES IN THREE 
DIMENSIONS 

The magnetostatic equations, 

7>XB>=Vp ; V X Î = j u î ; V - 3 " = 0 (1) 

are a set of seven non-independent non-linear first-order equations. They may be 
simplified by defining the solenoidal magnetic field in terms of Euler potentials: 

£ = V\p X Vf (2) 

Since 

B>-Vp = 0 (3) 
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we are free to choose one of the potentials, say i//, as a function of pressure, 
or p = p(i//). Inserting the potential form of the magnetic field (Eq.(2)) into the 
magnetostatic equations (1), we obtain a pair of second-order differential 
equations for the potentials \p(x), f(x): 

V-(f-Vn = 0 (4) 

=£ dp 
V-(T-V*) = - - 7 (5) 

dy 

where the tensors, T and S, 

?=VfVr-(Vr)2? (6) 

f =Vi/ /Vi/ ' - (V' / ' )2? (7) 

define derivatives in Eqs (4) and (5), respectively, purely within a £ surface and 
a i// surface. It is easy to see that 0 is a periodic function while f is multivalued. 
For one magnetic axis, a f surface maps out the whole toroidal volume, while 
\¡j forms a set of nested surfaces. Thus Eqs (4) and (5) are a pair of quasilinear 
coupled 'pseudo-two-dimensional' elliptic equations where p' must be given on 
each surface \p, and the ratio of the periods Af„ and AÇV on each two-dimensional 
(r¡,v)\p surface must be given. The ratio of these periods is just the winding 
number q(i//). These conditions, together with the bounding surface, specify 
a solution in accordance with Ref. [7]. 

Although Eqs (4) and (5) illustrate the form of the magnetostatic equations 
in three dimensions, analysis of the characteristics shows that there are four, of 
which two are elliptic and two hyperbolic. Furthermore, f is necessarily a multi
valued function which is singular on a magnetic axis. It is therefore not clear 
how to solve Eqs (4) and (5). 

3. CONVERGENCE USING THE VARIATIONAL METHOD 

The potential energy of the plasma and magnetic fields, 

v 



250 DAVIES and POTTER 

is varied: 

«U- / ( j î -« Î -^ )d»x (9) 
V 

To avoid trivial zero solutions, constraints must be imposed on the plasma pressure 
and magnetic fields. This is achieved by defining a displacement field £ (x) to 
which the fluid and fields are tied: 

Ô Î = V X ( ? X Î ) (10) 

ôp = - î - V p - T p V - f (11) 

Substituting these non-independent variations into Eq. (9) and applying the 
divergence theorem yields 

ÔU = - / f-(fx 3*- Vp) d3x + f - (f X % X í-yvt •ds (12) 

V s 

Boundary conditions are chosen such that the surface integral s vanishes: 

f-ds = 0 ; f-ds = 0 (13) 

everywhere on the surface s of the volume V. Thus the variation of U becomes 

ÔU = - J f-(fx3*-Vp)d3x (14) 
V 

In a search for stable equilibria, we seek a local minimum in the potential energy. 
In an iteration, therefore, the energy must be reduced at each step by a suitable 

—> —> 
choice for the displacement field £(x) [8—10]. To ensure that ÔU (Eq.(14)) is 
negative, many suitable prescriptions may be defined, but the simplest is 

f=r(?x3-Vp) (15) 

where r is a positive relaxation parameter. 
Equations (10), (11) and (15) define 

equations. Given an initial p(x), B(x), anc 
(Eq.(13)), the pressure and magnetic fields may be evolved over many iterations. 

Equations (10), (11) and (15) define a non-linear parabolic system of four 
equations. Given an initial p(x), B(x), and with the boundary conditions 
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If a stationary state occurs, (£ = 0), the pressure and magnetic fields satisfy the 
magnetostatic equations. 

If the initial conditions specify an equilibrium but an unstable one, the 
energy will be reduced by the growth of the fastest growing mode. In this 
situation, either the unstable equilibrium will be destroyed or a neighbouring 
stable equilibrium will be reached non-linearly. 

Thus the above method can be used to find equilibria and to examine 
whether any equilibrium is stable. 

4. NUMERICAL METHODS 

In practice, the equations for the fields and pressure (Eqs (10) and (11)) are 
written in conservative form. In addition, a more sophisticated form for the 
displacement field (Eq.(15)) is written to accelerate convergence. If each 
iteration is denoted by an integer index n, the system used in practice is: 

fn+1 = ( c - l ) î n + c r ( T x f f - V p ) n (16) 

fn+1 =-gn + V X ( Î X 3 ) n (17) 

( p l /T )n+l = ( p l / 7 ) n _ v . ( p l / 7 ¡ y ( 1 8 ) 

Equation (16) applies a modified form of the Chebyshev semi-iterative method, 
with variable parameter c [13], and typically accelerates the convergence by three 
orders of magnitude on the meshes employed (Section 5). Equations (16), (17) 
and (18) are differenced in conservative form on an orthogonal boundary-fitted 
coordinate mesh with variable scale factors (hx, h2, h3). Cylindrical or toroidal 
meshes of arbitrary cross-section may be employed. The difference form of the 
equations ensures an exact solenoidal form for the magnetic field. Numerical 
stability imposes a restriction on the parameter T: 

I h2 J__J_ J_ J_ 
T < 2 B2+TP ; h 2 " h ? + h i + h ¡ ( 1 9 ) 

5. LINEAR INSTABILITY 

The method described above has been applied to: (a) determination of non-
axisymmetric equilibria; (b) examining the stability of axisymmetric equilibria; 
and (c) in the event of instability, examining the existence of neighbouring 
equilibria in the non-linear regime. 
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Although the parabolic system discussed in Sections 3 and 4 is non-physical, 
the solutions of the linearized parabolic system and the linearized ideal MHD 
equations are similar — the eigenfunctions are the same and the growth rates 
are related [10]: 

pj2 = OL/T (20) 

where p is the density (assumed constant), 7 is the ideal MHD growth rate, and a 
is the growth rate of the same eigenfunction of the parabolic system. To examine 
the accuracy of the method, the growth rates for a fixed-boundary circular 
cylinder, where conventional normal-mode analysis can be applied, are compared 
in Fig. 1. The initial axial current density is 

J(r) = J0 1 - - (21) 

On even modest meshes, excellent agreement is found. Results are consistent with 
normal-mode analysis [11] over a wide range of parameters. 

LINEAR GROWTH RATES IN THE CYLINOER 

"A 

OS 

0.25 

« (8,13,13) mesh N . 

0 (16,13,251 mesh X 

— NORMAL-MODE ANALYSIS 

r^^C^ 
* 

1 1 " . 

FIG.l. Growth rates predicted by normal-
mode analysis (solid lines) for a cylinder 
of circular cross-section compared with 
solutions from the three-dimensional model. 

6. NON-LINEAR DEVELOPMENT OF INSTABILITIES 

Results for the non-linear development of unstable equilibria in tokamak 
regions demonstrate some striking and contrasting features. It is found that if 
an external mode is linearly unstable, the resulting non-linear development 
destroys the plasma column with gross loss. In contrast, internal modes, in which 
the rational surface lies well within the finite-pressure region, remain restricted to 
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the interior of the plasma even in the non-linear regime. The outer surfaces are 
only minimally perturbed and the plasma as a whole remains well contained. Their 
effect is to flatten the pressure profile in the centre. These two contrasting effects 
are illustrated by the following examples. 

In Fig.2, the non-linear phase of an external m = 1 mode is shown. The 
figure illustrates a set of nested pressure surfaces. The gross distortion of the 
whole column is clear. The plasma is subsequently destroyed by hitting the wall 
or by the development of further short-wavelength instabilities. The effect of 
shear stabilizes an external m = 2 instability, though when the rational surface 
is towards the outside of the column the non-linear effect of the instability is 
severe (Fig.3). 

FIG.2. Set of nested pressure surfaces 
during the non-linear phase of an external 
m = 1 instability. All surfaces are grossly 
distorted by the instability with the 
eventual gross loss of the plasma. 

150 3.5E+04 

PASCALS 

150 9.7E«04 

150 5-6E*04 

150 1 . 2 E + 0 5 

FIG.3. Set of nested pressure surfaces 
for a gross m = 2 instability in the non
linear phase. The original q = 2 surface 
was far from the origin. 
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In contrast, the non-linear development of internal modes remains restricted 
to the inner surfaces. Figure 4 shows the set of pressure surfaces for an m = 1 
internal mode where the q = 1 surface is inside the plasma column. The outer 
surfaces suffer little distortion although a grossly non-linear helical structure has 
evolved internally. The effect within the q = 1 surface is to flatten the pressure 
profile. 

Again, an internal m = 2 mode is illustrated in Fig.5 by pressure contours in 
the poloidal plane. The non-linear saturation of this mode is clearly innocuous in 
its effect on overall containment. 

PfiSCHLS P 

60 ~.5E«03 60 4.5£«03 

PRSCRLS P 

60 1 -3E-0-4 60 1-6E«04 

FIG.4. Nested pressure surfaces for the 
non-linear shape of an internal m = 1 
instability. In contrast to Fig.2, the 
outer surfaces are marginally perturbed. 

PRSCRLS P 

SO 13= 1 50 13= 4 

PASCALS P 

SO 13= 7 50 13=10 

FIG.5. An internal m = 2 instability is 
shown by the intersection of pressure 
surfaces with a set of poloidal planes. 
In this case the mode has saturated and 
the effect on plasma confinement is 
clearly minimal. 
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7. SECONDARY STABLE EQUILIBRIA AND BUBBLES 

In some high-beta configurations, gross deformation of the plasma column 
leads to secondary stable equilibria of lower energy. These secondary equilibria 
are characterized by the internal trapping of magnetic flux, or the formation of 
magnetic bubbles, as suggested by Kadomtsev [12]. 

For a high-beta, monotonically decreasing pressure profile, an m = 1 
instability can develop into a helical configuration as shown in Fig.6. This 
configuration is an equilibrium and remains stable. The plasma column is helical 
with a low-pressure bubble on the inside of the helix. 

An extreme example of this phenomenon is illustrated in Fig.7, where a 
high-beta n = 5, m = 1, instability develops non-linearly into a flat helical ribbon. 
Eventually the edges of the ribbon join to form a hollow shell which persists as a 
stable equilibrium of lower energy. 

FIG.6. A helical 'near-bubble'secondary 
equilibrium which has evolved through 
the m = 1 instability from a cylindrically 
symmetric unstable equilibrium. The 
series of diagrams, at different poloidal 
planes, shows the intersection of the 
pressure surfaces with each z-plane. 

10 1 .1E+04 

PASCALS 

9 0 1 .2E+04 

5 0 l . O E + 0 4 

PASCALS 

150 9.9E-Í03 

FIG.7. Transformation of an initial 
equilibrium with monotonically decreasing 
pressure into a stable, shell-like and 
symmetric equilibrium. This transformation 
occurs through the non-linear evolution of 
an n = 5, m = 1 instability. The sequence 
of diagrams (left to right and top to 
bottom) shows the evolution of a pressure 
surface through a flat helical ribbon-like 
structure (50) to a uniform shell (150). 
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Finally we remark that, apart from finding equilibria and their stability, 
further equilibrium states may be made accessible by including resistivity in the 
limit of high Reynolds numbers. 
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DISCUSSION 

ON PAPERS J-2-1 AND J-2-2 

J.P. CHRISTIANSEN: Can the branch denoting the kink be joined to the 
torn (tearing-mode) equilibria branch by a different choice of resistivity? 

J.A. WESSON: We have used other forms for the resistivity but have not 
found any substantial change in the results. I should say that the discontinuity 
between the two types of solution arises in the first place because the geometry 
of the deformed plasma does not allow solutions for which the plasma has contact 
with the limiter. We have looked for solutions in this region which are bounded 
by the separatrix. These would provide an extension of the torn branch, but so 
far we have not found any such solutions. 

P.H. RUTHERFORD: In your non-linear work, you have presented 
calculations of helical equilibria in which a cylindrical plasma has been deformed 
by a kink or tearing instability. However, you have not applied the constraint 
of flux conservation to relate the deformed equilibria to the original cylindrical 
equilibrium. Should you not apply this constraint, at least in the regions far 
from the magnetic island? 

J.A. WESSON: It is an essential part of the philosophy of our calculations 
that there is no 'original equilibrium'. What I am suggesting is that, in the usual 
situation, one does not have an unstable axisymmetric equilibrium which then 
undergoes a linear phase of instability followed by a non-linear phase. It seems 
more likely that the instability appears as the equilibrium passes through marginal 
stability and that the amplitude of the instability then adjusts adiabatically as the 
current increases and the general equilibrium changes. 
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Abstract 

RESISTIVE MHD CALCULATIONS ON THE DISRUPTIVE INSTABILITY. 
The nonlinear coupling of tearing modes of unequal helicity seems to be the 

dynamical mechanism for some tokamak disruptions. Numerical calculations show that, in 
cases where the tearing mode magnetic islands overlap, there is an explosive growth of the 
modes which leads to a stochastic magnetic field which, in toroidal geometry, covers nearly 
all of the plasma volume. Preliminary results on the effects of moderate |3 (0 ~ e = a/R0) 
indicate that finite-/? corrections are destabilizing for tearing modes. Theoretical calculations 
are presented which suggest that the addition of a relatively small amount of helical field 
to the basic tokamak configuration should be capable of suppressing disruptive instabilities. 

* Research sponsored by the Office of Fusion Energy, US Department of Energy, in 
part under contract W-7405-eng-26 with Union Carbide Corporation and in part under 
contract DE-AC02-76ET, 53011, A003 with the Institute for Advanced Study. 
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1. RESISTIVE MHD CALCULATIONS ON THE DISRUPTIVE 
INSTABILITY 
(H.R. Hicks, B.A. Carreras, J.A. Holmes, D.J. Tetreault) 

The possibility of hard disruptions, in which much of the 
plasma current is lost, creates considerable uncertainty in the 
design criteria for proposed fusion reactor devicesfl]. As 
devices become larger, the potential for serious damage and the 
consequent interruption of service increases due to the greater 
amount of energy which is available to be dissipated. A 
mechanism has previously been proposed[2] which drastically 
alters the magnetic field topology (and presumably also the 
transport) on a very fast timescale. First, we review this 
basic mechanism in the context of low-3 plasmas in a circular 
cylinder geometry. Then we proceed to generalize these results 
by including the effects of toroidicity and finite 3« Finally, 
we comment on analyses of experimental data which support this 
mechanism. 

1.1. Resistive tearing modes in low-0 circular cylinder plasma 

In the case of an equilibrium which is unstable to only 
one tearing mode or in which several modes are unstable but 
which saturate at a low level, a single-helicity. (2-
dimensional) analysis is adequate[3,4,5]. This has contributed 
to the understanding of sawtooth oscillations[6], Mirnov 
oscillations[7] and minor disruptions associated with hollow 
current profiles[3,8]. In cases where (in a single-helicity 
analysis) two or more modes saturate at a large amplitude, a 
multihelicity analysis is necessary[2,9]. For typical tokamak 
equilibria, the m/n =2/1 and 3/2 helicities are sometimes both 
linearly unstable. Here m(n) is the poloidal (toroidal) mode 
number. If the saturated single-helicity amplitudes are large 
enough that the islands can overlap, then the modes affect each 
other nonlinearly and generate yet other helicities. In the 
initial value calculations the initial condition is a perturbed 
equilibrium. Unstable linear eigenmodes emerge from the small 
perturbation and grow exponentially[10]. When the island 
widths exceed the tearing layer width, there is a transition to 
slower growth where the widths grow linearly with time[11]. If 
and when the islands overlap, three-dimensional calculations 
show that, due to their nonlinear interactions, there is a 
destabilization of the 3/2 and other low-m modes[12] on a 
timescale which is the same order as the linear growth time of 
the 2/1 island (Fig. 1). Subsequently, a large number of high 
m modes are destabilized, leading to a phase of explosive 
growth. The stochastization of magnetic field lines plays a 
crucial role in the final phases of the calculation. 
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1.2. The last phase of the calculation 

FIG.l. When islands overlap (top), there 
is an acceleration in growth, and the 
Kolmogorov entropy (middle) increases 
owing to increases in both the maximal 
Lyapunov number and the volume of 
stochasticity. Raising or lowering (solid 
lines) the collisional resistivity 17 by a 
factor of 3 at various times (bottom) 
ceases to have an effect when the 
anomalous resistivity is large: rjA > r¡. 

Following the generation of a large number of modes: 
1) There is an approximate equipartition of energy among high 

m modes. 
2) Most of the modes present in the calculation grow with 

similar growth rate,which is several times larger than the 
value of the linear tearing mode growth rate. 

3) The results become independent of the value of the 
resistivity (Fig. 1). Increasing the collisional 
resistivity, even by a factor of 10, has no effect during 
this phase of the evolution. 
These numerical results suggest the existence of an 

anomalous dissipation mechanism associated with magnetic field 
line stochastization which dominates this process. 

A fluid turbulence model of the disruptive instability 
based on the resistive MHÜ equations describing low mode number 
tearing modes has been developedt13]. The model predicts both 
mode coupling and turbulent dissipation. The dissipation takes 
the form of anomalous resistivity and viscosity due to the 
self-consistent stochastic magnetic fields. The anomalous 
resistivity, rw, becomes nonzero at magnetic island overlap, 
and enhances the tearing mode growth rate. Subsequent to 
island overlap, the ensuing mode coupling and dissipation 
cascade energy to small scales and poloidal flux to large 
scales. This process causes the magnetic field stochastic 
region .to encompass the plasma cross section at the rate 

r - T 
time 

where x. .A 
RA LHp » wucic RAi72c, 
and 

UQ/TI» is the anomalous resistive 
„ _ «. \H M / '"To i s t*ie poloidal. Alfvén time. 

We find that the ratio of turbulent to collisional resistivity, 
HA/1!, is approximately 100 during the fully stochastic phase of 
the disruption. The enhanced tearing mode growth rate is 
Y ~ T R A THn ^'» where A' is the usual stability parameter. 



262 HICKS et al. 

FIG.2. Toroidicity produces satellite 
islands (top), which increase the radial 
extent of stochasticity of magnetic field 
lines (bottom). 

1.3. Toroidal effects 

Calculations have also been made[14] for large but finite 
aspect ratio plasmas at low 3: 3 ~ e <<1. Toroidicity causes 
a mild increase in linear growth rates (0(e )) and saturated 
island widths. Toroidal coupling is responsible for the 
generation of satellite islands (Fig. 2). This is an e ' 
effect, so it is important even in the large aspect ratio 
limit. If manifests itself in increasing the volume of the 
region of the stochastic magnetic field in cases such as the 
one described above. The rule still holds that major 
disruptions are triggered when islands overlap, so more 
equilibria are likely to disrupt when toroidal effects are 
added. The disruption timescale is not greatly changed from 
its value in the cylindrical case, but now the stochastic 
region can easily encompass 90% of the plasma volume. 

1.4. Moderate-/? effects 

Instabilities in the linear regime have been studied[15] 
for 3 ~ e using the equations of Strauss[16]* For low-n modes 
at low 3/e, the linear solutions are dominated by tearing modes 
for the cases studied. As 3/e is increased (Fig. 3), the 
tearing mode becomes more unstable and is coupled to a 
resistive ballooning mode. Equilibria with 3 ~ e are stable 
to high—n modes, and equilibria with 3 ~ s are unstable to 
resistive ballooning modes. Generally, in the 3 ~ e regime, 
the linear growth rates increase with both n and 3. 
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N * 2 LINEAR EIGENFUNCTtON 

RADIAL VELOCITY PRESSURE CONTOURS 

FIG. 3. Transition from a tearing mode 
eigenfunction at j3/e = 0.01 (top) to a 
ballooning mode dominated solution at 
(3/e = 0.88 (bottom) is illustrated in 
terms of vr(0) (left) and perturbed 
pressure contours (right) for n = 2. 

1.5. Comparison with experiment 

Detailed numerical studies[9,17] have been performed using 
plasma profile measurements from several tokamaks, including 
PLT[18], ISX-A[19] and JIPP TII[20]. The resistive MHD 
equations seem to provide a good understanding of the MHD 
activity[5], including disruptions, in these devices. The 
calculations are able to differentiate between disruptive and 
non-disruptive cases. The amplitude of Mirnov loop signals can 
be predicted. For disruptions (e.g. JIPP TII[20]) where there 
is no gross plasma shift, the magnitude and time scale of the 
observed negative voltage spike compare well with the voltage 
obtained from the decrease in the plasma self-inductance in the 
numerical calculations. There is also increasing experimental 
evidence of the important role of the 3/2 mode in major 
disruptions[20,21]. 

2. MHD STABILIZATION OF TOKAMAK DISRUPTIONS BY HELICAL 
FIELDS 
(G. Berge, J. P. Freidberg, PH. Politzer, D. Sherwell) 

Recent results from stellarator experiments, particularly 
WVII[22], indicate that disruption-free operation is possible 
even with substantial ohmic heating currents. The analysis 
separates into two distinct parts. The first concerns the 
effect of helical 1=2 fields on ideal modes. These results 
are not too different from the pure tokamak. The second part 

OUTSIDE INSIDE OUTSIDE 

POLOIDAL ANGLE (9) 
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examines the influence of helical fields on resistive tearing 
modes. This is the crucial question since disruptions are 
believed to occur when the islands formed by two tearing modes 
overlap[2]. Here it is shown that relatively small helical 
fields can have a large influence on tearing-mode stability. 

Since we are primarily interested in current-driven modes 
it is sufficient to carry out the calculation in the context of 
the conventional tokamak expansion t^-tu-ha-l, g=í(a/R) where 
*-r and *u are the ohraic and helical transforms, a is the minor 
radius of the plasma, and 3-2u p/B is ordered small. Under 
these conditions the equilibrium magnetic field is given by 
Ê=B0ez+V(f)1+Bg (r)eQ where B Q is constant, Bg = (rBQ/R) -^(r) is 
arbitrary, and <J>, = AI^(hr)sin()lO+hz). Here, the amplitude A^ 
is directly proportional to * H(r) where *• = I/2TT. 

2.1. Ideal internal kinks 

For ideal internal kink modes the leading order 
contribution to 5W is of order (a/R) and is given by 

TÂ = —T !0 Irdr (1) 

* = ç - * H - * i ) 2 ^ e , + ( » 2 - i K 2 ] 
m Ï (r + H ) ? 

+ (- - *q - *T — V- (2) 
m n L r 

Here n and m are the toroidal and poloidal wavenumbers, Ç is 
the radial component of plasma displacement and ̂ ( r ) ~ *jj(a) 
(r / a ) 2 Z ~ 4 . 

Straightforward analysis of this relationship shows that 
m = 1 is the most unstable mode for any reasonable current 
profile. In the interesting regime where Vj > •*•„, typical 
current profiles are such that the total transform *• = *y + *•„ 
is monotonically decreasing even though the vacuum helical 
transform is increasing. It then follows that the condition to 
stabilize the most dangerous (i.e. m = 1, n = 1) internal kink 
modes is given by *(0) = ̂ ( O ) + * H(0) < 1 (For stability) 
which is identical to the criterion in a pure tokamak. 

2.2. External kink modes 

The analysis of the external kink mode is greatly 
simplified by restricting attention to an I = 2 system in which 
*H~ const* ^n this case the appropriate form for ÔW is given 
by [23] 

ÔW 
"2TTR 

2irn' 2 B 2 

l\ll rdrii-Il^rVW-lK2] 
Rz ' m n v 

+ â (a> [(-H)(i-^)+i5(I-^)]. (3) 
m n n m n a ) 
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where n'^n-m*™. This form is identical to that of a pure 
tokamak except with n replaced by n'. Consequently the 
stability results can be obtained directly from the numerical 
calculations of Wesson[24]. His results show that for 
sufficiently peaked current profiles, external kink modes are 
stabilized. In particular, if J ~ (1-r /a ) such modes are 
unstable only if both of the following criteria are 
simultaneously satisfied: 

*,(a)>n'/m 

and +I(a)/[*(0)-+H]>am*(a)/ti'-8m (4) 

Here a >0 and 3 >0 are numerically determined coefficients 
which for m=2,3 are given by (ct.fl.2tt, 32~*33), (cxg~3-6, 
aq~«83). These results are plotted in Figure 4, and are 
discussed later. 

FIG. 4. Curves of critical helical transform -tH 

versus Ohmic heating current ^j(a) for the case cor
responding to S. = 2, Jz ~ (1 - T2/a?)v, holding 
.*(0) = 1.05. This represents a small amount of saw
tooth activity consistent with internal kink-mode 
behavior in normal tokamak operation. For the 
given current profiles, m = 3, n = 1 and all modes 
m > 4 are stable. The shaded regions correspond 
to instability. 

STABILITY BOUNDARIES 

2.3. Resistive tearing modes 

As previously stated, the resistive tearing mode is the 
crucial mode with regard to the presence of disruptions. Our 
criterion for calculating the critical helical field to 
suppress disruptions is a conservative one: we require all 
tearing modes to be linearly stable. 

The basic form of the energy principle describing the 
marginal stability of tearing modes is given by [23] 

SW. 
— E = 2TT Jn rdr 
9ITR J 0 

r2 + [- -
L
r2 n-m(*T+*w) 

(rJ*T)'. 
h2\ (5) 

•I H' r" 

where ip = irB, /m. Stability boundaries have been calculated 
numerically for a number of different profiles (Fig. 4). For 
both the m=2, n=l and m=3, n=2 modes, an increase in helical 

http://ct.fl.2tt
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transform decreases the range of ohmic heating currents which 
are unstable. In fact, for normal tokamak operation, *y(a)~.3, 
a helical transform of *H~.15 is completely stable to all 
tearing modes. The addition of helical fields flattens the 
total rotational transform profile without altering the cur cent 
profile, which is essentially determined and held fixed by 
plasma transport. A flattened transform shifts the resonant 
surfaces further out to larger radii into regions of weaker 
current gradients thereby diminishing the driving force for the 
instability. Ultimately, a sufficient helical transform 
completely stabilizes the tearing mode. 

Also illustrated in Fig. 4 are the stability boundaries 
for the external kink mode, under the same conditions. With 
the exception of m=2, all other n=l modes are stable. For 
standard tokamak operation [•v-¡-(a)~.3, *TT<»2] , the external kink 
modes are stable. However, instability can occur for "low q" 
operation (i.e. *r(a)>.5). In this regime the ra=2, n=l 
external kink appears to be the most dangerous mode. In 
practice, it appears it does not play a major role in the 
stability of the discharge. This is perhaps because a 
conducting wall at a finite distance leads to significantly 
narrower bands of instability. 

2.4. Summary 

The addition of helical fields to the basic tokamak 
configuration can flatten the transform profile without 
affecting the current profile. By moving the resonant surface 
further out, a given current profile can be stabilized against 
tearing modes. In particular, a conservative estimate indicates 
that for *j(a)~.3 the system should be stable to all ideal and 
resistive modes if . 1<*JJ<.2; and in this regime disruptions 
should be suppressed. Even if the conservative criterion is 
violated, the addition of helical fields is beneficial because 
of the reduced growth rates of both kink and tearing modes over 
those of the pure tokamak. For low q operation, 
[i.e. *j(a)>.5], the external kink modes could become more 
important. 
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DISCUSSION 

H. WOBIG: We also have investigated the effect of a helical field on the 
tearing modes and found that the results are very sensitive to the profile 
flattening due to sawtooth oscillations. When the external -tjj is changed the 
profiles are also altered. Did you take this effect into account? 
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H.R. HICKS: For the results reported here on the effects of a helical 
field, the toroidal current density profile is of the form Jz ~ (1 - r2/a2)y 

with *(0) fixed at 1.05. Sensitivity to the flattening of the current density 
profile was not considered. 

A. SAMAIN: When the major islands mix, I understand that small-
scale perturbations develop and absorb the liberated energy. Are the current 
density fluctuations at these small scales of the same order or even larger 
than the initial current density? If so, do you not think that the small-scale 
perturbations should persist by themselves, once they appear? 

H.R. HICKS: After the low-mode-number islands overlap, there is an 
evolution towards a state with equipartition of the energy among the modes. 
This requires considerable energy flow from large-scale to small-scale modes. 
We have not yet studied the question whether the small-scale perturbations 
would then persist. 

J.A. WESSON: We have carried out calculations of island growth using 
a one-dimensional combined transport and resistive MHD stability code. We 
find that with the resulting current profiles the m > 3 modes usually have 
a small or zero amplitude. These modes play a crucial role in your calculations. 
Does this mean that their importance is sensitive to your choice of initial 
current profile? 

H.R. HICKS: Precisely. We have analysed the resistive MHD stability 
of a large number of circular low-/3 'tokamak-like' equilibria. For non-
hollow current profiles, normally only the m/n = 1/1, 2/1 and 3/2 modes are 
linearly unstable. Certainly, all three are not always unstable. For the large 
class of equilibria where 2/1 and/or 3/2 are stable or saturate at a low 
amplitude, there is no island overlap. In our interpretation, this case does not 
correspond to a hard disruption. Only those cases in which the 2/1 and 
3/2 modes (or, in principle, any pair of islands) are unstable and overlap are 
identified with hard disruptions. As we stated, we have analysed many 
experimental profiles corresponding to both disruptive and non-disruptive 
cases. We obtain complete correlation of island overlap (field line stochastiza-
tion) with subsequent disruptive behaviour. Apart from our analyses, very 
clear experimental evidence of 2/1 and 3/2 modes as precursors to disruptions 
has recently been obtained in Tosca. 
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Abstract 

NON-LINEAR EVOLUTION OF TEARING MODES IN TOROIDAL GEOMETRY. 
To study the non-linear evolution of tearing modes in the real geometry of tokamak 

discharges a toroidal model has been derived by a consistent extension of the standard 
cylindrical model. From the analytical results, strong linear coupling between neighbouring 
modes is expected. A new three-dimensional numerical code demonstrates this coupling in 
the linear, non-linear and saturated regimes. 

I - INTRODUCTION 

The first systematic model of the non-linear evolution of 

resistive tearing modes has been achieved in cylindrical geometry 

/l/. In this model, the plasma motion is incompressible and two-

dimensional : V = Vu x e , V being the plasma velocity, u its po-

tential and e the cylindrical axis. The main magnetic field, B , 

is kept constant in space and time and the magnetic perturbations 
- > - > • - > • 

are also two-dimensional : <5B = V(ii;/R ) x e .where ijj/R is the 
o z' o 

poloidal flux. This model has already provided important results 

for our understanding of Tokamak discharges. Subsequent refine

ments 111 included a more detailed behaviour of .the plasma para

meters and a simultaneous treatment of the different helicoidal 

pitch corresponding to the main modes (linearly unstable or non-

linearly driven). Apart from numerical limitation in S values 

269 
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(. 
(S ̂  T„/T„ < 10 , where T„ and T„ are the resistive and poloidal 

R ri R ri 

Alfven time scales), the main weakness of these codes is geome

trical. It is already well known that curvature effects modify 

completely the linear stability of tearing modes /3/. In cylindri

cal geometry we have recently demonstrated /4/ that the Rutherford 

regime /5/ is not modified ; this result is practically important 

in our opinion for numerical codes because it allows a 2-D treat

ment of the velocity and field perturbations. Even if this result 

holds in toroidal geometry, geometrical effects remain fundamen

tal. To understand this point, let us remember the main steps of 

expanding toroidal equations with respect with e (the inverse of 

the aspect ratio). The zero order gives the cylindrical approxi

mation ; the first order gives two new effects. One is well known: 

if the poloidal cross-sections of the magnetic surfaces are nested 

concentric circles, they become displaced circles /6/. This 

radial effect is also responsible for what we have called the 

"toroidal mode coupling"/7/ : two helicoidal modes with a different 

pitch, exp i(m. „0 + n(Js) in cylindrical geometry,are coupled in 

toroidal geometry, to the first order in e,if m. = m„ ± 1. As a 

consequence,an unstable island (i.e. m = 2, n = 1) drives a se

condary (linearly stable) island (i.e. m = 3, n = 1). This island, 

as demonstrated numerically and analytically in this paper,is 
1/2 

only e smaller that the driving one. In a fat torus, this is a 

zero-order effect which has an obvious consequence on the confi

nement : where the two islands are now close enough to each 

other, the standard Chirikov procedure implies a destruction of 

the magnetic surfaces in the outside half of the plasma. This 

effect is easily more important than non-linear effects including 

profile modification. The same remark holds for a non-circular 

shaping of the magnetic surfaces /6/ : for an elliptical shaping, 

the modes (m = 2, n = 1), (m = 4, n = 1) will be coupled by the 

poloidal modulation of the magnetic field. 
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II - THE MATHEMATICAL MODEL 

To demonstrate the importance of toroidal effects for the 

non-linear behaviour of tearing modes in a fat torus, we have de

veloped a new numerical code. The numerical scheme (V) is also 

well adapted to non-circular cross-sections. A complete descrip

tion of our mathematical model may be found elsewhere /8/. To 

simplify the comparison with the known cylindrical results, we 

give in this paper the results obtained with the "standard" 

toroidal generalization of the first cylindrical Princeton model 

IM. 
The equilibrium resistivity n is related to the toroidal 

current j in such a way that n ^J* Rj dl/B and kept time inde-

pendent. The equilibrium density p is taken as (R/R ) p,where p 

is kept constant (R is the radius of the magnetic axis) ; this 

radial density dependence is the toroidal generalization of the 

usual incompressibility assumption. For the same reasons, the 

two-dimensional poloidal velocity is taken as V = Vu x (Re /R ) 

^ 2 ° 
and the vorticity W= p (R/R ) A u (p is the poloidal component). 

The total magnetic field is defined by B = B + SB with 
eg ' 

r e s p e c t i v e l y : B = B (R / R ) e r + (e(j)/R) x VF and 6B = Vip x ( e / R ) . r J eq o o <£ *P 

F and (- \\t) are, respectively, the equilibrium and perturbed poloi

dal flux. Then, we normalize the physical parameters : the lengths 

to the plasma radius, the magnetic fields to B , the resistivity 

and the density to their values on the magnetic axis. The time is 
-2/5 

normalized to S xD, the characteristic growth time of the 

linearized tearing mode theory. 

The full set of plasma and field equations can now be 

reduced to the following equations for the vorticity (W) and the 

poloidal flux (- Tp) : 

§f • V.VpW - S
6/5 (-M' t.VL* 
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^ + V.V y = -^Vr Li|> + (R/R ) B .Vu 
ot pT 2/5 o eq 

with L = (R/R ) 2 V . J(R /R) 2 V xL> i 
o p ^ o p J 

If one sets R — R in (1) one recovers the Princeton model /l/. 

This set of equations is a simplified example of our 

numerical code but already provides a new model for the non-linear 

behaviour of tearing modes in toroidal geometry. 

Our model has the physical limitations of the cylindrical 

one (it neglects the toroidal magnetic and velocity components of 

the tearing modes). Nevertheless^it is in our opinion fully jus

tified not to expand the metrics elements and keep a closed set 

of equations which preserves exactly the exchange of energy bet

ween the plasma and the poloidal magnetic field. 

Ill - TOROIDAL COUPLING OF TEARING MODES 

The most striking effect of the toroidal curvature on 

the evolution of the resistive modes is the coupling between 

neighbouring modes. This coupling is a linear effect, independent 

of the amplitude. As a consequence, a mode which would be stable 

in a cylindrical configuration becomes unstable by a neighbour unstable mode and 

both modes will grow up simultaneously. 

The theory of the MHD coupling is a direct extension of 

the linear theory and of the non-linear theory /5/ giving the 

growth of the islands in slab geometry. 

The basic elements are unchanged : the first one is the 

resistive solution inside the island, which determines the dissi-

pative growth rate in terms of the external reservoir of energy 

(- A') ; and the second is the linearized quasiequilibrium out

side the island, which gives the value of A'. 
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We have, respectively,in the linear and the non-linear 

2 W d^ ., . 
— m - T_ -r¿- = rA' \b 
II r R dt 

where x is the half width of the linear tearing layer and W the 
o 

island half width; 

7 1/2 

( d ' Y 2 
V 

4iKr) 

*"(r) 

The important modification is the expression of A', due to 

the multiharmonics structure of the perturbation. Consequently, 

when the amplitude of the principal harmonic m is equal to \\> on 

the resonance (q = m ) , the neighbouring harmonics m - 1 and m + 1 

will modify there own slope-jumps. 

These additional coupling terms can be evaluated by the 

energy principle written in intrinsic coordinates (cf. § V ) . For 

example, for two coupled modes, we obtain : 

A m i|> = A ' ib + A ' ib 

m m m m m, m+l m+1 

A , ii , = Ar , \b , + A' . ib 
m+l m+l m+l m+l m, m+l rm 

A' and A' , are the usual values (not modified at the first 
m m+l 

order). The coefficient AT . is of the order of the inverse 
m, m+l 

aspect ratio and depends on the profile of \b, and on the metrics 

of the equilibrium. 
By expansion of the energy principle, one gets : 

^J^Vo^^fCrA.^f, dij; 

m,m+lTm m+l R I T dr dr 2 rm+l dr 

dij» . -i > 
- m\b , - (A+2)m(m+l)ij; \b _,_. } dr 

m dr J mrm+1 J 

where A is the coefficient of modulation of the poloidal field 

[6] . 
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For standard situations, A' . is rather large (typi-
m,m+l ° JV 

cally, 5 f- ) . 
o 
If the m+1 mode is stable without coupling (̂ 'm+| ̂  0)j 

it will be destabilized by coupling with the m neighbouring mode 

if A' > 0. If A' ,. is negative (the most frequent case), i> 
m m,m+1 ° n ' rm+l 

will be negative (i.e. the phase shift will be equal to II) . 
Since A' ,, is replaced by A' . + A ,, one sees m+1 c J m+1 \b m,m+l m+1 ' 

that this quantity can always be positive for an appropriate value 

of . Practically, the l.h.s. of the equation for \b , will be 
T¡> _, , m+1 
m+1 

often negligible and the amplitude i|> . be given by 
A ' t úi , + A ' , \l> = 0 

m+1 m+1 m,m+l m 
ib 

Notice that, as—¡ is of order •=—, the ratio of the islands 
*m , „ , 1/2 Ro 

widths is of order It) 
IV - COUPLING OF TEARING MODES BY SHAPING EFFECT 

Taking into account the non-circular cross-section of the 

equilibrium (elliptical^for example), we can formulate similar 

coupling effects. The m mode will be coupled with the m - 2 and 

m + 2 modes. We have only to change the coefficients of the 

metrics, when evaluating the coupling coefficient A' „. 

V - NUMERICAL TREATMENT 

1 - Equilibrium 

The functional form of the current density adopted for 

the equilibrium is the following: 

. , R2 

Rj,„ = *0 - B + 8-5) F 

* Ro 
The equilibrium is now an eigenvalue problem with X the smallest 

eigenvalue and F the associated eigenfunction such that the current 

is everywhere non-negative. 
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2 - Equations for velocity and flux function 

a) S£atial_integration 

For the numerical treatment, we start from our system 

(W, ip) written with the perturbed flux and current functions. 

The spatial integration is performed by variational finite-ele

ments method which presents the advantage of keeping the system 

in its conservative form during evolution. Finite elements are 

also directly adapted to handle easily poloidal circular or non-

circular contours of plasmas. 

We use the so -ca l l ed " i n t r i n s i c coord ina tes" defined 

from the equ i l ib r ium by F = const, x = const, <¿> = const l i n e s ; e q u i l i 

brium magnetic f i e l d reads now : 

B = VF A V(<p + qx) 

where q is the safety factor; 

T 
q = 2ÏÏ 

X = 

4^-
J R B , ol 

dl 

R2B 

Definition of intrinsic 
coordinates 

ol 

This choice of intrinsic sys

tem is important from two 

X = const P ° i n t s o f v i e w : 

- First, it defines accurately 

singular layer positions 

- Second, the magnetic opera-

F = const t o r B ,v possesses no radial 

derivative and is constant on 

each magnetic line . 

• R 

(B . V 
o 

3 1 dï 
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FIG. 1. Radial perturbation of the poloidal flux in the 
cylindrical circular case. 

The equations are advanced in time by an accurate, nume

rically stable semi-implicit method. 

3) Magnetic surface representation 

Magnetic surfaces when they exist, are solution of the 

magnetic equation 

B.Vip * = 0 (1) 

Now two c a s e s 

a) H e l i c o i d a l c a s e 

I t i s e a s i l y shown t h a t ty satisfies 

F 
ij> ( F , u ) = F 

(u = mx + n<p) 

m I 
«/o 

q ( F ) d F + iKF ,u ) (2) 
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FIG.2. Radial final total current in the cylindrical 
circular case (equatorial axis). 

b) Non-helicoidal_case 

No e x p l i c i t s o l u t i o n of (1) exists. 

Nevertheless, an approximate second-order solution is 

still given by (2) as far as the island width is not two large ; 

now iKF,u) in (2) is to be replaced by its (m,n) helicoidal 

component. 

VI - RESULTS 

1) The figures from 1 to 4 are concerned with the cylindrical cir

cular case. 

Fig. 1 gives the radial perturbation of the poloidal flux at 
-0 4 the saturated state (t = S * T D ) , 
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FIG. 3. Final m = 2, n = 1 island in the 
cylindrical circular case (small m = 3, 
n = l). 

2 

1.5 

0.5 

0.20 0.40 0.60 0.80 

1 10W/a 

FIG. 4. Island width ofthem = 2,n = l 
island versus the tearing growth rate in the 
circular cylindrical case. 
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FIG. 5. Radial perturbation of the poloidal flux in the 
toroidal circular case (R/a. = 4), when m = 2 and itt = 3 
are both present inside the plasma (equatorial axis). 

Fig. 2 gives the final total current along the equatorial 

axis. 

Fig. 3 gives the final m = 2,n = 1 island. We see a small m = 3, 

n = 1 island, due to the non-linear coupling. This mode begins 
-0 4 

at t ̂ 0.8 S TR. 

Fig. 4 gives the m = 2,n = 1 island width versus time. 

2) The figures from 5 to 8 are concerned with the toroidal 

circular case (aspect ratio = 4), 

Fig. 5 gives the radial perturbation of the poloidal flux 

when m = 2 and m = 3 are both present inside the plasma. 

The m = 3 mode is destabilized by the m = 2 mode, and strongly 

modifies the flux profile. 
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FIG. 6. Radial final total current in the toroidal circular 
case (R/a. = 4)t when m = 2 and m = 3 are both present 
inside the plasma (equatorial axis). 

FIG. 7. Final m = 2, m = 3, n = l islands 
in the toroidal circular case (R/a = 4). 
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2 

1.5 

0.5 

FIG. 8. Island widths of them = 2 (a), 
m = 3 (b), n = 1 islands versus the tearing 
growth time in the toroidal circular case 
(R/a = 4). 
(c): Ratio of the m = 2 and m = 3 widths 
versus the tearing growth time. 

Fig. 6 gives radial final total current. Observe the strong 

deformation by toroidal mode coupling. 

Fig. 7 gives the saturated m = 2 , m = 3 , n = l islands. Com

pare the fig. 3.Toroidal coupling is evidently more important 

than non-linear coupling. 

Fig. 8 gives island widths of the m = 2, m = 3, n = 1 modes 

versus time. These results are in agreement with theoretical 

models. 

In conclusion, we may state that all these results show the real importance of linear 
toroidal coupling of tearing modes in tokamaks. These effects are practically of 
zero order and have to be taken into account if disruptions in real tokamaks are 
to be described more conveniently. 
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DISCUSSION 

D.A. MONTICELLO: Your conclusion was that toroidal effects were the 
most important for the development of the tearing mode, but it would seem from 
your calculation that the most important effect was the plasma shape. Would 
you care to comment on this? 

D. EDERY: All that we can say about shaping and toroidicity is that both 
effects are of zero order on the linear resistive de-stabilization. For a given 
equilibrium, elliptical shaping seems to be more stabilizing than a toroidal circular 
configuration. However, more computations with different equilibria have to 
be carried out before a final conclusion can be drawn and, in my opinion, 
effective comparison is relevant only between equilibria with the same A'. 
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Abstract 

OPTIMIZATION AND CONTROL OF PLASMA SHAPE AND CURRENT PROFILE IN 
NON-CIRCULAR CROSS-SECTION TOKAMAKS. 

Tokamaks with elongated, non-circular cross-sections are under consideration as fusion 
reactors because they have the potential for stable operation at high )3. Ideal MHD theory, 
however, predicts that careful current profile control will be required to achieve the potential 
high-|3 advantages of non-circular cross-sections. In this paper, high-/? equilibria which are 
stable to all ideal MHD modes are found by optimizing the plasma shape and current profile 
for doublets, up-down asymmetric dees, and symmetric dees. The ideal MHD stability of 
these equilibria for low toroidal mode number n is analysed with a global MHD stability code, 
GATO. The stability to high-n modes is analysed with a localized ballooning code, BLOON. 
The attainment of high 0 is facilitated by an automated optimization search on shape and 
current parameters. The equilibria are calculated with a free-boundary equilibrium code 
using coils appropriate for the Doublet III experimental device. The optimal equilibria are 
characterized by broad current profiles with values of j3po lo ida l — 1. Experimental realization 
of the shapes and current profiles giving the highest |3 limits is explored with a 1|-D 
transport code, which simulates the time evolution of the 2-D MHD equilibrium while cal
culating consistent current profiles from a 1-D transport model. Transport simulations 
indicate that nearly optimal shapes may be obtained provided that the currents in the field-
shaping coils are appropriately programmed and the plasma current profile is sufficiently broad. 
Obtaining broad current profiles is possible by current ramping, neutral-beam heating, and 
electron-cyclotron heating. With combinations of these techniques it is possible to approach 
the optimum |3 predicted by the MHD theory. 

Tokamaks with elongated, noncircular cross section are 
under consideration as fusion reactors because they have the 
potential for stable operation at high 3, i.e. values of the 
ratio of the volume average pressure to toroidal magnetic field 
pressure (evaluated at the magnetic axis) greater than 5%. In 
this paper, high-B equilibria, stable to all ideal MHD modes, 

* Work supported by US Department of Energy, Contract DE-AT03-ET51011. 
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FIG.l. Optimal shapes for high-$ equilibria in the present Doublet HI experimental device 
(asymmetric dee and doublet) and in a modified vacuum chamber (symmetric dee). 

are found by optimizing the plasma shape and current profile 
for doublets and for dees which can be either symmetric or 
asymmetric with respect to the equatorial plane of the toroidal 
plasma. The optimal equilibria have current profiles which are 
much broader than profiles produced by ohmic heating and have, 
at the same time, low values of beta poloidal (3 - 1), as 
defined by Zakharov and Shafranov [1]. Experimental realiza
tion of these current profiles is explored with a 1-1/2-D 
transport code, with which the effects of current ramping, 
neutral beam heating, and electron cyclotron heating on the 
current profile can be simulated. With combinations of these 
techniques it is possible to approach the optimum 8 predicted 
by the MHD theory. 

The identification of high-8 equilibria, stable to all 
ideal MHD modes, is facilitated by an automated optimization 
search on shape and current parameters [2] . The equilibria 
analyzed in the search procedure are calculated with a free-
boundary equilibrium code using field-shaping coils appropriate 
for the Doublet III experimental device. The coil positions 
are shown in Fig. 1 for both dee and doublet shapes in the 
present experiment and for a larger dee which can be achieved 
by modification of the present Doublet III device. The Grad-
Shafranov equation is solved with the poloidal flux, 2TMJ>, on 
the coils used as the boundary condition and the \p dependence 
of the toroidal current given by j* = -p'R - ff'/yQR, with p' = 
I0Bp[exp(l - ^«p) - 1] and ff = l0(l-Bp) [exp(l - ^f) - 1] . 
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Here prime denotes differentiation with respect to ip, I is a 
normalization constant to give the specified total current, a 
and oi£ control the half widths of the pressure and toroidal 
field, "B is approximately equal to beta poloidal, and ty = 
^-^axis^^limiter-^axis)* R i s t h e toroidal radius. 

The parameters varied in the optimization are Bp, a , a^ 
and the poloidal flux on the 24 or 22 field-shaping coils. 
Each parameter is varied in turn and the stability of the 
resulting equilibrium is analyzed using techniques subsequently 
discussed. If the value of $ is greater than previously found, 
the equilibrium is saved and the parameter increased again. 
The parameter search is terminated when a higher 3 cannot be 
found with the given input parameter increments. If smaller 
increments were tried, a slightly higher 3 would probably be 
attainable. 

Each equilibrium is tested for stability to interchange, 
ballooning, internal kinks and external kinks. Stability to 
axisymmetric modes is not analyzed, as previous studies [3,4] 
have shown that feedback stabilization can be provided by the 
field-shaping coils. The stability to high toroidal mode 
numbers n is analyzed with a localized ballooning-mode analysis 
code BLOON [5]. The Mercier criterion [6] for the interchange 
mode is evaluated at the magnetic axis of the equilibrium. The 
vacuum toroidal magnetic field B<p is adjusted to force the on-
axis safety factor q equal to the Mercier value. 
Ballooning-mode stability in the limit of infinite n is then 
evaluated off axis and imposed by also varying B̂ ,. 

Two different ballooning modes have been seen. At low 3 
a ballooning mode may exist halfway between the axis and the 
plasma surface for dee shapes. For doublet shapes the mode may 
exist halfway between the separatrix and the surface or halfway 
between the axis and the separatrix. Stability to this mode is 
achieved by varying B.j. At higher 3„ a mode localized near the 
plasma surface appears. This mode is effectively stabilized 
only by decreasing 3D« 

A new global <5W code GATO has been developed to analyze 
the stability to low-n kink modes of doublet and up-down asym
metric dee shapes. GATO utilizes the same numerical scheme as 
the ERATO <5W code [7], but employs a coordinate system which is 
orthogonal to the poloidal flux surfaces. GATO minimizes the 
MHD energy principle with respect to the Mercier representation 
of the displacement vector. Finite hybrid elements are 
substituted to obtain a matrix eigenvalue problem for the nor
mal modes of the plasma. The hyperbolic axis, associated with 
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an internal magnetic separatrix, is treated by imposing the 
constraint that the component of the displacement normal to the 
flux surface is zero at the hyperbolic axis. 

In the optimization search, the internal kink mode is sta
bilized by adjusting q . The external kink is analyzed in two 
different limits. The most pessimistic limit assumes no wall 
stabilization and kink stability is calculated for n = 1. The 
more optimistic limit assumes complete wall stabilization of 
the external kink- In the Doublet III experiment the vacuum 
chamber wall is within 0.1 minor radii of the plasma surface 
for doublet shapes- This is close enough for a superconducting 
wall to stabilize the plasma. Since the wall is resistive, the 
kink is not stabilized, but its growth rate is reduced. The 
reduction may be enough for transport processes to stabilize 
the mode nonlinearly. When no wall stabilization is used, the 
equilibria can be stabilized by either increasing q or by 
peaking the current profile. The latter method is used in this 
s tudy. 

Figure 1 shows optimal shapes in the Doublet III vacuum 
chamber for an asymmetric dee and a doublet with 50% of the 
poloidal flux within the separatrix, P = 50. A symmetric dee 
shape is also shown for a large vacuum chamber in Doublet III. 
The dee shapes illustrate the amount of triangularity needed in 
stable high-3 plasmas. The triangularity decreases the connec
tion length between bad and good curvature regions and improves 
the stability to ballooning modes. An interesting feature of 
the doublet shape is that the x-point region is right-left sym
metric for optimum stability. 

The results of the automated search show three important 
features which hold regardless of plasma shape. The optimal 
equilibria have values of 3 near 1, current profiles that are 
much broader than typical ohmically heated current profiles, 
and shapes that are triangular on the outside edge of the 
plasma. Previous optimization studies for up-down symmetric 
dee shapes [3] have shown that the optimum value of 3 for 
stability to external kinks without wall stabilization is near 
1. At higher 3_, the magnetic axis shifts outwards and induces 
strong current gradients near the edge of the plasma which 
destabilize the external kink. Ballooning mode stability of 
doublet shapes is also best for 3p < 1 [8], since at higher 3D 

a localized mode near the plasma edge is excited. 

Since stability results constrain 3„ < 1, high 3 is 
attained by elongation [3] and broadening the current profile-
Current profile broadening is illustrated in Fig. 2, in which 
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FIG.2. |3 versus current half-width V ^ for the sequence of equilibria found during an 
optimization of the asymmetric dee. V ^ is the fraction of the plasma volume that contains 
half the total plasma current IJ2. 
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FIG. 3. Radial profiles of the pressure and toroidal current density through the elliptic axis 
of an optimal asymmetric dee. 

the values of 3 are plotted as a function of the current half-
width for several equilibria calculated during the optimiza
tion. The final equilibrium has a current half-width twice as 
large as the initial ohmic current profile. 

Figure 3 shows the radial profiles of pressure and current 
across the midplane of an optimal dee in the upper half chamber 
of the Doublet III device. The solid curve is the optimized 
profile and the dashed curve is the ohmic profile. Note that 
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both the pressure and the current must be significantly 
broadened to achieve the highest values of 3« The optimum 
symmetric dees and doublets have similar pressure and current 
profiles. 

The maximum stable values of 3 found by the optimization 
process are 6.4% for the asymmetric dee in the upper half 
chamber of the vacuum vessel, and 7.0% for a doublet with 
P = 50%. The stability limit for the doublet shape increases 
to 3 = 9.7% as P is decreased to 32%, in qualitative agreement 
with earlier studies [8]. For a symmetric dee in the modified 
Doublet III chamber a stable value of 3 = 13% is predicted. 
This increase in the 3 limit is due to the decrease in the 
aspect ratio from 3.1 to 2.2. 

The greatest uncertainty in the 3 limits found by the 
optimization code comes from the kink calculation. To avoid 
finding a destabilized Alfvén continuum mode instead of a kink, 
a cutoff of -0.005 w£ is used for Y2> the growth rate squared, 
where wA is the poloidal Alfvén frequency. Smaller growth 
rates are ignored. Thus a residual kink mode can persist at 
the cutoff growth rate. To stabilize this mode, a wall must be 
located within one minor radius of the plasma surface. For the 
Doublet III experimental device, the vacuum chamber is within 
0.1 minor radius of the surface and the residual kink mode is 
stabilized. The equilibria presented here as optimum for sta
bility to ideal MHD modes actually represent pessimistic 
limits. The nature of the search procedure does not preclude 
the existence of stable equilibria with higher 3« Also, the 3 
limit for the ballooning mode is done in the pessimistic limit 
of infinite toroidal mode number. 

Experimental realization of the shapes and current pro
files giving the highest 3 limits has been explored with a 
1-1/2-D transport code [9], which simulates the time evolution 
of the 2-D MHD equilibrium while calculating consistent current 
profiles from a 1-D transport model. In the simulations, the 
electron energy transport is taken to be anomalous with a 
constant thermal conductivity; this results in Alcator scaling 
[10], i.e. an electron energy confinement time that is propor
tional to density. The electron particle transport is also 
taken to be anomalous, and a thermal pinch is included so as to 
produce the parabolic density profiles observed experimentally. 
The ion energy transport is neoclassical and the resistivity 
is classical. A pure hydrogen plasma and perfect recycling of 
neutrals are assumed. Thus the average plasma density remains 
constant during ohmic and electron cyclotron heating, but 
increases due to beam fueling during neutral beam heating. The 
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neutral beam heating model is an extension of the FREYA [11] 
and NFREYA [12] models, which has been generalized to handle 
doublet plasmas. 

The desired plasma shapes are obtained in the simulations 
by appropriate programming of the currents in the field-shaping 
coils. To obtain broad, near-optimal current profiles, the 
plasma is first subjected to a short period of ohmic heating 
during which the total current is ramped upward. Neutral beam 
heating is then applied to freeze in the broad current profile. 
The effectiveness of this current-broadening approach clearly 
depends upon the assumption of classical resistivity. 

Examples of the initial ohmic profile and the broadened 
profile obtained by current ramping followed by beam heating 
are shown in Fig. 3 together with the optimum profile. The 
transport generated current profile (plotted with dots) shows 
the remnant of the initial ohmic profile and the wings induced 
by the current ramping. The resulting profile is almost as 
broad as the optimum. The low values of 3D needed for optimal 
stability are achieved by current ramping, which reduces the 
increase in 3 due to neutral beam heating. 

The highest stable 3 values obtained in the transport sim
ulations of Doublet III are 3.1% for the asymmetric dee, 3.1% 
for the doublet with Ps = 50%, and 6.2% for the symmetric dee. 
Still higher 3 values are likely if the current ramping techni
que is refined, if electron cyclotron heating is used for cur
rent profile control, or if doublets with lower P are con
sidered. In any case, the 3 values obtained so far are 
substantial fractions of the optimal values and thus provide 
some assurance that high-3 configurations can be obtained 
experimentally. 
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Abstract 

EVOLUTION OF STABLE HIGH-BETA TOKAMAK EQUILIBRIA. 
The pressure limitation due to the MHD instabilities in an INTOR-like plasma is studied. 

An equilibrium-transport calculation yields the attainable /3, realizing the marginally ballooning 
stable pressure profile. For typical INTOR parameters, the critical /? is about 4%. The finite 
Larmor radius effect stabilizes high-n ballooning modes, to yield higher attainable 0. Low-n 
internal modes are also investigated numerically and the results are consistent with the high-n 
mode analyses. Low-n kink modes are stabilized completely by the shell placed near the plasma. 

1. INTRODUCTION 

Following increasing interest in high-/3 operation of tokamaks, the flux-
conserving tokamak (FCT) concept has indeed indicated that the 0-value can be 
arbitrarily large without loss of equilibrium [ 1 ]. The next key issue is the 
accessibility of these configurations, which is dependent on MHD stability and 
transport during the evolution to high-/? equilibria. 

Among MHD instabilities, kink modes can be effectively stabilized by a 
conducting shell. Low-n internal modes are sensitive to the plasma profile and 
geometry, and stable high-/? equilibria have been found [2]. Stability analysis of 
ballooning modes has shown that the modes with n -* «» (n is the toroidal mode 
number) yield the most severe limitation [3]. It should be mentioned that 
kinetic effects become significant for these modes [4] and that a second high-/? 
stable regime has been predicted [5]. 

Here we study the plasma pressure limitation due to ideal MHD modes in 
order to get a clue to the ^-optimization of INTOR-like tokamaks. An equilibrium-
transport model in full toroidal geometry is used in Section 2 to follow the 

* On leave from Fujitsu Ltd., Tokyo. 
** Institute for Fusion Theory, Hiroshima University, Hiroshima. 
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FIG.l. Evolution of (a) the pressure profile and (b) the toroidal and poloidal |3 values for 
INTOR parameters: A = 4; e= 1.6; Ô = 0.3; q0 = 1 and qs = 3. The pressure source profile 
S oc ( i -i//2)2 is assumed. The marginally stable plasma with 0 = 4.2% is realized after the 
ballooning modes first become unstable at j3 = 2.8% (broken line in (b)). The 
minor radius r in (a) is defined by r= \/0/0s where 0 is the toroidal flux and the suffix s 
denotes the value on the plasma surface, (c) The final equilibrium configuration with j3= 4.2%. 

evolution of free boundary equilibria subject to additional heating. Modifying 
the pressure profile on the ballooning-unstable flux surfaces, we can reach a 
stationary, marginally stable high-jS equilibrium. We then evaluate (in Section 3) 
the growth rate of ballooning modes, including the finite-n and finite Larmor 
radius (FLR) effects. Stability of low-n modes, internal and kink, is examined in 
Section 4. 

2. EVOLUTION OF BALLOONING-STABLE FCT EQUILIBRIA AND 
ATTAINABLE BETA VALUE 

A 1 ̂ -dimensional tokamak transport model [6] is applied in order to 
follow the evolution of tokamak equilibria subject to additional heating. Starting 
from a force-free equilibrium, we examine at every time step the stability 
condition for ballooning modes with n -»• <», and when they become unstable in 
some region the plasma transport is enhanced locally. We simply assume infinite 
heat conduction due to the unstable modes, which instantaneously yields a 
marginally ballooning-stable pressure profile. We finally reach a high-/? equilibrium 
marginally stable over the whole plasma column, in which the heating power 
balances the pressure transport due to instabilities. To demonstrate the effects 
of ballooning modes on the j3 limitation, we ignore other dissipations in plasma 
transport and assume a temporally constant pressure source profile. 

Now we describe the results of calculation for a class of plasma equilibria 
with INTOR-like parameters, whose standard values are the aspect ratio A = 4, 
ellipticity e = 1.6, triangularity 5 = 0.3, safety factor at the magnetic axis and on 
the plasma surface q0 = 1 and qs = 3, respectively. Figure 1 shows a typical 
time evolution of (a) the pressure profile and (b) the toroidal and poloidal 
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FIG.2. Attainable 0* (0), /3 (p) and 0j (o), which are ballooning stable, versus (a) e, ellipticity, 
(b) 5, triangularity, (c) qs> safety factor on plasma surface and (d) A, aspect ratio. Black 
symbols correspond to standard INTOR parameters. 

/3-values |3 = 2ju0<p>/Bj and j3j = 4V<p>//i0R0I
2,. After the plasma becomes unstable 

at j8 = 2.8%, the jS-value continues to increase up to 4%, changing the pressure 
profile. We find that the slight reduction of the pressure gradient near the unstable 
region ensures the stability of ballooning modes, and the attainable j3-value and 
pressure profile are almost independent of the pressure source profile. In the 
calculation, the external poloidal coil system is adjusted such that the plasma 
shape remains unchanged and no surface current appears. The finally established 
equilibrium configuration is shown in Fig. 1(c). Figure 2 summarizes the 
attainable 0 and J3J, as well as j3* = 2ju0-y/<p2>/B2

; as functions of e, Ô, qs and A. 
Higher /3-values can be reached as expected with increasing e and/or decreasing A 
and qs, while the effect of 5 is found to be insignificant. 

FINITE-n and to* CORRECTIONS ON BALLOONING MODE 

The /3-limit obtained in Section 2 from the infinite-n ballooning mode 
analysis is too restrictive. It has been shown that the growth rate of these modes 
is reduced by decreasing n [3]. Another stabilization is expected from kinetic 
effects. The FLR effect stabilizes high-n MHD modes, and can be included in the 
MHD eigenmode equation simply by replacing co2 by co(co + co*i), where co*j is 
the ion diamagnetic drift frequency [4] (see Appendix I). Taking account of 
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FIG.3. y2 versus 1/n. The dashed line 
denotes the MHD growth rate derived by 
the WKB method and the dotted line that 
derived by CHT theory [3]. The solid line 
shows 72(n) with w* correction. 
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FIG.4. y-n-0 diagram. The critical (5 is 
seen to be set by the mode with n = 20, 
and y starts to decrease as /3 exceeds 12%. 

these effects, we can write the growth rate in the form 72(n) = 7 ^ - yj - w2j/4 
(y^ is the growth rate for n -*• «>; the second and third terms correspond to the 
stabilization due to the finite-n correction and FLR, respectively). Note that this 
formula can determine the n value and the corresponding growth rate for the 
most unstable mode because 7^ scales as n_ 1 , while coi/4 <* n2. 

We calculate 72 (n) for standard parameters in Section 2 under the plasma 
heating with a broad source profile S ce (1— i//)1-5. In Fig. 3, the dashed line 
denotes the MHD growth rate, 7 ^ — yjn, derived by the WKB method [7], and 
the solid curve the growth rate including the co* effect, 72(n), for the temperature 
Tj = 20 keV. The critical n is about 20 and the corresponding growth rate is 
72 ~ 0.06coA (CÛ2

A = B2/n0pR2o). The dotted line in Fig. 3 denotes the CHT 
theory [3]. Figure 4, the 7-n-0 diagram, shows that the critical j3-value exceeds the 
one predicted by n -> °° calculations and that the maximum growth rate starts to 
decrease at the j3 of 12%. This result suggests that if we carefully control the 
plasma shape and the pressure profile we can reach higher /3-value, although the 
critical jS is rather small in the present case. Moreover, the self-healing effect of 
the pressure profile due to unstable modes, as described in Section 2, must be 
included. 

4. LOW-n INTERNAL MODE AND KINK MODE 

Low-n instabilities of the equilibria described are studied for n < 3 by 
using the code ERATO [8]. To obtain the converged growth rates the usual 
quadratic extrapolation is adopted (Appendix II) [9] instead of the polynomial 
fitting [10] which might give too optimistic a conclusion. 

According to the results thus obtained, the growth rates for the n = 3 
internal modes are consistent with those obtained in Section 3, i.e. the modes 
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FIG.5. (a) y2 versus shell position (b/a). (b) Fourier-decomposed displacements ^ (y/ijJ) 
for r\ = 3 kink (b/a. = 1.1, upper diagram) and internal (lower diagram) modes of the equilibrium 
with j8 = 22.6%. A a, V and 0 demote j8 = 8.4%, 15.8%, 22.6% and 28.8% for n = 1 (black 
symbol) and n = 3 (open symbol), respectively. 

for the lower-/? equilibrium (0 <̂  10%) are marginally stable and those for 
higher-/? equilibrium are slightly unstable. The n = 1 kink mode is stabilized by 
a conducting shell in a practical position (b/a = 1.1). To stabilize the n = 3 kink 
mode, the shell should be placed closer to the plasma surface (Fig. 5(a)). The 
difference in the critical shell position for high- and low-0 plasmas, however, is 
slight among the instabilities with the same toroidal mode number. As the 
perturbations of higher mode number are localized near the plasma surface 
(compare with those of internal mode, Fig. 5(b)), the modes do not seem to 
endanger the confinement, b/a =1 .1 . 

SUMMARY AND CONCLUSIONS 

We have examined the effects of flux surface shaping and current density 
profile on the /3-limitation due to high-n ballooning mode in a self-consistent way, 
i.e. pressure profile modification by instability. We can thus obtain a pressure 
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profile which is marginally stable for high-n ballooning mode everywhere in the 
plasma. The finite-n correction and FLR effect, i.e. the finite drift frequency 
effect, are also included in a series of FCT equilibria. We have found an INTOR 
parameter equilibrium with realistic current profile with qs = 3 that is stable 
for the mode at /3 — 4%. The results from ERATO are consistent with the 
above analyses, and the n < 3 kink mode is stabilized by a shell in a practical 
position. 

Appendix I 

KINETIC EFFECTS ON MHD BALLOONING MODES 

As a model equilibrium we choose a local Maxwellian distribution function 
and assume circular magnetic surfaces with tokamak ordering (Bfl/Bt)2 < 1. We 
express B r(r, t) as 

E BrmO") exp (im0-inv?-icot) 

and so on, and keep the lowest-order corrections of 1/A, j3 and p? V . We have 

^2 _ 1 d 
1 r dr dr l $ m +• 

rcoA 
1 d 

$m+l + $m-l + 7 T ($m+l ~ $m-l) k dr 

CO 

cor + co* £i Z(£i) 
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ki ic 
(Al) 

p2 _ _ k 2 p 2 
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where $ m = E^m ; ^ m = r B ^ ; k = rn/r; ft = 47rn0Ti/B2 ; £ = u/y/ï|k( |vT; 
y\ = T/M; k± = k ,± 1/qR; Z* = co/v^lkjlvx; s = rq'/q; co* = cTe/ck/eB; 
/c = - V n 0 / n 0 ; r=Te /T i ; Pco = ( co - co*)Z'(£e)/2 + (COT + co*)Z'(&)/2; 
Q(£) = (co - co*){£Z"(£)/2-Z'(£)}/co; Q = £3Q/3£, and the contributions of VT 
and the current are neglected for simplicity. The combined effect of /3-value and 
toroidal curvature drift (Vp-VB) gives rise to a strong coupling between Alfvén 
and drift modes, causing ballooning instability. 

In the MHD approximations, En -> 0 and kg Vi < co < ky ve, with ballooning 
representation, we have 

— ( l + s 2 0 2 ) — + /3A(cos0 + s0sin0) + ( l + s 2 0 2 ) 
vA \ r / 

(A3) 

lq2 bd 90 
R2 / "*\ 4>=0 

(<ï> = rÈ#). Equation (A3) agrees with the MHD equation by replacing 
co(co + CO*/T) by -O'MHD'

 w n e r e TMHD is the growth rate obtained in the MHD 
theory. The co* effect stabilizes the high-n modes for co,,. > 2T7MHD-

The wave-particle interaction may cause a residual instability. For high-n 
modes, n > A, ^ m + i (r) = ^ m (r + A) holds (A = 1/ks), being approximated as 
^m±l — ^ m by use of a strong coupling approximation. The wave-particle 
interaction is kept in the term P, and, taking p2 d2/dr2 <̂  1, we have 

co 

COT+ CO. 

= 1^24. .¿«t. (cor+ co») t k2p\ + 2co*/rcoA = ^+ ^ 
rkfv2 k2p2+j3iCoco*Q/k2c|Al P i rcoA 

(A4) 

which gives off-resonant (MHD) instability for co* < 2T7MHD and also yields 
residual resonant instability for co* > 2ryMHD- The detailed numerical calculation 
is given in Ref. [4]. 

Appendix II 

REMARKS ON THE ERATO CALCULATION 

The following conclusion on the convergence of ERATO is obtained for the 
series of calculations described in the text. 

(1) The convergence curve of the kink mode of the higher-/? plasma is convex, 
i.e. as for the n = 3 kink mode of lower-/? equilibria, it is well represented. For 
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FIG. 6. (a) Convergence of the n = 3 kink modes, (b) Convergence of the n = 3 internal modes, 
(c) Convergence ofn=l kink modes. A, o, V and 0 denote 0 = 8.4%, 15.8%, 22.6% and 28.8%, 
respectively, where black and open symbols denote the equilibrium mesh numbers 256 X 256 
and 512 X 512, respectively. 

higher-0, however, the curves are not quadratic at smaller mesh numbers 
(N^ = Nx = 30-40) but become quadratic at larger mesh numbers 
(Ity = Nx = 50-70 (see Fig. 6(a)). 

(2) Though the convergence curve of the internal mode seems quadratic for 
small mesh numbers (N^ = N x ^ 40), it becomes concave as the mesh number 
increases (Fig. 6(b)). 

(3) Dependence of the convergence on the equilibrium mesh number is 
summarized as (see Fig. 6(c)): (i) Convergence curves are more irregular for the 
equilibria with smaller mesh numbers; (ii) Computed growth rates depend on the 
equilibrium mesh numbers; (iii) The extrapolated growth rates, however, almost 
agree with each other. 

The results (2) and (3) suggest that the quadratic extrapolation is more 
appropriate in our case for determining the growth rate. 
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DISCUSSION 

B. COPPI: In the high-n limit that you considered for finite Larmor radius 
(FLR) stabilization, the effects of the'ubiquitous' kinetic mode tend to appear. 
Did you analyse them? 

M. TANAKA: The local kinetic dispersion relation for the high-n ballooning 
mode has been derived by Itoh et al. [4] and includes the finite-j3 and FLR effects, 
magnetic shear as well as kinetic parallel conductivity. A short summary is given 
in the text. The FLR or finite-w* effect considered here is obtained in the MHD 
limit, i.e. the parallel electric field is neglected. 
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Abstract 

STABILITY AND RESISTIVE DIFFUSION OF REACTOR-LIKE TOKAMAK EQUILIBRIA. 
The resistive diffusion properties of high-/? stable equilibria have been investigated in two 

ways. First, a stable equilibrium with high 0 (= 10%) was allowed to diffuse resistively and its 
stability was reassessed periodically. It remained stable for ~ 600 s at a nominal electron 
temperature of 20 keV even for peaked temperature profile. Broadening the profile, extended 
the stable period. Second, the systematics of resistive steady state was studied, showing that 
the temperature profile required was wide and even slightly hollow for plasma parameters 
which maximize |3C (the limiting value of |3 stable to ideal MHD modes). If, as would be 
expected, reactor temperature profiles are non-hollow and peaked, conflicting requirements 
are found for maximizing |3C and exercising control of resistive diffusion. 

I. INTRODUCTION 

High values of ]J(>5Ï) snd reasonably long discharge pulse 
lengths (>500 sec for minor radius a = 1.3m) are required for 
an economically credible fusion reactor (3 = 2 J pdx/J B2dx, 
B = I.BJ ) . The flux - conserving model [ 1 ] provided stable 
equilibria with F.up to=í10í. However, those equilibria were 
not known to persist for longer than a magnetic skin time 
(T^ ~ ar/r\, where a is the discharge radius and rj is the 
resistivity), so their relevance to long pulse operation has 
been questioned. Skin diffusion could lead to: 1) separatrix 
formation and loss of plasma, and 2) MHD instabilities caused 
by safety factor dropping below unity, change of cross-section 
shape, or magnetic axis shift. 

* Research sponsored by the Office of Fusion Energy, US Department of Energy, under 
contract W-7405-eng-26 with the Union Carbide Corporation. 
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We report here resistive diffusion properties of certain 
equilibria whose ideal MHD stability were assessed in Ref. 1. 
In Sec. II, the model is outlined. In Sec. Ill, the resistive 
diffusion process is discussed for the highest critical |T 
equilibrium of the survey in Ref. 1. In Sec. IV are discussed 
the necessary properties for configurations to be in resistive 
equilibria; i.e. to persist for as long as the net current can 
be maintained. Factors which affect this are : variation of 
qg/qQ (safety factor at the edge of the plasma/safety factor at 
the magnetic axis), plasma temperature, aspect ratio and 
impurity distribution. Spitzer Resistivity is assumed in much 
of this study, but the effects of neoclassical (trapped 
particle) corrections are also assessed. 

II. THEORY 

During simulated evolution of discharges using a classical 
transport model [2], periodic testing was carried out for 
stability to both high and low n (toroidal wave number) ideal 
MHD modes, using the codes ERATO [3] and BL00N1[4], with the 
asymptotic (in 1/n) estimates of finite-n corrections [5]. 

The toroidal transport code [2] employs a simplified 
description of tokamak discharge evolution, but it is believed 
to contain the essential physics. The equations used are 
Maxwell's equations for the magnetic field evolution 
supplemented by 

J x B s VP (1) 

E + u x B = IT J (2) 
and 

n = nj_i + (nu - nj_)bb (3) 
where b = B/|B|. This system may be supplemented by evolution 
equations for electron and ion temperature and density, but 
because these quantities could be controlled by sources of 
energy and particles, we assume here for simplicity that the 
initial temperature and density profiles are maintained 
throughout the evolution. This reduces complications because 
for 3 ~ 10Í magnetic flux diffusion is largely decoupled from 
particle and energy diffusion [6]. The use of Ohm's law as 
given by Eq. (2) excludes the effect of the so-called bootstrap 
terms [7]. These have not been included since: a) present 
experimental evidence does not support their existence and b) a 
simpler approach would seem better suited to an initial 

We wish to thank D. Dobrott and R. Moore for providing the code. 
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investigation. For a symmetric tokamak, the magnetic field can 
be written as 

B = VÇ x Vij; + f VÇ (4) 

where f (ip ) = RBj- , ç is the ignorable toroidal angle, ty is the 
poloidal flux function, and R is the distance from the axis of 
symmetry. Magnetic surfaces (constant^) are nested tori, and 
the volume within a surface is V0|> ). The toroidal flux is 

X O ) = f dV f/R2 

J n 
(5) 

Analysis of the equations gives a diffusion equation for the 
motion of poloidal flux through the toroidal flux: 

_3v 
3t 
X 

= ~k Cn"f2 w(AKV)] (6) 

where v = 1/4ir 2q; A = <R"2>; K = <|VV|2/R2> and < > is the 
usual flux surface average 

<<{>> = <j> d s / t V V | 

The inductances A and K are computed from solutions of 

A\ = -R2 l£ . f i£ (7) 

with f determined from the surface-averaged form of Eq. (7), 

f = f0 exp -f dV[v(AKv)' + f^A" 1 (yAY)' ] 
I Jo 

I/A (8) 

Here • = 9/3V, y = p C-^)""Y; A = <B2 + yp>; Y is the ratio of 
specific heats', and fQ is determined by the externally applied 
toroidal field. If Y = 2, Eq. (8) is linear in f and can be 
integrated directly; otherwise simple iteration converges 
quickly. 

For the diffusion computations described here an initial 
equilibrium is assumed with prescribed p and q (or y and v) 
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profiles. Equation (6) is then carried forward in time, with f 
computed from Eq. (8), and Eq. (7) is solved as needed to 
follow the changes in A and K. For convenience, the boundary 
condition for Eq. (6) is assumed to provide constant v (or q) 
at the plasma edge during the evolution; the boundary condition 
for Eq. (8) is constant toroidal flux in the plasma (this 
requires very slight changes in f Q); and the boundary condition 
assumed for Eq. (7) requires constant external poloidal shaping 
fields. 

When the plasma reaches steady state, hereafter termed 
"resistive equilibrium", |^ vanishes and Eq. (6) gives: 

dt 

n|,f2 -| (AKV) = 0 (9a) 

or 

n|,<¿-B> = fAC ( 9 b ) 

where C is a constant. This condition is the toroidal version 
of £ = ni with constant J), defining resistive equilibrium. 
Resistive equilibria can be obtained from Eq. (9) by 
determining v from a specified Ti|¡ and external voltage, or by 
determining the n< profile compatible with a given v profile. 

We later use the neoclassical resistivity of Hirshman, 
Hawryluk and Birge [8] valid for all regimes of collisionality 
and Zeff, the average atomic change number. 

III. RESISTIVE DIFFUSION 

The equilibrium of Ref. 1, with the highest stable average 
3, was used for a study of the resistive diffusion process. 

Asymptotic analysis predicted this equilibrium with nearby 
(a(wall)/a(plasma) - 1.2) conducting shell_ to be stable for 
toroidal wave numbers n up to -150 with $ as high as 10$. 
Plasma parameters were: aspect ratio A s 4.0; £ « = 2 . 5 and 
qs/qQ s 2.0. Flux contours and profiles for this equilibrium 
were as shown in Fig. 1. 

Using a model density profile 

n = n0[1 - X / X e d g e ]
0 (10) 

and Spitzer Resistivity, the profiles of Fig. 2 are obtained. 
In the following, time scales are based on skin times for a 20-
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FIG.l. Profiles and flux contours for the high-$ (j3 = 10%) stable equilibrium. 

FIG.2. Temperature, density and pressure profiles (normalized to the value at the axis) for 
various values of 8 (see Eq. (10)J. 

keV plasma of minor radius 1m, scaling of course as T3'2a2. 
Following the plasma dynamics for using a value 5 = 1 for the 
exponent in (10), we find that the plasma would be subject to 
n = 2 modes during an unstable interval from ~600 - 1300 
sec. Prior to this, ballooning analysis predicted that modes 
with n 150 were stable. After the interval, low - n modes 
restabilize and the final state (t > 2400 sec ) is stable. The 
unstable interval results from a decrease of q to a value below 
1.0 and a coincidental nonmonotonic profile. At steady state 
the outer flux contours are similar to those to t = 0 but the 
inner surfaces have a racetrack shape. 

For 6 =1.5, the q profile drops only to 1.04 in steady 
state ; and the plasma is stable for n ̂  50 for all times. 

For an empirically determined value <5 = 27/16, the 
equilibrium is essentially unchanged by skin diffusion. 
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Thus, for the best stable equilibrium presently known; a 
very broad (slightly hollow) temperature profile would be in 
resistive steady state, and with a narrower temperature 
profile (<5 = 1.5) only slow resistive diffusion would occur. 
For the narrowest temperature profile studied here, the plasma 
remained stable to ideal MHD modes for ~2 skin times, or ~600 
sec. 

IV. RESISTIVE EQUILIBRIA 

Under appropriate plasma conditions, resistive equilibrium 
can be established and resistive diffusion will not occur. 
These conditions are governed by Eq. (9) and the expression for 
resistivity. 

In order to understand the systematics of resistive 
diffusion control, a series of these resistive equilibrium 
states were studied. All the equilibria considered here are 
stable to ideal MHD modes as before: unstable n's greater than 
~100 were discounted because finite gyroradius, kinetic, 
viscous, and resistive effects should play an important role, 
and are not adequately treated in the MHD model. Resistive MHD 
stability of these equilibria has not yet been assessed. 

In a reactor-like D-T plasma, the alpha-particle energy 
deposition and therefore plasma temperature would peak at the 
pressure maximum, so we concentrate on plasma conditions which 
allow resistive equilibrium with a monotone temperature 
profile. 

In _Ref. 1, a scaling was determined for critical 3 
(maximum 3 stable to all ideal MHD modes) as a function of 
qs/qQ, 3p (=2 J pdx/ J B^dT, with B_ the poloidal component of 
the magnetic field) and A (aspect ratio). The result was: 

îo = 8 . 6 q 2 &
3 / 2

( 1 . ^ , / q 2 A (11) 

for D - shaped plasmas with an elongation of 1.65 and a 
displacement of the tip of the D from the center relative to 
the minor radius of .50. The maximum in F c as a function of 3 
occurs at 3_ - A/2, in which case 

I c = 1.5 qf/q§ A (12) 

Small q s / q 0 and A gives l a rge r 3 C . 
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FIG. 3. Temperature profile required for resistive equilibrium for several values of qs/q0. 
Also shown is the assumed Zeff profile. 

In this section, we consider various forms for the 
resistivity equation (Spitzer, Spitzer with neoclassical 
correction factor, etc.) and for the Z Q f f profile assumed. 
Generally speaking, the results show that the corresponding Te 

profiles required for resistive steady state are broader than 
presently seen in experiments, and may even be hollow. The 
breadth or hollowness is somewhat reduced by higher values of 
toroidal aspect ratio, higher qs/q0, or by a profile of Z e f f. 

As examples, we take an extreme assumption for Z e f f, with 
value 2 on axis, falling to unity at the edge. More acceptable 
Zeff v a l u e s lead back to the broad and even hollow Tg profiles. 

Figure 3 shows the temperature profile required for 
resistive equilibrium for four values of qs/q0. Also shown is 
the Z e f f profile assumed. Each equilibrium was generated_ for 
A = 4.0, 3 p - A/2 and q0 « 1.0. The total average $ was 
consistent with Eq. (12). For qs/q0 = 2.0 (highest 3" ) the 
profile is broad and hollow. It is problematical whether such 
a profile could be produced in an ignited reactor-like plasma. 
Only when qs/q0 rises to a value of 5 does the profile become 
peaked and monotonie. The requirements of high g" and total 
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FIG.4. Temperature profile required for resistive equilibrium for several values of aspect 
ratio. Also shown is the assumed Zeff profile. 

control of resistive diffusion require contradictory plasma 
properties. Small Qs/q0 allows high 3 but puts uncomfortable 
requirements on the shape of the temperature profile for 
resistive diffusion control. Large qs/q0 allows temperature 
profiles that are reasonable but also restricts the achievable 
3"c. The resistive equilibrium temperature profile for several 
values of aspect ratio is shown in Fig. 4. The equilibria used 
had qs/q0 = 2, 3 p - A/2, q0 = 1.0 and 3 consistent with 
Eq. (12). Again, obtaining monotone profiles conflicts with 
the beta optimization requirements. 

It is difficult to satisfy simultaneously all the 
necessary reactor criteria of high beta, long pulse length, low 
1Qff and small size. The critical beta for MHD stability is 
maximized for current profiles which are broad. Experiments 
are only beginning to show that reasonable behavior and 
acceptable confinement are possible in low qs discharges which 
are sufficiently clean. For the equilibria studied so far, 
these broad current profiles correspond to very flat 
temperature profiles and even to profiles peaked off axis. 
This is true for Spitzer Resistivity and is compounded when 
trapped particle corrections are added. It is not readily 
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apparent that such Te profiles can be consistent with a 
deposition profiles and thermal diffusion processes. If Zeff 
is larger than unity some relief is found because the 
temperature profiles are more peaked. This effect is not large 
for acceptably small "Zeff. (<1.5 for example) as was used in the 
results presented earlier in this section (see Figs 3 and 4). 
Edge impurity contributions and central a - particle 
contributions to Z e f f are in the encouraging direction (peaked 
on axis). If economic and engineering considerations do not 
rule out higher aspect ratio values (low qs operation suggests 
reexamining our assumptions on plasma size and magnetic field), 
then the problem of finding acceptable Te profiles is eased. 
At higher A, the hollow profile effect is reduced. 

V. CONCLUSIONS 

Our conclusions are: 1) Stable high 3 equilibria exist. 
The optimal plasma parameters for these equilibria are small 
ratio qs/q0, 3p = A/2 and small aspect ratio. 2) These 
equilibria decay resistively. 3) Careful choice of 
parameters will permit discharges to ~2 skin times with a 
narrow temperature profile or nearly steady - state operation 
with a wide and somewhat hollow temperature profile. 

It remains to be demonstrated experimentally whether: the 
ideal MHD instability predictions are overly restrictive; and 
methods for control of plasma parameters can be found which 
permit these high 3 states to be established and their 
resistive diffusion controlled. 
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Abstract 

SOME PROBLEMS OF HIGH-0 TOROIDAL PLASMA EQUILIBRIUM AND STABILITY. 
The paper combines the following four subjects: 
1. Relaxation ofhigh-$ FCT-equilibrium in a plasma of finite electrical conductivity. 

The problem is associated with the fact that the high-j3 FCT-equilibria are non-stationary, and 
the question arises what consequences the evolution of the configuration due to magnetic-field 
diffusion might have. The characteristic parameter of this process is 

2c2/pdS 

^ s t ^(Jia^TrrJdS)2 

where p is the pressure, 0\\ the longitudinal conductivity, «ythe electromotive force, r the 
current major radius, and the integrals are taken over the plasma cross-section. Stationary 
states are only possible if (iast does not exceed the scale of the aspect ratio R/a. If 0*^ 
is higher the external magnetic surfaces in the configurations get unclosed in a time shorter 
that the skin time, and the equilibrium in the external layer is destroyed. 

2. The toroidal plasma exhaust from a working chamber into an evacuating chamber. 
This process is considered to be a possible solution to the problem of 'ash' evacuation from a 
fusion reactor. The dependence of the plasma pressure under which the equilibrium in a 
working chamber is destroyed on the width of the slit between the working and the evacuating 
chamber is found. A possible mechanism for toroidal-plasma seepage through the narrow slit 
is discussed. 

3. The limit pressure profiles in compact tori, i.e. in toroidal systems without longitudinal 
field. They include systems with an inverse magnetic field based on open traps as well as on 
0-pinches and electron and ion rings. The pressure profiles are determined to satisfy the 
necessary condition of stability with respect to convective perturbations. It is shown that a 
small aspect ratio (compact toroidal configuration) does not provide an appreciable gain as 
compared with a straight system. 

4. The stability of small-scale modes in a stellarator with a circular magnetic axis. It is 
shown that since shear in a stellarator may have a sign opposite to that of a tokamak (the 
rotational transform increases with increasing distance from the axis), shear de-stabilization 
does not take place and the stability of small-scale modes depends on the existence of a 
magnetic well. 

313 
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1. RELAXATION OF FCT-EQUILIBRIUM 

The simplest form of evolution of the equilibrium configuration is described by the evolution 
equation [1]: 

* = — - * — = — ( ¿ F ' - F / ' ) (1) 
ot ot an 

and by the two-dimensional equilibrium equation: 

V* a , p' 4TT2 F' 
r2 div —=-167T3r2

 r F - (2) 
r2 \F c2 * 

where $ , ^ are the longitudinal and poloidal magnetic fluxes, and / , F are the longitudinal 
and poloidal currents through the meridional magnetic cross-section and through the opening 
of the toroidal magnetic surface, respectively. The derivatives denoted by primes are taken 
with respect to a generalized co-ordinate a that designates the magnetic surfaces. 

At the first stage, we may disregard the plasma transport processes determining the 
distributions p(a), a y (a) and assume these functions to be given. Equation (1) describes the 
diffusion of the poloidal flux ^ with respect to the longitudinal flux $ , and Eq.(4) gives the 
distribution of all quantities in space (in particular, it describes the evolution of the flux 
$(d,t). 

For simplicity, we consider the case of a strong longitudinal magnetic field, Bs > B&. 
Then it is natural to associate the co-ordinate a with the longitudinal flux $ = 7ra2 Bs. 

For the steady state, the left-hand side of Eq.(l), representing the electromotive force S, 
does not depend on the co-ordinates, S = const. This means that the equilibrium equation 
should be solved for specified p(d) and / (a ) = /j¿dS = « f(a^/2iTT) dS, where the integral is 
taken over the cross-section of the magnetic surface. 

As is well known, for a fixed current distribution, only a limited pressure can be main
tained in the toroidal configuration, for which /3j = 2c2 /pdS//2 does not exceed a certain 
critical value of the scale of R/a (where R and a are the major and minor torus radii, 
respectively). Thus, it may be assumed that the possibility for the FCT equilibrium to reach 
a steady state is determined by the quantity 

2c2/pdS 2c2/pdS 
= (3) !st 2 

/ s t 

J 2n 
dS]2 

27rr 

whose critical value is a R/a. The coefficient a depends on the conductivity and pressure 
distributions over the magnetic surfaces as well as on the shape of the toroidal plasma cross-
section. 

For a circular plasma, the analysis of the critical j3*st value may be carried out with the 
model configuration of a circular magnetic cross-section as proposed in Ref.[2]. Although 
not exact in the rigorous sense, it takes into account the main toroidal effect, i.e. the 
ballooning expansion. 
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For a given distribution of the longitudinal current / ( a ) , the displacement A(a) (here a 
is the minor radius) is determined by 

2TTC2 p'a4 1+ | 4 / 16 a / a/'' 

/ 2 R l-£4 /16 R 

| 3 / 4 

l + | 2 / 4 
- • , •£- , ) (4) 

where i- = 2À' / (1 + \A-A ' 2 ) . This equation has the formal solution 

? = • 
_ 2 ^ 1+^/16 + (A\_£!j_ + *J1 

R P l -r /16 ' Va'/ l+l2/4 R a ' 
da (5) 

In such a model, the poloidal field is zero when the A' = 1 at the plasma surface, a = a0, i.e. 
at % = 2. Therefore, the critical condition corresponds to the relation 

27TC 

¿ 2 

0 d 0 
2 f , 2 l + r V l 6 R Rj R ~ 

p a 1- | 4 /16 
da = 2 p - — / / a l — ) : — d a (6) 

a0 
V2 l -r /4 

Here £¡ is the internal inductance, 

a 0 

„ 2a° r /2 

£= = - — / - da 1 / 2 / a 

The left-hand side of Eq.(6) is equivalent to fia, and only differs from it by the non-linear 
multiplier integrand (1 + £4/16)/(l—§4/16). To obtain the critical value from Eq.(6), we have 
to know the solution for £(a). For an estimate, we may prescribe £(a) and/(a) to obtain, from 
Eq.(4), the pressure profile p(a), and then find fia from it. Let us note that, for the 
homogeneous current /~ a2 (conductivity aH = const.), the right-hand-side integral in Eq.(6) 
vanishes, and the procedure is simplified. By taking % = 2a/ao for simplicity, which corresponds 
to p'(a) = -a( l -a 4 ) / ( l + a4), we obtain fia rt = 0.8 R/a0 - 1/4. 

The above considerations were used to compute the equilibrium evolution with a 2-D 
code based on the inverted-variable method of solution of Eqs (1) and (2), developed at the 
Institute of Applied Mathematics [3], The stationary pressureless configuration was taken 
as an initial equilibrium condition. Then, the pressure was increased while the magnetic fluxes 
were conserved, and after that the calculation of the evolution was initiated, with finite 
conductivity. The applied external electrical field was considered constant in time, its magnitude 
being equal to that of the initial stationary pressureless configuration. The plasma boundary 
was kept fixed. The code employed does not allow the time when the zero of the poloidal 
field occurs at the plasma boundary to be indicated. The tendency or lack of tendency of 
steady-state formation is, however, clearly seen from the time behaviour of q at the plasma 
boundary. The appearance of a separatrix implies that q -> °°. 

Figure 1 shows the evolution of the configuration in a circular plasma with o$ = const., 
P = Po (1 — ^/^o) . R/a = 5. It can be seen that, for, a pressure with fia%x = R/a0, the steady 
equilibrium is attained in the skin time. It is absent in Fig.2 for fia^ =1 .4 R/a0 ; under these 
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FIG.l. Transition to the stationary state FIG.2. Evolution of a configuration with 
for a plasma with ($*$ = R/a, R/a = 5.0: no stationary state: j3*st = 1.4 (R/a), R/a = 5.0. 
a) The FCT configuration, q(a) = 1.3, t= 0; a) FCT configuration, q = 1.3, t = 0; 
b) The stationary configuration, t = r s K ; b) Configuration at t= 0.48 r s k ; 
c) Evolution of the q-profHe. The distribu- c) Evolution at the q-profile. The distribu

tion of q versus r in the Z = 0 plane is tion of q versus r in the plane Z = 0 is 
shown through time steps Ai = T^/3. shown through time steps At = 0.1 6T k . 

conditions, in a time noticeably shorter than the skin time, the separatrix must appear at the 
plasma boundary, and the equilibrium in the external field will be destroyed. As the calculations 
show, for a non-homogeneous conductivity of the form (j|| = a 0 ( l — &fào) a stationary regime 
exists in a circular plasma when 0^ s t= 0.6 R/a and it is absent when 0*^= 0.8 R/a0 (Fig.3). 

The calculations performed confirm the earlier suggestions [2] that if fife exceeds its 
critical value, the MHD equilibria in the plasma might be destroyed. This is, in fact, due to 
the decrease of the total current in the plasma and can be avoided by an appropriate choice 
of <g. 
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in 
asi 

20 r so 

FIG A. Equilibria of plasmas for complex casings: Sf'o = 1> ̂ s = 0.5, q = 1.5, p = PoX 
(ty-tysJ/ftyo —^s): a) Equilibrium in the working chamber, p0 = 0.5; b) Equilibrium 
in the pumping chamber, po = 0.5; c) Equilibrium in the pumping chamber, po = 1-
There is no equilibrium in the working chamber. 
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TABLE I. |3J VERSUS PLASMA PARAMETERS 

Fig. 

9 
Po 

*s 

TABLE II. 

d/2r0 

9 
Po 

1 

2.3 

2.3 

0.65 

2 

5.8 

1.25 

0.5 

j8ï VERSUS SLIT WIDTH 

0.3 

2.0 

0.34 

0.25 

3.3 

0.4 

3 

6.1 

0.66 

0.4 

0.2 

4.1 

0.67 

4 

3.4 

0 .27 

0.33 

0.15 

5.1 

0.90 

(d - slit width, r0 — camera radius) 

Thus, in our opinion, the possibility of increasing the pressure in a stationary tokamak 
power reactor depends on whether j3Jst exceeds its critical value or not. It is irrelevant 
whether the pressure is raised with or without flux-conservation. It is, however, essential that 
the pressure rise in the configuration and its evolution be followed by a corresponding change 
in the longitudinal current. In particular, these processes can be co-ordinated so that the q-value 
remains fixed on the plasma surface [4]. It is hoped that the configuration remains stable with 
respect to kink modes. 

2. EXHAUST OF A TOROIDAL PLASMA 

In seeking an alternative for the divertor in evacuating the reaction products (helium) and 
impurities from the plasma during thermonuclear fusion in a tokamak power reactor, the 
problem arose of the exhaust of a toroidal plasma as a whole. The solution to this problem in 
the surface current approximation [5] showed that it is, in principle, possible to exhaust the 
plasma through a longitudinal slit of moderate width in a conducting case, by means of the 
ballooning effect, i.e. to carry out a plasma ring discharge at rising pressure. Below, we give 
results of the calculation for a current distributed in the plasma volume. 

The accepted formulation of the problem is as follows: The plasma pressure and the safety 
factor are assumed to be linear functions of the poloidal flux: 

p = p0 (* -*s ) / (* 0 -%X q = qo + (qi - q 0 ) -

where % = 1, >^s are the fluxes on the magnetic axis and at the plasma boundary, respectively; 
at the wall, *# = 0. The parameter determining the plasma size is the flux between the plasma 
and the conducting wall, A^ex t =^s. If the plasma size is moderate and the pressure is low, 
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«) 

b) 

FIG.5. Series of critical equilibria in the working chamber: q(^) = 1.5, p = p0 f^-^gjf^o ~^s) 
a) Vs = 0.65 po = -2.50 
b) * s = 0.5 p0 = 1.25 
c) * s = 0.4 p0 = 0.66 
d) * s = 0.33 p0 = 0.27 
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there are two equilibria in the conducting case whose geometry is shown in Fig.4: the plasma 
is either in the left-hand (working) chamber or in the right-hand (evacuating) chamber. When 
the pressure rises and the force directed from the axis of symmetry appears, the first equilibrium 
stops existing. This corresponds to a critical fi* = 2<p>/</£>, whose dependence on the plasma 
size and the slit width is given in Tables I and II. 

In the problem formulation given, we assess the plasma exhaust by the loss of equilibria 
in the working chamber for the above parameters. The exhaust itself is, however, not 
calculated. At a first glance, the process seems to be trivial and to correspond to a movement 
of the whole plasma as in the surface-current case. But the actual discharge dynamics (the 
object under investigation) appears to be more interesting. For small A^ex t , the equilibrium 
in the left-hand chamber is such that the plasma cross-section is an exact replica of the wall 
shape, having a peculiar 'nose' directed into the slit between the chambers (Fig.5). When the 
pressure rises this nose must, primarily, be elongated. Therefore, it should be expected that, 
because of the magnetic-field diffusion, the magnetic-field lines between the nose and the 
main plasma will be reconnected, and a toroidal droplet will be formed and discharged into the 
right-hand chamber. 

Thus, there is a possibility of exhausting the plasma in separate portions. A reactor 
with such multiple-portion exhausts may have much longer working pulses. In this situation, 
we have, actually, a poloidal divertor, but without divertor coils. We can make such a 
system more advantageous by arranging the exhaust of toroidal droplets directed at some 
angle to the equatorial plane in order to evacuate, in some way, the outer space for heating 
devices. 

3. THE LIMITING-PRESSURE PROFILES IN COMPACT TORI 

The cylindrical image of a compact torus is a straight Z-pinch without longitudinal 
magnetic field. There are several types of instabilities endangering these configurations. We 
shall here give an analysis of one of these only, i.e. the instability of modes corresponding to 
the interchange of flux tubes. 

It is well known that, for the straight pinch, we have a diffusive pressure distribution 
p(p) as given in Ref.[6]. This profile is shown by the solid line in Fig.6. The distributions 
p(p) with relative gradients —p'/P smaller than that of the limiting profile are stable with 
respect to the m = 0 mode. The vertical lines p = bx and p — b2 show the possible boundaries 
of the plasma, b2 > bx . If there is no surface current at the boundary adequate to a pressure 
jump, bj corresponds to a rather flat current and a small pressure drop between centre and 
boundary, while b2 corresponds to a strongly peaked current. 

In general geometry, there is the simple necessary criterion determining the limiting 
pressure profile: 

(7) 
d£Yy 

In the presence of a separatrix, the value of f dfi/Bp tends to infinity when approaching the 
separatrix, and it seems, at first sight, that zero pressure could be obtained at the plasma 
boundary by its matching to the separatrix. This would mean that the separatrix is equivalent 
to b2 -*• °° in Fig.6. The dependence of f d2/B on the distance to the separatrix is, however, 
logarithmic, and the pressure profile given by expression (7) has a strong gradient near the 



IAEA-CN-38/K-2 321 

FIG. 6. Critical pressure profile for cylindrical 
column without longitudinal field: 

( |3 \ 5 / 2 (0.8 + Mll* 
P = Po[———j ;r = r0 0.8 + 0 / ^3/4 

8np 

B2 

plasma boundary, which actually corresponds to the pressure jump. Thus, although 
§ d£/B = °° on the separatrix, the latter represents the final position of the plasma boundary 
in Fig.6. 

From this, we may conclude that, irrespective of the configuration geometry, a 
substantial pressure drop can only be achieved for a peaked current distribution. The pressure 
drop will mainly occur in the inner regions where the aspect ratio is high. 

To understand the factors affecting the stability of a non-circular toroidal configuration, 
we may tentatively use an expansion in a power series of the distance to the magnetic axis. 
Let us write: 

7 + fcT P W = Pod - ft — + & — + •••) 
s 

01 02 * 
i =2irxp0— ( 1 - 2 — — +...) (8) 

Then, the necessary condition of stability on the axis is 

0!<TM (9) 

Here, vfr_ is the limiting value of the poloidal magnetic flux ^ , and the coefficients 0! and (32 

characterize the pressure current density gradients, respectively, near the magnetic axis. As 
($2 increases, current peaks occur, and the diffusive tail of the pressure distribution grows. 
To calculate the coefficient ¡x that characterizes the magnetic-field drop producing the 
perturbed plasma expansion necessary for stability, we should take into account the fourth 
power of the distance to the magnetic axis (x = r—R, R = 1/k is the radius of the axis curvature): 

V=-T 1(1 +e)x2 + (l -e )y 2 +bx 3 +cx4 

- K ( l - e ) x y 2 + 2 T ( l - e ) x V - S ( l - e ) V (10) 



322 ZAKHAROV et al. 

FIG. 7. Critical pressure profiles in compact toroidal configurations. The plasmas fill up 
ellipsoids of rotation with the same volume; a quarter of a volume is shown. 
a) Ratio of semi-axes, b/a = 1/3; 
b) b/a = 1/2, c) b/a = 1, d) b/a = 2, e) b/a = 3, f) distribution of ratio p/p m a x versus r/rmax 

in the Z — 0 plane. 
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Here, K and S are independent parameters: the small multiplier 1 — e in front of y is 
introduced to account explicitly for the Z-elongation: £ is the characteristic length of the 
cross-section. The calculation yields: 

£2 ( k2 5 
M= : — ( l - e ) ( l l + e ) — kjc(l-e)2 

2(1+ e)3 6 6 

+ —(2 + 2e + 5e2) + —— (l + e)( l+2e) + 6 5 e 2 ( l + e ) (11) 

This expression clarifies the analysis by Barnes and Sayler [7], where /32 = 0, which means 
that current peaking was not taken into account. As is easy to see, the torus curvature does 
not contribute to stability on the axis for elongated cross-sections, e -*• 1. As the elongation 
increases, the role of cross-section triangularity (the j32 parameter) and current peaking becomes 
more important. The stabilizing factor comes from the elongation of the elliptic cross-section 
(the 5-parameter). Since the parameter € = (Í2—fi2)/(C2 +fi2) is close to unity when the ratio 
of elliptic semi-axes 2Z/£X is about three, a further increase in the elongation, virtually, does 
not affect stability. 

A number of equilibria in compact tori were computed by the inverted-variable method 
for the pressure profile limit [7]. For the given boundary shape, these equilibria are only 
determined by the parameter C, on which the current distribution and the pressure drop from 
the centre to the boundary, Po/ps, depend. The equilibrium configurations are shown in 
Figs 7 and 8, for a pressure drop of po/ps > 10. The dependence of the volume-averaged 
pressure square (p2>, on the pressure drop, Po/Pg> Is shown in Fig.9. A similar calculation for 
a straight circular system is shown in Fig. 10, for the purpose of comparison. 

The results presented show that there is no essential difference between a straight and 
a toroidal system since, in the latter system, the magnetic axis is displaced from the axis of 
symmetry and the configuration is not compact. 

4. STABILITY OF SMALL-SCALE MHD-MODES IN A STELLARATOR 

We shall here qualitatively consider the specific stability conditions of intrinsic MHD-
modes with high wavenumbers in a circular-axis stellarator. The equilibrium is provided by 
helical coils whose currents are distributed according to ~cos (M0 — Nf), where 9, f are the 
poloidal and toroidal angles, and M, N are the corresponding wavenumbers. Following the 
ballooning-mode technique [8—10], we may write the perturbations of the system as a 
set of harmonics: 

+oo 

u(a,0,f) = exp(im0-inf) \ us k(a)exp(i£0-ikf) (12) 

k. £=-°° 
Here, a is the transverse co-ordinate, and the harmonica uk g, are concentrated about their 
resonant surfaces a = ae k , where m + £ —(n + k)q(ae k ) = 0. For the small-scale modes, all 
the harmonics may be considered to be under similar conditions, so we may write 

• £ - k c l . uC k = u 0 0 l x — I exp(-i£0o-ik?o) (13) 
' v nq ' 
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FIG.8. Critical pressure in the spheroidal configuration, b/a = 1: a) C = 1, b) C = 2.5, 
c) as in Fig.7,d) C= 9,e) C= 40, f) distribution ofp/pmax atZ ~ 0. 
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feV«r 

FIG.9. Dependence offp2dVon 

Pmm/Pm*x> fdV= const> a) bla = ]> 
b) b/a = 2. 

FIG. 10. Critical pressure profiles p = C/(§(d%/Bp))'
Y 

in straight configuration with non-circular cross-
section: a)C = 20, b)C- 40, c)C= 60. 
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where x = a—a0 o- Here, we have only one test function for whose Fourier transform 

F(T?) = / exp(inq'x)u0 0(x)dx 

we obtain, after simple formal transformations, the equation 

d dF 
— (f 0 +f , ) (g0+gi)F = 0 
dr? dr? 

(14) 

The functions f0 and go are smooth dependences of T?, as in the axisymmetric case; fi and gx, 
which are proportional to cos(M—Nq)T?, are added to describe the three dimensions. For 
the Liven'-2 -type stellarator, M = 2, N = 14, and the functions f i and gj may be neglected, 
because of frequent oscillations. Thus, we may conclude that the asymmetry proper of the 
system does not give a noteworthy contribution to the stability of the small-scale modes. 

In the approximation linear in the displacement A(a), we obtain: 

f0 = 1 + 2A'COST? + 2(pA" + A')Si?sinr? + S2T?2(1-2A'COST?) 

go = 402g2 — 
a2. 

COST? + ST? SUIT?-
aV"$B§ 

(15) 

?' *; ' ; 
N 

A= e2e3a? 
2qR 

2pa2R 

B§ 

where S = aq'/q is the shear, V"(<&) the magnetic well, given by 

1 / V e i 3A' „ 
V"($) = — A" 

2R a Bg 
(16) 

and B0 is the longitudinal field. Here we assume that the stellarator field has two screw 
harmonics the scalar potentials of which are given by 

2R 1 / N \ 2 

<p2 = e2 B0 - ~ a sin(20-Nf) 
N 2 \ R / 

2R 1 / N \ 3 

<¿>3 = e3 B0 : ( : a ) sin(30-NO 
N 8 \ R 

(17) 

Following the technique employed in Ref.[l 1] we obtain, from Eq.(14), a qualitative stability 
criterion: 

S a 3 
— l - a - W — a 2 S > 0 
2 R 4 

(18) 
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where 

2p'Rq2 

W = (e l -e 2 e 3 q) _ ' ' q (19) 
4 2a3 

Hence it follows: 
1) In a stellarator, as in a small-shear tokamak, the stability of small-scale modes is 

determined by the geometrical part of the magnetic well W. For low pressure, A -»• 0, and 
e3 = 0, there is a magnetic hill causing instability. By using the additional harmonic e3 or the 
ballooning-plasma expansion A < 0, we obtain a magnetic well and can stabilize these modes. 
In the Liven'-2-case, for example, the stabilization can be achieved for j3 ~ 0.2%. 

2) Since in a stellarator S < 0, unlike the tokamak case, the third term in criterion (18) 
is also stabilizing. 

Thus, for low pressures, when the analysis based on the expansion linear in the displace
ment is valid the ballooning modes are not dangerous. This effect was predicted for a stellarator 
inRef.[12]. 
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DISCUSSION 

J.D. CALLEN: Could you comment on the differences in high-/? stability 
for stellarators and tokamaks? 

V.D. SHAFRANOV: The difference is in the q(r)-profiles. If current-driven 
instabilities are to be avoided, q(r) in tokamaks must increase with the radius. 
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However, this leads to restrictions on j3 associated with the pressure-driven 
instability. In stellarators, the natural q(r) profile is a decreasing one, i.e. it 
favours stability. It has of course to be remembered that in stellarators we have 
the problem of producing the magnetic well. 

T. TAMAÑO: We have carried out a coil-less divertor experiment on 
Doublet III. The results are reported in Paper CN-38/0-2 by Nagami et al., 
(Vol.2 of these Proceedings). 
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Abstract 

STABILITY OF INTERNAL MHD MODES IN CONFIGURATIONS WITH FLAT PRESSURE 
PROFILE. 

The stability of non-localized internal modes, i.e. modes which leave the plasma boundary 
unperturbed, is discussed for magnetohydrostatic equilibria with flat pressure profile, i.e. 
(dp/dV) (0) = 0 (V is volume enclosed by flux surfaces), and circular cross-section but otherwise 
general (e.g. three-dimensional) geometry. Marginal stability conditions are obtained in terms 
of two dimensionless equilibrium parameters: (a) the product of the pressure gradient and the 
magnetic well divided by the square of the shear, and (b) the ratio of the gradient of a normalized 
toroidal current density and the shear. 

1. INTRODUCTION 

An analytical expansion for the problem of the stability of in
ternal MHD modes has recently been devised Q ~J_ which retains 
the full structure of the eigenmodes, in particular the feature 
that the most unstable modes in general have small node numbers 
in the poloidal and in the toroidal directions and are not 
localized near mode-resonant surfaces. Nevertheless the stabi
lity problem, i.e. the calculation of marginal stability curves 
as functions of the relevant equilibrium parameters, could be 
solved analytically. The main ingredients of this theory are an 
expansion of the equilibrium quantities near the magnetic axis 
and an equilibrium situation in which the lowest relevant order 
of the stability functional is marginal. The simplest example 
satisfying this condition is an equilibrium#with a flat pressure 
profile, which we define as a profile with p(0) = 0 , = 9/3V, 
and V is the volume enclosed by the flux surfaces. A further 
characteristic is that the flux surfaces be circular near the 
magnetic axis and the particular example treated to develop the 
theory [j _[ was the circular cylinder equilibrium considered as 
a topological torus. In this paper, we show that the same type 

331 
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of eigenvalue problem is obtained for a much wider class of 
equilibria: p (0) = 0,and the circularity of the cross-sections 
near the magnetic axis are the only assumptions retained, 
otherwise the configuration is arbitrary. Thus, by way of 
example, the torpidal 1 = 3 stellarator without Ohmic heating 
current falls within the realm of the present theory. 

2. DERIVATION OF THE STABILITY FUNCTIONAL 

We start from the expression for the variation of the 
plasma energy written in Hamada coordinates V,9,ç and for 
internal displacements, i.e. £>VV = 0 at the boundary V of 
the plasma domain considered [2 _] : 

<5W 
r±2 n„Vt „ . ^V2 

= / dV /dSdç {Q + 2ÇVÎ-Vu + ÇVZ(J x-i I)} CD 

Here, 

çv= t • w 

u = it • ve-xt • vç 

Q = V x (Ç x B) 
V-* 9-»- „C->-

= Q Vr, v + Q r,Q + Q<T,Ç 

Qv= I . vç
v , Qe= y,ç - (if)', Qç - -y,e-(k

v) 

X and <J> are the poloidal and the toroidal fluxes, and I and J 
the currents. The congressional term has been omitted here and 
will be considered at the end of this section. 

Introducing the functions 

a = j/i , s = $x " X Î 

which measure the amount of toroidal current and of shear, we 
may rewrite Eq. (1) as 

6W 
v • •• 

= /°dV /d6dç{Q2 + 2ÇV[>B.V + £ 3^Jy + Ç v 2 (as+£ | -p )}(2) 

Obviously this form is advantageous since it clearly 
separates the driving terms related to the toroidal current and 
the pressure gradient and we consider p (0) = 0. 
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The expansion of the equilibrium quantities near the mag
netic axis is performed with the help of a stretched radial 
variable w: 

„ 1 2 2 ir 1 2 2 a/aw 1 1 8 

V - - e w , Vo= 2 e wQ , 3/3V = -2 - 3> 

and the corresponding equations 

• 2 2 4 4 6 
4> = (¡) + e w < J > „ + £ w < l> / + 0 ( e ) 

2 2 _,_ 4 4 ^ . , 6 . 
X = Xo + e w X2 + e w x 4 + 0 ( e ) 

2 2 x 4 4 ^ _, 6, 
p = p0. + e w p 2 + e w p^ + 0(e ) 

2 2 4 
a = a + e w a „ + 0(e ) o 2 

s = 2S + 4 e2w2S0 + 0 ( e 4 ) (3) 
o ¿ 

where S = <j>0x
 - Xo<í> > s o = ^ / X ~ X/ <j> 

o 2Ao A 2 T o 2 4 A o 4 o 

r , = e r „ + r + e r . + 0(e ) ' v - 1 , v o,v 1,v 
•*• + ^ 2+ A 3-»- A n , 4* 
r > e = e r i , e + e r 2 ,e + e r 3 ,e + 0 ( e } 

? ' c " ? o f C
 + e ? 1 , ç + e \ c +0(e3) 

As to the perturbations, we assume that they vary as 
slowly as compatible with the boundary conditions, i.e. the 
0 and ç derivatives are finite and 3/3w is also finite. We 
shall see later that subsidiary limiting cases recover the 
results for localized modes, i.e. the ballooning mode criterion 
[3,4]. Thus, we may write 

C = eÇ1 + e
2Ç2 + e

3Ç3 + e
4Ç4 + 0(e

5) 

-1 2 3 

y = e u_1 + U Q + ey1 + e y2 + 0(e ) 

QÇ = e"1Q^ + Qo
Ç + eQ^ + £2Q2

Ç + 0(e3) 

QV = eQ^ + e2Q2
V + e3Q^ + 0(e4) 

e - i e e e , 2V 
Q = e Q_! + Q0

 + ^ + 0(e ) 
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and stress that the results will be necessary and sufficient 
stability criteria if internal modes near the magnetic axis are 
considered. 

We now describe the order-by-order minimization of the 
functional Eq.(2) whose integrand starts with 0(e ); the sta
bility criterion is obtained in 0(e ) of the integrand. The 
condition Q5<- 0 which is necessary for instability, entails 

y = - *ûh r = h (4) 

with an arbitrary integrating function h(w,9,ç). Consequently, 
the rest of the integrand of (2), apart from Q , becomes of 
0(e2). Therefore, 

is necessary for instability. The first of these relations en

tails 

^o = - *? H,w , K2 = H,Q (5) 

with an arbitrary integrating function H(w,0,ç). The second 

and third relations are satisfied with 

B • Vh E 0 (6) 
o 

i.e. the modes have to be nearly resonant with the rotational 
transform on axis. The expansion of the operator B«V is de
fined in the following way. We define a poloidal and a tor
oidal wave-number, m and n, in such a way that x0 = Xo/<$> ̂ s 

related to m and n by 

n 2„ 
i + - = e Y 0 o m 2 

where Y? „ 0 ( 1 ) , and u s e m,n i n s t e a d of x 0
 ar*d <f>0

 t o d e f i n e 
B • 7 by 

o J 

B • V o ï o ( m 9 - n 3 ) ( 7 ) 
o m ç 9 
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so that we obtain 

x = - 2 $ + e2
Y Y0 (8) 

o m o o 2 
4> 3 +X 3Q= Î «V + e

2(J) Y0 3. o ç o 0 o o 2 0 

-> -> 2-> 4-> , 6. 
B • V = B • V + e B 2 ' V + e B 4 » V + 0 ( e ) 

V v " *oY28e + Ï (*2 V v - so3e) (9) 

0 

B 4 - V = w2<j)2Y2 3Q + w4 ( x 4 3 e + <f>49ç) 

We now introduce the restriction p(0) = 0, i.e. p = 0. 
This assumption, together with Eqs(4)-(9), leads to the conclu
sion that the rest of the integrand of Eq. (2), apart from Q , 
becomes of order 0(e ). Therefore, 

is necessary for instability. Because of 

1̂ yi 0 w ^3 <f> V , w 

the first of these relations entails 

0 

while the second and the third relation are satisfied with 

B • V H = 0 (11) 
o 

Using the 
the res 

he results of Eqs (4)-(6),(10),(11) we then find that 
t of the integrand is 0(e). The results in detail are 

Ç p ! = 2 e f p 2 w Ç1 + 0 ( e } 

2Ç y * - Ç p = - 4e *^¿ w Ç + 0(e ) 

2ÇVaB -Vy + Çv2<xs - 2^*24>Q
2 (*2 " i V ^ ^ 2 +0^^ 
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4 
where all terms of 0(e ) which vanish after integration 
( /wdwdedç (...)) have been omitted. 

, 4N +2 
Next, we compute 0(e ) of Q : 

Q = c ( Q 2
Ç r 0 i Ç + Q 3 r 1 ) V + Q l r 1 ; 9 ) + 0 ( 0 

Q2
C - -K2- + 2 * - 2 * 2 5 2 . K2= y + 4û e 

Q3
V - [î -VG + (*oY2 - |o w*>g 

0 

Q e = - 1 [f .VG + (<f> Y9 - |o w
2)çj xr H w L-o o 2 è H ,w 

Since the variables u2 and Ç, only enter through K?, we de
fine 

A_ = - * (2Ç. + w Ç0 )r „ + Q.
9r. . + Q^ r „ 

2 2 2 2,w o,ç n 1,9 x3 -1,v 

and find 

2 
+2 4 r o 
Q = e Lgçç 

ro K _ Agvr^ + (j x ? ) ^ 
Lëçç 2 2 Ô 2 0,ç 

o -> 2 . . . 
where g = r . Therefore, the minimum with respect to K„ 
is obtained for 

K2 * ̂ 2 * ?o,î > «çç 

1 . . . . 
The algebraic minimization with respect to K„ is correct be
cause the solubility condition for the variables u~ > Ç, 

/A0 • r wdwd9 = 0 
2 o,ç 

is indeed satisfied because of the equilibrium relation 

^eç,w/w~ ê1vç,e = 0 

where 
1 = -> -* -1 = -»• .». 
g9ç r1,9 * ro,ç ' 8vç r-1,v * r0,ç 
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Because of 

e CD (-D 

*2 X ?o,ç = Q1 VV1 " QI VG 

we now see the decisive difference between near-axis circular 
and non-circular cross-sections: for circular cross-section 

(1) (-1) (o) 
VV • Vd> = g = 0 

(see e.g. Ref.[~5_]), while this quantity does not vanish for 
elliptic cross-section. Thus, we see that the choice 

B • VG = 0 (12) 
o 

yields a one-dimensional radial problem for Ç only if the 
cross-section is circular. In particular, we see that for con
stant field on the magnetic axis, Eq.(12) yields £he minimum 
with respect to G since then the linear terms in B *VG average 

out because of B • VÇ = 0 and g as well as g 

being independent of Ç |_5 _[. In the case of a varying magnetic 
field on the magnetic axis, the one-dimensional problem ob
tained with Eq. (12) contains average values of this magnetic 
field. Since nothing basically new is obtained, we do not treat 
this ramification here and restrict further consideration to 
the case B = const, 

o 

Because of 

(o) 2 (2)w 0 _ 2 (-2)96 _ ,,n 2. 
v " ' = L • g - 27rL w ; § =

 L/(2TTW ) 

where L is the length of the magnetic axis, the one-dimensional 
energy functional for ÊL finally reads: 

e
6 2s *o

2 /wdwdeaç i G Y j j - f ^ w 2 ) ^ ^ 



338 LORTZ and NUHRENBERG 

FIG.l. Stability boundaries in terms of the 
dimensionless equilibrium quantities II and 
Xfor m = 1. 
Ill ballooning unstable region; 
I I I I region unstable with respect to 
m = 1 modes; 
= region stable with respect to all 
(including external) modes for the case 
J(0) = 0. 

We now introduce dimensionless parameters by 

2TT 2 

L ar 

Y " 8TT< 

S = t*-L~ 
2TT(J> 

P = L Í 2 E 2 
16TrJ<f> 3 Yo 

(13) 

which measure the square of the dimensionless distance from the 
magnetic axis, the amount of shear, the amount of a normalized 
toroidal current gradient, and the product of the magnetic wel"^ 
with the pressure gradient. Furthermore, we introduce ç = í^/z* 
and obtain 

ÔW = e6% 2f àz {z2(Y9-Sz)
2Ç 2 + L To o 2 »z 

ev-i(Y-sz)2 

+ ( 2 S + Y ) ( Y 2 - S Z ) Z -Pz2]ç2} (14) 

The first two terms are stabilizing and related to the devia
tion from the condition of resonance of the m,n mode. The 
second term shows the particular role of m = 1 modes, which 
occur if the value of \ is nearly integer. The third and the 
fourth term are indefinite, the latter being stabilizing for 
positive magnetic well and negative pressure gradient. These 
terms show the structure that a complete minimization should 
have: the modes are neither purely current-driven ("internal 
kink") nor completely pressure-driven ("ballooning"). In par
ticular, we see that the above functional is different from 
the ballooning-mode criterion [3,4 _[ since the force-free case 
may be unstable. 
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FIG.2. Stability boundaries for m = 2. 
(Hatching as for Fig. 1. ) 

Finally, we discuss the compressional contribution to the 
perturbation energy: 

2 -> 2 
6W = Y e /wdwdedçp(V-Ç) 
P a 

o 

It is easy to show that <5W ~ 0(e ) if one uses the minimization 
v P • 6 • £ 

results for Ç and y ; further, n = a y_, where n = JÇ -IÇ , 
-1 o i^ 

and p (or, equivalently, the plasma 3) ~0(e ). 

3. MARGINAL STABILITY CONDITIONS AND STRUCTURE OF EIGENMODES 

First, we recover the results for the circular cylinder 
Q 31 • I n this case 

S = i 3 S , P = i 6 P. , 2S + y = ~*n
3 

o z o 3 o 

where S and P- are the quantities measuring shear and pressure 
gradient of Ret. [j J[' > S being denoted by S there. Thus, the 
functional (14) has the same form as in the cylindrically 
symmetric case. Therefore we do not repeat the proofs for the 
marginal conditions, which are necessary and sufficient, but 
merely state the results, which are obtained via the identifi
cation P •> P„ , -(2+Y/S) -> 1/S . 

For S = 0 the stability condition reads P < -y2/(m+1) 
and the marginal modes are non-local and non-oscillatory.Accord
ingly, we shall find that this case is a continuous limiting 
case of S / 0. 
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For S ̂  0, all results can be obtained in terms of two new 
dimensionless parameters, JJ _ p/g X = Y/S. 

First, we consider Y„ = 0, i.e. a rational rotational 
transform on axis with n,m ~ 0(1). In this case unstable 
oscillatory eigenmodes are found unless 

n â I m2 - x (15) 

This relation is shown as curve II in Figs 1 and 2 and yields 
the stability condition in the range 

f (m-1) * X S f (m+1) 

Second, we consider Y„ ¿ 0, i.e. a rotational transform on 
axis near a rational number with n,m ~ 0(1) ("instability 
window"). We find three classes of non-localized modes asso
ciated with the existence and position of a mode-rational sur
face in the plasma domain. For modes of type A, Y„/S < 0, there 
is no singular point in Eq. (14). For Y9/S > 0, there is a 
singular point at t = -1 where t = -Sz/Y- and we distinguish 
between mode B, occurring in -1 á t Ú 0, and mode C, occurring 
in -oo < t ̂  -1 . In addition, unstable localized modes (Mercier 
modes) exist near t = -1 unless 

n < } (16) 
4 

which is shown as curve I in Figs 1 and 2 and yields the stabi
lity condition in the range 

- \ (m+1) û X Ú | (m-1) 

Modes of type A are unstable for X S i m (m+1 ) unless 

n s - -¿ÎTT2 (m+1+x)x °7) 

which is shown as curve III in Figs 1 and 2. The same stability 
condition applies for modes of type B which occur for 

X è - \ (m+1). 
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Modes of type C only occur for m > 1 and are unstable for 

i (m-1) á X ii ! (m-1) unless 

II S - j\l£p. (1-m+X)X (18) 

which is shown as curve IV in Fig. 2. 

Summarizing, we state the following general results: 

The m -> °° ballooning limit coincides with the Mercier 
limit. 

The ballooning mode criterion is not sufficient to 
decide the stability of internal modes. 

If the value of the rotational transform permits low-m 
modes, these are more stringent than the ballooning criterion. 

A positive magnetic well [$(0)/$(0)J together with 
outwardly decreasing pressure (p < 0) is favourable for sta
bility. 

Small values of X, i.e. either identically small net 
toroidal current or a small normalized toroidal current gradient 
together with finite shear, are favourable for stability. 

For J = 0 the Mercier limit gives the correct stabi
lity limit with respect to all internal modes. 

It is interesting to compare these results with those ob
tained from a sufficient criterion [6,7 [J(for the case J(0)= 0) 
which includes stability with respect to external modes. An 
evaluation analogous to the derivation given in Ref. [_7 J_yi-el.cls 

for p (0) = J (0) = 0 

o fifi ••• • •• 

- J2 < » > - lé + J X * 0 

where 

<...)= fi dl/Bl"1 i ... dl/B 

Thus, we see that, for J E 0, ¿ *7Î . P < 0 is sufficient. For 

J i 0, we specialize to circular cross-section near the magne

tic axis and find y + YS + P ^ 0. 
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For S ̂  0, we obtain 

It + X + X2 Ú 0 (19) 

which is shown as curve SC in Fig. 1 and is qualitatively 
similar to the result obtained for the stability of internal 
modes. 

Finally, we consider two examples: 

(1) The circular cross-section tokamak with p (0) = 0 and 
\ (0) ~ 1 [8 _ ] . In this case $(0) = 0, so that instability 
follows for X > TÍ and X < -2. On the other hand, 

29 J. 3 x 
S " 32 Xo " 2 lo " 2 

as is obtained from the expression for the shear in a circular 
tokamak (see e.g.Ref. [J]). Therefore we find instability for 
0 < S < i3/36 and near the stability boundary (13/36) modes 
corresponding to curve II are unstable, i.e. Y„ = 0 and i(0)= 1. 
Furthermore, S < 0 is unstable and the modes are of type B, i.e. 
x(0) is slightly smaller than one, so that a singular surface 
occurs near the magnetic axis. Thus, the stability diagram of 
Ref. \8J is indeed not sufficient. The extension of the present 
theory to p(0) ¿ 0 appears to be feasible although algebraically 
very complicated. 

(2) The toroidal 1 = 3 stellarator with vanishing net 
toroidal current. Since this configuration has a vacuum magnetic 
well, it is completely stable for p < 0 and p_ (0) = 0 with the 
approximations of the present theory [j~0(e4)_J. 
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Abstract 

RESISTIVE 'HELICAL' PERTURBATIONS FOR SHAPED TOKAMAKS: ENERGY PRINCIPLE. 
An energy principle for 3-d incompressible perturbations in shaped-cross-section plasmas is 

derived in the tokamak scaling (e=ka!=siB1/Bz « 1). Two models are used for the resistivity: it is 
assumed to be transported either by the fluid or by the magnetic surfaces. In the first case, 
generalized rippling and tearing modes are discovered, while in the latter case the rippling is 
cancelled in a self-consistent way. The Euler equation for the tearing modes generalizes the previ
ously derived equation for 2-d perturbations. It is pointed out that the energy principle cannot 
be extended to higher orders in e. 

1. INTRODUCTION 

In a series of papers Tasso has given a formulation for the stability of various 
resistive systems in terms of an energy principle. In the first of these papers [ 1 ] 
the stability of a one-fluid plasma against 2-d perturbations was solved. The results 
were later generalized to long-wavelength helical perturbations of a circular-cross-
section plasma [2]. The energy principle for two-fluid plasmas was formulated and 
its applicability discussed in Ref. [3]. Specific applications were considered by 
Caldas and Tasso in Ref. [4]. The asset of an energy principle, when one can be 
found, is that it allows exact determination of the stability independently of 
resistive scaling and enables test functions to be used for finding an instability. 

Here we derive an energy principle for incompressible 3-d perturbations of a 
one-fluid plasma with an arbitrary cross-section, thus generalizing the results of 
Refs [1 ] and [2]. We restrict ourselves from the beginning to the long-wavelength 
limit or tokamak scaling e=ka^Bj7Bz <$C1, where k denotes the wave number 
along the plasma, a is a characteristic dimension of the plasma in the cross-sectional 
plane and B¿ and Bz are the magnetic field components across and along the plasma. 

* Permanent address: Technical Research Centre of Finland, SF-02150 Espoo 15, Finland. 
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The case of a finite wavelength is much more difficult since, as it turns out, no 
energy principle can be found and one has basically to solve the complex eigenvalue 
problem posed by the full set of resistive equations. A more general approach to the 
problem where the necessity of the tokamak scaling for the energy principle 
becomes obvious will be published elsewhere [5]. 

Our analysis here very much resembles that given in Ref. [1 ] for 2-d pertur
bations. Indeed, minor modifications suffice to generalize the earlier work for the 
long-wavelength 3-d perturbations. The derivation of an Euler equation from the 
energy principle requires a few new steps but the resulting equation is a simple 
extension of the corresponding 2-d equation. The present equation, however, 
contains important new physics since it encompasses resonant phenomena. An 
equation similar to ours was recently also found by Jensen and Chu [6 ] using a 
more heuristic neighbouring-equilibria approach. The energy method, however, 
is more rigorous and affords real justification for the method used by Jensen and 
Chu. 

Our treatment is completely self-consistent. The most general static equili
brium of a resistive plasma is used as a starting point. In the perturbed equations, 
two models are used for the resistivity: it is assumed to be transported either by 
the fluid or by the magnetic surfaces. In the former model the plasma is always 
found to be unstable against the rippling mode, while in the latter model rippling 
is cancelled in a self-consistent way. The relation between various forms of the 
Euler equation for the tearing modes is clarified. Finally, some questions relating 
to the numerical solution of the Euler equation are discussed. 

2. ENERGY PRINCIPLE 

In static equilibrium a resistive plasma necessarily forms a straight column. 
Let et, be the unit vector along the plasma. The equilibrium magnetic field B 
and current density J are then given by [ 1 ] 

j | = Î i + f | | = é >
z X V i / / + Bzè

>
z (1) 

î = J ( ^ ) e z (2) 

where the poloidal magnetic flux \¡J satisfies the equilibrium equation: 

Mo à\p 

with po('A) being the pressure. Moreover, Bz and the electric field 
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Ê = r?0(i//)T(i//) (3) 

where Voi^) is the resistivity, are constants in the equilibrium. 

The linearized equations of motion around the equilibrium are 

P o í + V p ! - T XÊ-Îx£=0 (4) 

è> + î x 5 - T ? 1 î - r ? o î = 0 (5) 

VXë> = - b (6) 

S7-t = 0 (7) 

At0f = V X t (8) 
T> r* 

where £ is the displacement vector, and j , b, e, Pi and 97x denote the perturbed 
current density, magnetic field, electric field, pressure and resistivity, respectively. 
We restrict ourselves to incompressible perturbations 

V - f = 0 (9) 

The resistivity is assumed to be transported either by the fluid 

r?i=-?-VT?o (10) 

or by the magnetic surfaces 

( S - V ) » ? 1 + ( ^ - V ) T ? O = 0 (11) 

The latter model is representative of hot plasmas where the heat conductivity 
along the magnetic field is large. 

In trying to solve Eqs (4) — ( 11 ) we assume here the tokamak scaling 
e = ka « Bx/Bz <$C 1. In spite of the long-wavelength limit, the safety factor of 
the plasma is then of the order of unity and resonances may occur. The tokamak 
scaling allows us to neglect all the z derivatives except when they are multiplied 
byBz(BVVi andBz(3/3z) are of the same order). Equations (7) and (9) are 
solved by 

$ = V X (Aè\) = -ez X VA (12) 

t = VX(Ue z) = - e ; X VU (13) 
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which arejperpendicular to tz. Actually, Eqs (7) and (9) leave the z-components 
of b and £ undetermined in the tokamak scaling, but it can be shown that these 
components do not bring anything important: adding bz makes the system more 
stable and £z only leads to uninteresting marginally stable parallel displacements. 

Upon taking the curl of Eq. (4) and inserting Eq.(13) into it, the z-component 
of the resulting equation gives in the tokamak scaling 

- V i - p 0 V i U - ( E - V ) j - ( b ' - V ) J = 0 (14) 

where j and J stand for e~ * j and e"7 J. Writing the electric field in Eq.(5) in 
terms of the vector potential A = Aez and the scalar potential 0 , e = -A - V0, 
and choosing the particular gauge 0 = -BZU, one gets for the z-component of 
Eq.(5) 

A - ( 3 - V ) U + ihJ+T70j = 0 (15) 

The current density derived from Eq.(12) reads in the tokamak scaling 

j = - ¿ V * A (16) 

Using Eqs (1), (2) and (12), we have further for the last term in Eq. (14) 

(Ë • V)J = J'(E • V) 0 = r(Qz X V0) • VA = J'OÍL • V)A (17) 

where J' = dJ/d0. Finally, for the resistivity we have in the fluid convection 
model (10), by analogy with Eq.(17), 

r? i=- (?-V)r ? 0 = - Í ? ¿ ( S I - V ) U = ^ - J ' ( 3 i ' V ) U (18) 

where the last step is due to the constancy of E = r¡0 J. In the surface convection 
model (11) the perturbed resistivity can be formally solved as 

Tli = - ( 5 - V ) - 1 ( f f 'Vtoo- y . j ' ( 3 . 7 ) r , ( í i - V ) A (19) 

using the same relations as before. The inverse operator (B • V)"1 may not exist 
on resonant surfaces, as will be seen later. 

Substituting Eqs ( 16), ( 17) and ( 18) or ( 19) in Eqs ( 14) and ( 15), these 
become a closed pair of equations for U and A. By introducing the state vector 
^ = ( A ) ^ s Pa"" c a n b e written in the matrix form as 
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N ^ + M^ + Q ^ = O 

where 

(20) 

N = 
r-Vx-poVx 

-(§-V) —(g.V) , ( f -V ) 
Vo 

M = 
1 

7?0 

1 
Vo 

and the matrix Q, depending on the model for the resistivity, reads 

><o = 

J'A-V) - - v î 
Mo (22) 

QW-I 

0̂ J '(f-V)"1 ( ^ - V ) - — V Î , 
Mo 

The superscripts f and s refer to the fluid and surface convection models, 
respectively. 

All the matrices of Eqs (21) and (22) are real and symmetric and, moreover, 
N and M are positive (this has been proved for N, M and Q ^ by Tasso [ 1 ]; the 
symmetry of Q ^ is obvious because of the commutativity of (B • V) and (B¿ ' ^)) • 
These properties allow us to use a theorem due to Barston [7] which states that 
the solution ^ = 0 to Eq. (20) is exponentially stable if, and only if, Q is positive, 
i.e. 

SW = ( * ,Q^ )>0 (23) 

for all >£. The scalar product in this equation is defined as (<ï>, Q^) = /Í>T Q^dr . 
Equations (23) and (22) constitute the energy principle for our system. 

The energy functional (23) can be explicitly written for the matrices given 
in Eq.(22): 

•/I 
1 

5W(f) = / |J 'U(S-V) (8i-V)U + 2 J ' A ( B V V ) U + — IVIAI 2 dr (24) 
Mo 
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5W(s) = / J'A(g-V)-1
 ( B V V ) A + — |V. A| 

J fi0 

dr (25) 

Where singularities arise from the operator (B • V) - 1 , the integral (25) is understood 
to mean an appropriately defined principal part. The corresponding energy integral 
for ideal incompressible MHD equations reads in the tokamak scaling 

ÔW(id)= / • J ' [ ( 5 ' V ) U ] ( S i - V ) U + — |V± (5-V)U| 
J I Mo 

dr 

This is essentially the same as §w(s^ formulated in terms of U rather than A, 
A = (B • V)U, the difference being that A in Eq. (25) can be taken as finite even 
where U would become singular. 

3. STABI LIT Y CONDITION 

According to the energy principle, Eq.(23), the stability is determined by 
the sign of the minimum value of ÔW = (S^Qty). Extremization of 5W with 
respect to \^ under the norm condition l|\|/ II2 = (>]>, Jfy) = constant, where JV 
is some symmetric positive definite operator, yields the Euler equation 

Q* = \Jf* (26) 

The extremum of ÔW is X ll# II2. Hence, stability is decided by the sign of the 
lowest eigenvalue X. The choice of the norm is immaterial since, at the marginal 
point X = 0, Eq.(26) assumes the same form for any norm. 

By choosing the norm IMHI2 = / |A|2 dr, i.e. JV= I °0 J ] we get for the 
fluid convection model Q® the pair of equations 

(S • V) ( B V V)U - (BY V)A = 0 (27) 

J ' (BrV)U VfA = XA 
Mo 

Elimination of U gives 

J '(^-V)-1 ( B V V ) A VÍA=XA 
Mo 

(28) 
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The same equation is directly obtained for the surface convection model. There 
is a difference, however, between the models. In the fluid convection model, it is 
not guaranteed that the first equation (27), which represents extremization of 

with respect to U, yields a minimum. In fact, as we show below, this is 
never quite true; by suitable test functions, rippling mode instability is always 
revealed. The question of the nature of the extremum does not arise in the 
context of the surface convection model. The rippling is cancelled here in a self-
consistent way. 

For the subsequent calculations we adopt Hamada-like coordinates \jj, 6, f, 
where \¡J is the equilibrium poloidal flux, f = 27rz/L, and 0 is an angle-like variable 
defined by 

d0 = 27T L 

$ dfi/Bx 

d£ being the arc length along the contour around the plasma. In this coordinate 
system we have 

B - V = —-z- ( — + q — , B > V = ^ — (29) 
Lq \dd HJ L Lq 30 

where q(i//) = (Bz/L)^(dÊ/Bi) is the safety factor. 
The existence of the rippling instability in the fluid convection model can 

now be shown in the same way as in previous work [2, 4]. Choosing test functions 
A ^ 0, U = u(\p) cos(nf—m0), Eq.(24) becomes 

SW(f)= / J ' ( ^ ) èm(m-nq)u 2 dr 

The factor m—nq changes sign at the resonant surface. Concentrating u2 on the 
negative side of the integrand, the energy integral can always be made negative. 

In the Euler equation (28) for the tearing modes, one has to invert the 
operator (B ' V). This can be done explicitly by an integration along the field 
line (which in our coordinates is straight). By making use of the periodicity of 
all variables in d and harmonicity in the ignorable coordinate f, it is then found 
(see Ref. [5]) that (5 • V)"1 (B*x • V)A = A-A, where 
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/ 

2vr 

A ( i / / , 0 ) = - (30) 
27T 

/ 
einqa d a 

Here, for convenience, we have resorted to complex variables and suppressed the 
harmonic dependence e"1*" from the notation. The Euler equation (28) now 
becomes 

VÎ A + J '(A-A) = XA (31) 
Mo 

This equation is to be solved, subject to appropriate boundary conditions, for A 
which, along with VA, is continuous everywhere. The gradient VA becomes 
infinite on the resonant surfaces nq=m, where the denominator of Eq.(30) vanishes, 
but it may still be continuous in the sense of a 'principal value'. For 2-d pertur
bations, n=0, A of Eq.(30) reduces to the ordinary surface average, and the Euler 
equation derived by Tasso [1 ] is rediscovered. 

By choosing some other norm \\\¡J IP, a different form of Eq.(31) would have 
been obtained without, however, affecting the stability condition. For instance, 
if one takes d(\p—^o)(o ?) (^o is arbitrary), the right-hand side of Eq.(31) 
would become X5(i//—i//0)A, which means that outside the surface 4> = 4'o Eq.(31) 
is to be solved with X=0, and that at the surface ¡p = ipo the solution has a dis
continuous derivative. In plane and cylindrical geometries the eigenvalue X is seen 
to equal the opposite number of the discontinuity A' of the logarithmic derivative 
of the solution. It should be noted that this discontinuity arises from the singular 
norm operator and is quite unrelated to the resonances of Eq.(31). 

When the solution A is Fourier-expanded in 6 : 

A(M)= V am We-™9 

m 

and substituted in Eq.(30), we get for the second term in Eq.(31) 

j'(A-A) = V -^— J'(i/<)am (We-*** (32) 
L, m_ncl 
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which shows the nature of the singularity at the resonance nq(i//) = m. Different 
harmonic components are not coupled through the term represented by Eq.(32); 
the coupling in Eq.(31) comes from Vj_ because of the 0-dependence of the metric 
coefficients. The coupling is such that every am(i//) has a singularity of the type 
x£n |x| x=\p—\po', nq(i//0)

 = m at each resonant surface. Only for the case of 
circular cross-section are the harmonic components uncoupled. For each com
ponent we find in this case an equation identical to that given by Glasser et al. [8] 
for a marginal MHD mode. 

The energy principle cannot, unfortunately, be extended to finite wavelengths 
because an antisymmetric part will then be introduced to the Q matrix and over-
stability may occur (see Ref. [5] for details). It seems unlikely that a simple 
stability criterion for such cases can be found. Instead one has to face solving 
the eigenvalue problem of the full set of resistive equations with complex 
eigenvalues. 
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DISCUSSION 

D.A. MONTICELLO: If a perturbation makes 5W < 0, can you determine 
or estimate the growth rate for a given 77? In particular, can you determine the 
power of 17 which appears in the growth rate? 

H. TASSO: For a perturbation which makes ÔW < 0 it is possible to give 
an exact estimate of the growth rate. It is, however, difficult — though not 
impossible — to determine the power of 77 which enters, say, the largest growth 
rate. I think that the relevant calculation would need more detailed physics. 
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Abstract 

THE MAGNETIC FIELD OF TOROIDAL HELICAL SURFACE CURRENTS AND ITS 
EFFECT ON ISLAND FORMATION AND ERGODIZATION IN TOKAMAKS. 

The magnetic field of a given toroidal helical surface current is determined for the case 
of large aspect ratio. This current flows along field lines on a rotational magnetic surface of 
a tokamak in equilibrium state. For the superposition of the unperturbed tokamak equilibrium 
magnetic field with that of such a small perturbing surface current, magnetic islands are 
obtained on the current surface and, owing to the action of toroidicity, on the neighbouring 
rational surfaces. The structure and widths of such satellite islands, as well as island overlapping 
and ergodization, are studied in conjunction with the disruptive instability. 

1. INTRODUCTION 

Disruptive instability in a tokamak has been treated in numerous investigations (a survey 
is given in Ref.[ 1 ]) but its causes are still unclear. Although experimental investigations have 
demonstrated that the m = 2/n = 1 tearing mode plays a crucial role in this context, the 
mechanisms driving this mode unstable on a very short time scale are not yet understood. 
Another important unresolved and possibly related question is the cause of the sharp density 
limit observed in the Pulsator tokamak. 

In previous papers [2—4] details of observations on the disruptions in Pulsator have been 
reported, and experiments are described in Ref.[4] in which disruptions were triggered by an 
external helical winding at various densities. It was found that disruptions are likely to be 
triggered by such helical perturbations which lead to destruction of the magnetic surfaces 
outside the q — 2 surface or by those causing the induced m = 2 island to touch the limiter. 
Moreover, it was inferred from code calculations [4, 5] that compression of the magnetic 
surfaces owing to finite plasma pressure (high densities) and peaked current density profiles 
favour their destruction. Destruction of magnetic surfaces, also termed braiding or ergodization 
of the magnetic field, as well as island-limiter touching can be assumed to reduce the temperature 
in the boundary zone almost instantaneously by heat transport parallel to the field lines. 

* JET Joint Undertaking, Abingdon, Oxon., UK. 
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Thus the physical conditions possibly change as rapidly as required to explain the tremendous 
growth of the modes (e-folding time ~200 fxs in Pulsator) sometimes observed after a long 
stationary period. 

The effect of compression of surfaces is studied here analytically and numerically. For 
this purpose the m = 2 tearing mode is simulated by a surface current flowing parallel to the 
unperturbed equilibrium field on the q = 2 surface. Section 2 gives the corresponding analytical 
background for tokamaks of large aspect ratio. In Section 3 it is shown that because of the 
variation of the pitch of the field lines (increased by surface compression) a correlation 
between helices on different resonant surfaces exists. Thus the considered helical surface 
current produces magnetic islands of considerable size on neighbouring integer-q surfaces. For 
the widths of the islands, a simple formula is derived and the condition of overlapping of 
islands is discussed for a typical experimental case. Some experimental results of Asdex are 
included in the final discussion. 

2. ANALYTICAL THEORY 

We consider a tokamak equilibrium magnetic field and 
divergence-free helical surface currents of current 
density J flowing parallel to the equilibrium 
magnetic field on a resonant surface q=m/n, such that 

yj - &OI-V*)oL{z)* ) B =7VXVT (D 
V is the volume enclosed by magnetic surfaces, V* is 
that enclosing the resonant surface, a. , for which 
we assume sinusoidal dependence on T , is a quantity 
proportional to the helical surface current. The 
field lines of the unperturbed magnetic field are 
represented by the intersections of level surfaces of 
the functions V(_x) and t(x) , where JC = (x,y,z) is the 
position vector. 

We shall determine the superposition of the 
unperturbed equilibrium magnetic field _B and of the 
magnetic field of small-amplitude surface currents of 
the type (1). Using analytical methods^ /6/ for the 
calculation of the vector potential A resulting from 
the current density _J , we obtain for large 
aspect-ratio tokamaks with circular cross-section of 
the magnetic surfaces and for resonant surfaces with 
integer q-value (q = m/n, n=l): 

A(x) = J^[[\lMdh' 
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(3) 

where 

Ajp*j - 1-l2+ {'Xz(ip*-'\(vn.iVA'(p*)) (5) 
These and subsequent expressions include the leading 
order contributions in small inverse aspect ratio. 
(R,z,g) are cylindrical co-ordinates about the 
tokamak z-axis, where R and z vary inside of the 
outermost circular magnetic surface of small radius a 
and with center at (Rfz) = (R0,0) . IH is the helical 
perturbation current. The radial co-ordinate p and 
the angle-like co-ordinate co , which in fact are 
toroidal co-ordinates chosen such that p{x) = p* is 
the equation of the resonant surface, are given in terms 
of R and z by 

(Z^fZrT J ' ¿tRT*z^(Rz+z2-RT
2)2 (6) 

In the limit of a straight system,(R0p(w) become 
polar co-ordinates about the center (ROf0) in a 
poloidal plane. RT and p* are related to the small 
radius r* and the equilibrium displacement Ap(r*) of 
the resonant surface by 

Finally, A1 in (5) is the derivative of the plasma 
displacement function Ap(r) on the resonant surface 
(see below). 

Closer investigation of the expression for A reveals 
that the magnetic field derived from A up to first 
order in inverse aspect ratio is purely poloidal and 
therefore can be written as 

B - Bpvp + B ^ (8) 

If we w r i t e 

£> - p¥>9 + ^ B w (9) 
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we ob ta in for the complex q u a n t i t y B 

x"~1 do) 
The components Bp and Bw are then 

As to the unperturbed equilibrium magnetic field, we 
assume definite radial distributions of current and 
pressure, but allow for different values of the 
poloidal beta-value in order to study its influence 
on island formation and ergodization. In particular, 
the distributions of pressure p and toroidal plasma 
current I are 

where r is the small radius of the considered 
magnetic surface , Ip is the total toroidal plasma 
current, p0 a reference pressure and u and V 
prescribable integers. The derivative of the plasma 
displacement function Ap(r) is 

A1 H ^ P = ̂ {/Spto+iMr;; (13) 
where j8p is the local beta-poloidal value and tx is 
the so-called internal inductivity coefficient. 
Details of the equilibrium part of the problem are 
given elsewhere /7 /. 

The function "C in (1) can be expressed in terms of 
the fluxes the long and the short way ( (2?tR0).F and 
(2TCR0).G, respectively) around tori V(_x) = V of the 
unperturbed tokamak magnetic field 

T - R0G'(Vjfq(Vj ( W + A W L W ] - %] , o¡ =%< (14) 

Re-writing the expression for B in (1) using % 
according to (14) leads to the familiar form 

B -R.(V%*VG +B r oV|) (is) 

of the unperturbed tokamak magnetic field. BTo is^the 
toroidal field on axis. For the superposition B of 
the fields B and B we have then 
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FIG.l. Flux surfaces in the case of helical 
symmetry showing the m = 2 magnetic 
island structure for a helical surface current 
ofIH = 7Xl(T3Ip. 

B = R.{(4-pco*u>)(r$£vp + p f 7w) -Bro7§} +B (16) 
dp 

where 
¡JL+1 

¿tic £=t *- ( 1 7 ) , ( 1 8 ) 

A is the aspect ratio (A=R0/a). q in (14) in terms of 
x is then 

We note that B_ can be written in the concise form 

A r , 2 

( 1 9 ) 

B- Ro{&"**% +BroV% + V§x7(G^s + í¡)) (20) 
where 

ŝ = -l/^^ioM^Hl) 
( 2 1 ) 

is the flux function of magnetic field due to 
perturbing surface currents in the straight case. The 
function f̂  results from the inclusion of toroidal 
effects and is given by 

<Kna (('Wi+'Xjcu-Ç, (22) 

It is the term corresponding to this function which 
is responsible for the appearance of satellite 
islands with q-values m-1 and m+1, respectively. 
These satellite islands are additional to the island 
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FIG.2. The same as Fig. 1 with increased 
helical current ofIH = 0.15Ip. 

on the resonant q=m surface which appears already in 
the straight tokamak field with superposed helical 
fields. 

In the limit of a straight system t magnetic surfaces 
exist due to the presence of helical symmetry. They 
can be determined as level surfaces of the flux 
function 

with 

Fig. 1 
surface 
total 
interest 
expected 
to illus 
current 
current 
finite r 

(23) 

(24) 

shows a particular case where the perturbing 
current on a m=2 surface is 0.7% of the 
toroidal plasma current. As a matter of 
we notice that in the neighborhood of the 
X-points a fine structure exists. In order 

trate this fine structure the perturbation 
in Fig. 2 has increased to 15% of the plasma 

Ip. This fine structure appears due to the 
atio Bw/Bw which usually can be neglected. 

3. MAGNETIC ISLANDS AND SURFACE DESTRUCTION 

From the perturbation field given in the last section 
the magnetic island produced on the q=2 surface and 
the satellite islands on the q=l and q=3 surfaces can 
be obtained by specifying a set of geometrical and 
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FIG. 3. Intersection points of magnetic 
field lines in the plane £ = — n/2 showing 
m = 2 and satellite islands on q = 1 and 
q = 3 surfaces for the case IH/Ip — 

_, = ñ Ithrpp <itnrt 1.5 X 10 3, /L = 0 (three starting points). 

FIG. 4. The same as Fig. 3 with j3p = 1.5. 

equilibrium parameters 
current for the right-hand 
(20) and putting the r 
standard numerical code wh 
be followed. Numerical 
figures 3 and 4. The plo 
points of field lines with 
starting points have bee 
the islands. Apart from th 
figures refer to the same 
PULSATOR measurements: 
distributions according 
q(r*) = m = 2, q(0) = 0.8 
A = R0/a = 6.36, Ip= 68.8 
current ratio of 0.15% 

and a perturbing surface 
side of equation (16) or 
esulting expression into a 
ich enables field lines to 
results are given in the 
ts show the intersection 
a poloidal plane where the 
n chosen in the X-points of 
e difference in $p, both 
set of data which fits the 
current and pressure 
to u=3, V=3, q(a) = 3.4, 
5, a = 11cm, r*= 8.3cm, 
kA and I H / I p= 0.15% . The 
i s deduced from magnetic 
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FIG.5. The same as Fig.4 for an increased 
perturbation current ofIn/L- 8 X 10~3 

(two starting points). 

TABLE I. r(q = m/a AND wm/w2 FOR MODE NUMBERS 
m = 2 TO m = 5 

m 

2 

3 

4 

5 

r(q=m)/a 

0 . 7 7 

0 . 9 4 

1 .09 

1 .21 

w»/w.z 

( 2 p = o 

i 

0 . 3 3 

0 . 1 7 

0 . 1 1 

3p=1.5 

1 

0 . 4 5 

0 . 3 2 

0 . 2 6 

probe signals (rp=13.6cm) during the stationary phase 
of the m=2 mode and corresponds to |B'0|/Be= 0.5% at 
the plasma boundary. 9 is the angle in poloidal polar 
co-ordinates (r,9) about the center (R,z) = 
(R„+ Ap(r) ,0) of the considered magnetic surface. As 
can be seen from the figures, under these conditions 
the islands are well separated. For the case |3p = 1.5 
(Fig. 4) the satellite islands are larger than those 
for ftp = 0 (Fig. 3) and a marginal touching of the 
limiter by the m=3 island occurs. When increasing the 
current ratio, a growing scattering of the 
intersection points of the field lines close to the 
X-points of the islands is observed until a melting 
of the m=2 and m=3 islands at a current ratio of 
-0.7% ( £p= 1.5) to -0.9% ( ftp = 0) occurs. Under 
these conditions the magnetic surfaces are destroyed 
and a single field line can circumvent both islands 
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To torus axi 

R0/a = 6.36, p = 1.5 

FIG. 6. Polar diagram of Be on the circle 
r = r (probe) = 1.24 a in the plane 
% ~ -ixl2 without (a) and with (b) toroidal 
effects for the case A = 6.36, j3_ = 1.5. 

as demonstrated in Fig. 5. In PULSATOR, field 
perturbations of this magnitude are easily reached 
during the growing phase of the disruptive 
instability but not during the preceding stationary 
period. 

In what follows we give an estimation for the 
expected width of satellite islands. We will use for 
this the usual approximation for the island width in 
terms of the amplitudes of the perturbed magnetic 
field components /8,9/. In leading order of the 
current perturbation and neglecting curvature effects 
we derive for the latter from (18) to (20) 

4n*2 

B,- J/>aH^S(0)(r,rjcc»(^*e-s) 
A yu0Tp r_ qiti 

Q 2% a2 qir) 

(25) 

(26) 

where 
make 

the 
the 

m* is the q-value of the resonant surface 
perturbing surface current flows. We 
assumption that the inclusion of toroidal effects 
leaves the radial dependence of the amplitude of Br 
essentially unchanged and can be achieved by taking 
into account curvature effects only for the pitch of 
the magnetic field lines. If we express in equation 
(14) w by 0 we obtain then instead of (25) (p=r/R0) 

Br- IM, *£ V-^) Cfrsf°i(e + (A ' -pJ-^e j - | } ( 2 7 ) 

We use this expression for the calculation of an 
adequately averaged amplitude of the perturbing field 
on neighbouring q=m surfacesrwhich leads to Bessel 
functions of the order m-m*: 

2K 

o 
with the argument 

(28) 

( 2 9 ) 
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Applying now the approximation formula for the island 
widths in the outer region (r>r*), where 
q(r)=r2q(a)/az is a good approximation for q, we 
derive for the island width w m 

W = w A-) 1\J {W\ (30) 
where 

= 2a, *"?!»}* 

is the width of the island on the perturbing current 
surface, and 

Aiqïâ) 
In equation (31) l^ is again the internal inductance 
per unit length, a quantity varying only weakly with 
the current profile parameter p ( iy.= 1.44 for p=3) . 
Island widths obtained from these relations fit very 
well to those yielded by the code calculations. For 
the above conditions some results are compiled in 
Table I. The widths and separations of the outer satellite 
islands decay in such a way that the overlapping of 
islands can most easily be accomplished for the 
m=2/m=3 islands. 

From the above equations this condition is obtained 
for w2/a = 0.24 , IH/Ip=0.76%. 

Another point that is of interest in magnetic probe 
measurements is the influence of toroidal effects on 
Be outside of the plasma. For the above set of data 
this field component has been plotted in Fig.6b as 
the radial distance to the solid circle r = r(probe) 
for the poloidal plane e, = -TC/2 (putting Ap = 0 for 
r> a). For comparison the straight helical case is 
also shown in Fig.6a. In this context it is to be 
noticed that because of the different radial decay of 
the field contributions ( Oí = o r ±1 in (22)) the plots 
change with probe radius in the toroidal case. 

4. COMMENTS ON THE DISR UPTIVE INSTABILITY 

It has been shown in Section 3 that in a tokamak even a single mode can in principle 
produce magnetic islands on all rational surfaces. The widths of the satellite islands can be 
substantial, particularly in the case of high plasma pressure (Pp) or small aspect ratio {the 
relevant parameter for this is (1 + Pp + Z^J/fA- Vq(a))). From our computational results, 
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FIG. 7. Traces of plasma current, hard X-ray intensity and magnetic probe signal as measured 
in Asdex demonstrating excitation of instabilities with the transition through integer q-values 
close to the separatrix. 

however, it is to be concluded that the primary reason for the high-density disruptions in 
Pulsator (fi £1.8) is probably not the magnetic ergodization effects induced by the stationary 
m = 2 tearing mode. This is because the measured ratio \Be \/Be = 0.5% yields magnetic islands 
much too small for overlapping. However, during the growing phase of the disruptive 
instability, destruction of the magnetic surfaces over a large part of the plasma is likely to 
occur. 

To avoid disruptions and reach high densities two conditions must be fulfilled in the 
experiments: low impurity level and proper centring of the plasma. Satisfaction of these 
conditions can be understood as a measure to reduce edge radiation and magnetic island 
contact with the limiter, both of which give rise to edge cooling and steepening of the temperature 
profile. The experimental observation of surface modes (possibly kink or tearing modes) 
during the transition of integer q-values at the boundary is apparently due to such effects. 
Such observations have been made in Pulsator [10] and in other tokamaks [11] and also 
recently in Asdex (similar effects were also noted during the current rise in Alcator [12] but 
could not be identified with integer values ofq(a)). Figure 7 shows the effects when Asdex 
was operated under rather unclean conditions using the divertor coils for magnetic plasma 
limitation. Here the calculated radius of the separatrix was ~40 cm; for calculation ofq(a) 
an effective radius of a = 39 cm was assumed. The bursts in the hard X-rays (indicating larger 
losses of runaway electrons, measured several metres away from the tokamak) as well as 
small kinks in the current trace demonstrate remarkable perturbations of the plasma owing to 
the mode activity (magnetic probe signal). From the foregoing it can be assumed that the 
effect of these modes on the plasma is largely amplified by coupling to inner resonant surfaces. 
Finally, it is conceivable that by this mechanism disruptions can be triggered also under clean 
conditions and irrational q at the boundary when a large m = 2 island or a large induced island 
of higher mode number touches the limiter (or separatrix) and a surface mode with high 
growth rate is therefore excited. 
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Abstract 

RELATION BETWEEN TOKAMAK TEMPERATURE PROFILES AND LOCALIZED 
INSTABILITIES. 

Three types of tokamak instabilities which depend on temperature profiles and which 
affect energy confinement have been examined. In the central region of the plasma, where 
density and temperature gradients are small, a poloidal rotation instability has been found 
whose properties resemble the observed sawtooth disruptions. In the presence of auxiliary 
ion heating, the turbulence resulting from unstable ion pressure-gradient-driven drift waves 
is found to give an anomalous ion thermal conductivity which is consistent with recent 
experimental results. Unless the electrons are deep into the banana regime, electron temperature-
gradient-driven tearing modes are found to be unstable because of the response of electrons 
near the trapped/untrapped boundary in velocity space. 

Poloidal Rotation Instability 

In the central sawtooth region of the plasma, where the 
particle density and temperature gradients are assumed small, 
the dominant force tending to drive poloidal rotation is the 
electron viscous force due to the electron current (Jn). At 
a critical value of the parameter 

J E ( i / m O ^ T /T. )\o,,B,n/n. evT ) e 1/ v eo 10' v II <P ' 1 0 T z ' 
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TABLE I. COMPARISON OF PREDICTED CRITICAL VALUES FOR Tf 
WITH EXPERIMENTAL VALUES 

Experiment 

TFR 

DITE 

PLT 

ISX 

neo 

( lO^cm3) 

4.5 

4.5 

5.2 

4.3 

3.3 

4.5 

3.7 

6.1 

Experimental Data 

T. 
lO 
(eV) 

530 

840 

1 650 

270 

800 

5 000 

220 

480 

( 10 3Vcm1) 

4.4 

3.2 

4.1 

4.8 

1.6 

1.1 

3.3 

2.9 

Ze£f 

5 

3 

5.2 

4.8 

3.5 

3.5 

3.5 

3.1 

T 
eo 
(eV) 

1 150 

2 000 

2 250 

800 

2 300 

3 400 

490 

990 

Theory: 
critical value 
of T 

eo 
(eV) 

1 100 

2 030 

2 600 

760 

2 200 

4 500 

760 

1 490 

where E^ is the toroidal electric field and v„ the impurity 
jion thermal velocity, the normal equilibrium solution with low 
VQ coalesces with an unstable equilibrium and is lost, assum
ing appreciable impurity content, n Z~n.. The plasma is 
forced to accelerate towards a new equilibrium which has much 
higher poloidal rotation and larger electrostatic potential 
variation on a magnetic surface due to the nonuniformity of 
n caused by the rotation [1]. 

This instability is an m = 0, n = 0 mode for ¥9, T~e coupled 
with an m = 1, n = 0 mode for $(0), Kj and has properties 
matching the observed sawtooth disruptions. The new equilib
rium can only have a transitory character because the electrons 
are being cooled rapidly by the rotation, the energy being 
transferred to the ions via inverse magnetic pumping. After_a 
short period, another rotational instability occurs, reducing VQ 
back to a low value and the slow heating phase of the sawtooth 
oscillations is recovered. The dominant term in J which varies 
substantially during the sawtooth oscillations is T„rt(J~T

 2 ) 
and the critical value of J means a critical value of TeoT The 
poloidal rotation instability prevents T from rising above 
the critical value and leads to an average for T over a saw
tooth oscillation close to the critical value. în Table I, 
predicted critical values for T are compared with published 
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experimental values for cases where all the required parameters 
neo> Teoj T^Q, E-, Z and Zeff are reported. The agreement with 
experiment is seen to be very good. 

The critical value of J for ohmically heated plasmas (Te>T¿) 
is 0.47 so that for a hydrogen plasma 

a,.E„ - 20(T. /T f2n. ev„ (1) 
II «p io eo 10 Tz 

In addition to predicting Teoas in Table I, this relationship 
helps explain other tokamak properties. Firstly, assuming 
neo ~ 2( ne) where ( ne) is the volume average of ne over the 
discharge, since Jn — ayE^, Eq. (1) can be written in the form 
(assuming oxygen impurities) 

T ~ n ^ 2/<nJcm^]) V2T. o^2n i o VT i o[eV]^ ^ 
J„ ^ 1.4 x 10 ^ H-= — - — — amperes 

in13 A T A n A 300 / m 10 ' v eo ' \ eo / \ / \¿) 

For high-density plasmas with significant impurity, the last 
three factors in brackets will be close to unity, giving 
J|| — 1.4 x 102(<ne[cm

-3])/10l3) ampères, which is the 
empirical scaling law found by Murakami, Callen and Berry [2] 
for such discharges. 

Secondly, a good case can be made that most of the anomalous 
electron energy loss in tokamaks is in the form of energy 
transfer to the ions with the ions conducting the heat radially. 
Thus the rotational instability transfers energy from the elec
trons to the ions as described above. Also, even without the 
rotational instability the poloidal rotation needed for equi
librium transfers about 10% of the ohmic heat from the 
electrons to the ions by the same inverse magnetic pumping 
process mentioned above. These contributions, as well as the 
direct ohmic heating of the ions due to the ion bootstrap cur
rent relative to the impurities [3], add to the collisional 
energy transfer. Assuming more than half the ohmic heating is 
conducted out by the ions, one can write the energy balance as 

qi " V e / 4 l T (3) 

Taking the plateau formula for q., Eqs (1) and (3) yield 

„ -13.4 -5/4 nT„ h , oDo.o. fA> T = e a RIZ t.Jn B A.) (4) 
eo effv e <p i 

which can be compared with the empirical scaling law for T 
found by Pfeiffer and Waltz [4], namely eo 

-12.011.6 -1.24±0.25 J).97±0.23 JJ.81iO.10 J) .3710.09, o D o.o , T =e a R Y Z ~~ (n B„A.) eo eff e <¿> i 

(5) 

http://JJ.81iO.10
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In Eqs (4) and (5) T e o is in keV, a, R in meters and I in kA. 
(Two extra factors which should appear in Eq. (4) are k^ and 
(a%B^/T|/4) but for the 59 cases listed by Pfeiffer and Waltz 
where 1±0 is known, the second factor has been found to be 
approximately constant with value 1.97±0.5 T^^CkeV)""3/4 . 
This numerical value has been cancelled with Â|,which is 
approximately 0.5 for oxygen or carbon.) It is seen that only 
two of the eight exponents in the theoretical expression Eq. 
(4) are not in agreement, namely those of I and Z ff, and these 
are only 10% too large. 

Also, assuming <ne) and < Tg> are proportional to n e 0 and 
T e o, so that the electron energy containment time is 
TeE ~ a2neoTe0/

E
l/,

I> E(*- (4) S i v e s 

V 
h v 

*eE - neo a R ZeffJ* ^ 

Pfeiffer and Waltz [3] found 

, ,0.9±0.08 0.98±0.2n1.63±0.31„0.23±0.11 rn, 
TeE ~ <ne> a R Zeff (7) 

Again there is close agreement. This means that the limitation 
on T e o caused by the rotational instability, together with the 
assumption that the ions conduct out most of the ohmic heat, is 
all that is needed to produce the observed electron energy 
containment scaling. 

Ion Pressure Gradient Driven Drift Instability 

In the presence of either auxiliary heating with neutral 
beams or alpha-particle heating in the fusion plasma, the ma
jority of the energy content and the power flow occurs through 
the ions. We next investigate the conditions under which the 
ion thermal losses are anomalous due to drift wave turbulence. 

Toroidal drift wave ballooning-mode theory [5] has been used 
to investigate the drift instability driven by the geometric 
mean of the local bad curvature E n = rn/R and the ion pressure 
gradient d£nP¿(r)/dr=- (l+rii)/rn. The growth rate is propor
tional to Yo=(2en)^(l+rii)^; OUT growth rates and frequencies 
have units of cs/rn and wavenumbers have units of p~l, with 
cs=(Te/m¿)^, p=c(m£Te)'

s/eB and r^l=-d£nne(r)/dr. Beginning 
with kinetic theory, it can be shown that the most unstable 
modes have ku) components for which the ion response is hydro-
dynamic (a)>coDi, k||vi an^ kj.Pi<l) and the electron response is 
adiabatic. These circumstances were used to introduce a non
linear hydrodynamic model of the instability that was solved 
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numerically as an initial value problem. The saturation and 
thermal transport observed in the simulations have been com
pared with approximate analytic solutions of the renormalized 
turbulence equations. 

The linear stage of the instability is described by toroidal 
drift wave theory where <¿>(r,t)=E<p(r, 0) exp (i^-ioot) with 
<¿>(r,0) = E exp(-im0)/~+°° dy exp(imy)f(y,r) and f(y) is the 

J—CO solution of 

Ç-2 ,2 ,. 
hi d f 
2 2 , 2 

q a) dy 

• k 2ke (y) -
^: k . + Ü + k2(l+?2y ) f(y)=0 (8) 

2 2 
with the boundary condition f (y)-*exp(ika)qÇy /2e ) for y -»œ. 
In Eq. (8) we have used o^e^, u)*i=-k(l+r)i), £=rq'(r)/q and 
en(y)=8n(cos y + Çy sin y). The unstable eigenfrequency 
to=u)(k,ni,£n,Ç,q) yields (1) the slab limit £n->0 at constant 
S=£en/q where o)k~Yk~kS^(l+rii)^ and (2) the toroidal ballooning 
mode o)]c<Yk-kYo for typical toroidal parameters [6]. The onset 
of the fluid-like toroidal mode occurs for kq>en^, £<2q, and 
ni^l. The average poloidal width ~Q and the mean radial wave-
number kx are related through ¥x=kQC0 and k = (2£n)hE>h/qh(l+T)i%. 
The fact that kx has no dispersion with kq is used in the non
linear mode-coupling theory to solve for the kg spectrum with 
the ansatz that the kx spectrum is peaked about kx. After 
computing the parallel plasma current and the inductive elec
tric field E(jP=dij;/ds, the electromagnetic correction 
^k/^k-3pCl+rii)en w a s found to be small for poloidal beta 3p 
less than the aspect ratio. 

The investigation of the anomalous thermal transport pro
ceeds by assuming that there is a broad spectrum of weakly 
correlated potential and ion pressure fluctuations. Following 
previous work [7], we assume, as now supported by three-
dimensional slab simulations [8], that the ExB convective non-
linearity in the ion dynamics determines the saturation level. 
Theory and simulations show that the nonlinear amplitudes scale 
linearly with p/rn. We introduce the dimensionless amplitudes 
<Pk(t), ôPvCt) scaled by p/rn and determine the dynamical equa
tions for the evolution of the fluctuations in the presence of 
ExB nonlinear coupling. Each triplet interaction k^+k^+k^O 
reduces to a five-dimensional oscillator system that conserves 
phase space volume and the energy integral. The high dimen
sionality and the frequency dispersion lead to stochastization 
of the phase of the interaction triplet. The stochastization 
of the phase implies that the renormalized turbulence theory 
[9], which neglects high-order correlations, is applicable. 

The renormalized dispersion relation [9] was analysed to 
obtain the parametric dependence of the scaled rms fluctuations 
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^o(en>ni)= ^ ^ ' ^ and <5po(en>rii) = <ôp
2>^ . In the potential 

fluctuation spectrum I(k^) the kx dependence is relatively 
peaked_ while the kg spectrum is broad. We write I(kx,kn) = 
A(kx-kx)I(kQ) where the peaked function A is normalized to 
unity. The function I(k) satisfies 

S00 dk Tl(k1-k)(k
2
+k^)I(k1)=0 (9) 

0 1 

which describes saturation when 

<<p2> = I(k)dk -Y 2/2<k 2> (10) 

•'O 

and the energy integral gives 

<<5p2>= (1+np <V 2>/2e n = (l+ni)
2/2<k2 > (11) 

These theoretical predictions for the parametric dependence of 
the scaled fluctuation fields agree with fluid simulations. 
The k@p spectrum is given approximately by I(k)-lQ/k for a 

kc<k<ko and by I(k)=Ii/k
3 for k>ko where kc-en/q, ko=(l+rii)~

2 

and lQ=Y^/2<k2>£n(k0/kc). The ion thermal flux is given by 
q=<vx<5p>=-(p/rn)(cT/eB) /dk Im <^Vk > • Th£ frequency 
spectrum is centered about the ion rest frame o)=kQVQ with a 
width Au)~cs/rn. 

The anomalous ion thermal conductivity x± due t o toroidal 
drift wave turbulence gives the thermal flux Q^=-nXidTi/dr with 

p cT q(l+n Y2 

X- = c, — — ^ p-^— (12) 
Ai 1 r eB £ 

n ^ 

in the regime ^«v^/qR. The anomalous Xi scales with ne, T¿, 
B and q as the neoclassical plateau formula, 

p. cT. 
nc „ _, Ki i 

Y. = 3.76 s- q£ Ai r eB n n 
n 

but is monotonically increasing with T^ whereas the continuous 
neoclassical formula is essentially monotonically decreasing 
with T¿. The anomalous ion thermal conduction exceeds the 
neoclassical plateau conduction by Xi/XiC=cl(l+rll)'V3'76 £n£ 
where c^~0.5 is suggested by the simulations. The enhancement 
factor scales with the aspect ratio using the gradient scale 
length as the minor radius. The new formula for Xi appears 
to be consistent with the enhancement factor reported in the 
ion power balance studies by the TFR Group [10]. The turbu-
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lent theory predicts that the plateau scaling continues into 
the collisionless regime reached in the PLT experiments, which 
is probably also consistent with ion power balance in the high 
ion temperature experiments. 

Trapped Electron Modifications To Tearing Modes In The "Banana" 
Regime (v < so)) 

Trapped-electron modifications of tearing modes in tokamaks 
can occur whenever the wave frequency is intermediate between 
the electron and ion bounce frequencies. In the low collision 
frequency limit a realistic Fokker-Planck collision operator 
must be employed to evaluate the collisional response because 
a very narrow boundary layer forms about the trapped/untrapped 
boundary in velocity space. This boundary layer occurs because 
the trapped and untrapped electrons respond differently to the 
parallel electric field, Ey, in the absence of collisions. As 
a result, a collisional boundary layer is necessary in order 
for the untrapped and trapped electron distribution functions 
to join smoothly. The differing responses occur because 
(unlike the untrapped electrons) no net work is done on the 
trapped electrons by En due to their rapid bounce motion. 

Previous investigations [11] retaining trapped electrons and 
a realistic collision operator have been electrostatic and 
restricted to the more collisional regimes in which ve»oo 
and/or £ü)<<ve«(jú, where ve is the electron collision frequency 
and £ the inverse aspect ratio. As in previous work,we consider 
only the isolated rational surface limit; however, unlike the 
earlier work, we restrict our analysis to the low collision 
frequency or "banana" regime ve«eo). In this limit the bound
ary layer about the trapped/untrapped boundary is so narrow 
that only the barely and nearly trapped electrons are signifi
cantly scattered by collisions. Consequently, only pitch angle 
scattering is of importance, and for analytic simplicity we 
restrict ourselves to a Lorentz model. In addition, we also 
retain the full nonadiabatic untrapped resonant electron re
sponse. The dissipative trapped electron modifications to 
quasi-neutrality and the parallel Ampere's law are determined 
by evaluating the additional parallel current carried by the 
untrapped electrons that arises because of the collisional 
friction between the ions and the boundary layer electrons. 
These two coupled differential equations permit the investiga
tion of the boundary layer modifications to tearing modes in 
the banana regime. 

The collisional boundary layer modifications to the colli
sionless tearing mode [12] are evaluated via a variational 
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2m 
n M 

) [(i+%ne)+T_1 ( 1 + n ^ 

approach [13] (that generalizes the usual constant "ty" approxi
mation) to find the destabilizing boundary layer and stabiliz
ing ion-inertia contributions to the growth rate. For smaller 
values of beta, $«(Ln/Ls)2, both of these new terms are small 
compared to the usual collisionless terms [12] and the modifi
cation of Coppi, et al. [14]»where Ln and Ls are the density 
and magnetic shear scale lengths. However, even for the most 
unstable positive values of the kink-tearing mode parameter A', 
when 6>(Ln/Ls)47

r3" the new terms dominate so that the growth 
rate becomes 

_^ ev /u)*(l+3gn ) 

3rcf)( i-2-2)^1 2 8 £ a j^T j ^ 
where the real part of the frequency is approximately *• ' 
w*(l+%ie). Here io* is the electron diamagnetic drift frequency¡ 
T=Te/T¿, and T"H=d£nTj/d£nN with j=e and i for electrons 
(mass m) and ions (mass M). From the expression for y we can 
see that at these larger values of 3, instability will occur 
unless the electrons are deep into the banana regime. The 
global nature of tearing modes and the insensitivity of our 
results to magnetic drifts leads us to believe that the desta
bilizing influence of electron temperature gradients in a 
weakly collisional plasma will persist even if ballooning 
effects are retained. Finally, we note that the destabilizing 
trapped electron term found here cannot be recovered from a 
number-conserving Krook model. 
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DISCUSSION 

J. HOW: I would like to point out that the microwave scattering technique 
is particularly sensitive to changes in poloidal rotation and that on W VII-A 
no change in the rotation is found during sawtooth activity. The minimum 
detectable velocity is ~104cm- s_1. 
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Abstract 

NEUTRAL-BEAM INJECTION EXPERIMENTS IN THE ISX-B TOKAMAK. 
Injection of H° into D + plasmas with beam power P b of up to 1.7 MW has produced 

root-mean-square betas of ~ 4 % , volume-averaged betas of ~ 3 % , and central betas of ~ 10% 
in the ISX-B tokamak. Although theoretical calculations indicate that the observed equilibria 
may be unstable to ballooning modes, no catastrophic loss of confinement has been observed, 
and beta continues to increase with injection power. In these beam-dominated high-beta 
discharges the electron and ion energy confinement times are still similar to those obtained 
with Ohmic heating: ion energy confinement is neoclassical qithin a factor of about two, and 
electron energy confinement follows the usual Alcator scaling. In high-power injection 
discharges, the character of the magnetohydrodynamic (MHD) behaviour changes, the particle 
confinement time decreases, and the inward impurity transport appears to be inhibited. These 
effects, however, may not be linked directly to beta. 

1. INTRODUCTION 

The main objective of neutral beam injection experiments 
in the Impurity Study Experiment (ISX-B) tokamak is to study 
high-beta plasmas. This study aims at reaching the highest 

* Research sponsored by the Office of Fusion Energy, US Department of Energy, 
under contract W-7405-eng-26 with the Union Carbide Corporation. 

** JAERI, Tokai, Ibaraki, Japan. 
t JEN, Madrid, Spain. 
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possible beta, identifying any beta limit on MHD stability and 
confinement, and exploring the dependence of the beta limit on 
the plasma cross section. For this purpose ̂the ISX-A tokamak 
was modified to accept two tangential neutral beam injectors 
and a poloidal coil system capable of producing a circular, 
elliptical, or D-shaped plasma with an elongation e of up to 
1.8 in a rectangular-shaped vacuum vessel (major radius R = 

93 cm, horizontal limiter radius a. = 27 cm, and vertical 

limiter radius bp = 50 cm). The device and the results of 

initial neutral beam injection experiments were discussed 
elsewhere [1,2]. Results of other experimental programs are 
presented in the companion paper [3J. In the present experi
ments the tokamak has been operated at toroidal field B 

values of 0.9-1.5 T, plasma currents I of 75-190 kA, and 
r p 

flat-top current pulse durations of up to 250 ms with nearly 
circular (e < 1.1) plasmas. The limiters defining the hori
zontal plasma radius were made of either stainless steel or 
TiC-coated graphite [3]. The discharge chamber was condi
tioned by hydrogen-discharge cleaning. In experiments con
ducted in 1979 H° beam power of up to 1 MW at 40 kV was 
delivered to the plasma by two 22-cm-diam ion sources. Recently 
the neutral beam system was upgraded to accommodate two 30-cm-
diam sources, delivering up to 1.7-MW neutral power at ̂ 32 kV 
(with a design capability of 3 MW at 40 kV). We report here 
preliminary results from the recent experiments as well as 
results from experiments last year. Thus far only co-injection 
has been employed, and essentially all G>95%) of the injected 
power is absorbed. 

2. TYPICAL DISCHARGE CHARACTERISTICS 

Figure 1 illustrates the behavior of several parameters 
for a discharge with high-power injection. The discharge is 
sustained for 200 ms with the plasma current ramped from 110 kA 
to a flat-top value of 190 kA (yielding a safety factor of 
2.7 at 1.3 T) with feedback control of both plasma current and 
position. The line-averaged electron density (as measured by a 

far-infrared laser interferometer) is raised to 7 x 1013 cm-3 

at 180 ms with intense gas puffing during injection. Beam 
pulses from the two injectors are staggered so that the injec
tion power increases from 0.7 MW to 1.6 MW. The beam heating 
of electrons drops the loop voltage from ̂ 2 V before injection 
to «*0.4 V during the full-power injection. Therefore, at this 
time the ohmic heating power is only 1/20 of the beam heating 
power, almost eliminating the role of the discharge current in 
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FIG.l. Discharge time behaviour for high-
density, high-power injection case. 
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FIG.2. (a) Electron temperature profile from Thomson scattering for the discharge shown 
in Fig.l, and (b) corresponding electron density profiles. 

plasma heating. Figure 1 shows the rise of the central ion 
temperature T.(0), measured from charge exchange analysis. 

Figure 2 shows the electron temperature and density profiles 
obtained by Thomson scattering measurements at 150 ms into the 
discharge. The outward shifts of the profiles are character
istic of high-beta, beam-heated discharges. 
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toroidal beta on line-averaged plasma 
density. 

3. HIGH-BETA EQUILIBRIUM AND STABILITY 

Strong heating due to high-power injection with favorable 
confinement at low toroidal field has resulted in relatively 
high beta values. Figures 3 and 4 show the peak toroidal beta 
6(0) and the volume-averaged beta <8> as a function of plasma 
density for a variety of beam powers. The solid points indicate 
the thermal plasma contribution to beta, and the open points 
show both thermal and fast-ion contributions. The plasma 
contribution to the total beta is calculated from n (r), T (r), 

and an assumed T.(r) profile derived from the measured central 

value with the same radial profile as the electron density. 
The fast-ion component (from slowing-down beam ions) to the 
total beta is computed using a Fokker-Planck code [4J that 
calculates beam deposition and slowing-down. The same results, 
within a few percent, are obtained using a Monte Carlo code 
developed at the Princeton Plasma Physics Laboratory (PPPL) [5] 
that allows for diffusion of the fast ions in both velocity and 
real space. Average beta values of about 3% have been obtained, 
with peak beta values of up to ^10%. The fast-ion contribution 
is a significant fraction of the total pressure (and beta) at 
low density and high beam power, but it amounts to <25% of the 
total at high density. As shown, both 8(0) and <8> increase 

with density at low values of n but tend to reach a plateau 

at high values of n . A more relevant beta value than <8> 

for a fusion reactor design is the rms beta 3* - 2 yov<p2>/B^, 

because fusion power production is approximately proportional 
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FIG.5. Root-mean-square beta as a 
function of injection power for 
BT = 11-13 kG and %>4X 1013cm~3. 
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FIG. 6. Comparison of fi- determined from 
energy measurements and magnetic 
measurements. 

to <p >. Figure 5 shows 3* versus beam power for density above 
4 x 10 cm-3. Values of 8* increase linearly with beam power 
up to ̂ 4% with no indication of saturation. 

Magnetic measurements yield values of total volume-
averaged g that can be compared with those calculated in the 

same manner as <8> (i.e., from the energy measurement). The 
points in Fig. 6 show energy-derived 6 versus B /I , where B 

p z p z 
is the average vertical field calculated from the poloidal coil 
currents incorporated with an iron core model. The Shafranov 
formula [6] (neglecting a small correction for the anisotropic 
fast-ion pressure) estimates 8 values from B /I and gives the 

p z p 
dashed line for a constant value of the plasma internal induc
tance of 1.0. Although the energy-derived values are in 
reasonable agreement with those from the Shafranov formula for 
B < 2, they clearly depart from the line for g > 2. Some 
P p 
departure at high 3 is expected because the Shafranov formula 
is valid for 3 « A = RQ/a and A >> 1. Indeed, the range of 
agreement can be extended with the solid line obtained from 
free-boundary magnetic equilibrium calculations (which are not 
limited by the above restrictions) using pressure profiles 
similar to those deduced from the experiment and current 
density profiles yielding q(0) ̂  1. However, even this curve 
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FIG. 7. Equilibrium and stability results: 
(a) experimental pressure profiles and 
equilibrium results of free-boundary MHD 
equilibrium calculations bracketing the 
experimental data; and (b) instability 
regions for the equilibria shown in (a) using 
the BLOON code and the Pogutse- Yurchenko 
theory. 
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does not give values as high as those from the energy measure
ments. The discrepancy appears to be beyond the uncertainties 
(±20%) in the energy measurement. Two possibilities for error 
in the magnetic measurements are being considered: (1) the 
effects of the iron core on high-g equilibria are not correctly 

included; (2) current density profiles at high £ are flatter 
P 

than those based on q(0) * 1, as might be concluded from the 
absence of definitive sawtooth oscillations in soft x-ray 
signals at high beta (as discussed below). Both these effects 
tend to increase $ values obtained from the magnetic measure
ment, which may therefore be regarded as providing the lower 
limits. In this regard the 6 value obtained in the equilibrium 
measurement for the case shown in Fig. 1 is 1.7; the one based 
on the energy measurement is 2.4. 

A critical question regarding beta limits is whether the 
measured plasma states are theoretically stable or unstable to 
ideal or resistive MHD modes. The ISX-B values exceed the 
typical critical beta values calculated for both low-n (toroidal 
mode number) ballooning interchange modes and high-n localized 
ballooning modes. For example, the results of the PEST code 
[7] predict the low-n stability limit for B* to be typically 
^2%; the values are even lower for typically observed peaked 
pressure profiles. Furthermore, high-n stability limits are 
found to be similar to low-n limits. 

Stability analyses based on plasma parameters more closely 
simulating the experimental values also indicate that the 
ISX-B plasma should be unstable for both low-n and high-n 
modes. Plasma equilibria that model experimental data are 
calculated by a free-boundary equilibrium code that includes 
the effects of the ISX-B iron core and the poloidal coil system, 

i i i r 

110193 DHX 

EQUILIBRIUM A-

EQUILIBRIUM 
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but not the fast-ion anisotropy. Figure 7(a) shows two pressure 
profiles thus calculated, together with the measured plasma 
thermal pressure profile and the total (including the fast-ion 
contribution) pressure profile for a discharge with P^ = 1 MW. 
The two theoretical equilibria (A and B) that bound all of our 
experimental uncertainties form the basis of these stability 
studies. The range for <3> is 1.5-2.3%. 

Figure 7(b) shows the results for high-n modes for this 
1-MW case; the calculated regions of instability are shown 
based on numerical calculations using the General Atomic (GA) 
ballooning code BLOON [8] and the analytical expression of 
Pogutse and Yurchenko [9]. Both results indicate that there 
should be unstable regions in the plasma interior for both 
equilibria in which the gradient of beta exceeds the critical 
value for ballooning stability. Inclusion of the anisotropic 
pressure (due to fast ions) with a modification by Cooper of 
Bateman's initial-value ballooning code leads to the same 
conclusion [10]. 

Low-n stability has been tested with the Oak Ridge 
National Laboratory (ORNL) version of ERATO [11] and with the 
PPPL PEST-II code [7]. A complicating factor arises: the 
boundary condition in the ERATO calculations assumes an ideally 
conducting shell close to the plasma. With r /a = 1.2 (where 

w 
r is wall radius), ERATO calculates equilibrium A to be unstable 
w 
and equilibrium B to be stable. PEST calculations, on the 
other hand, indicate that both A and B are unstable as the 
perfectly conducting shell is taken away. The assumption of a 
perfect conductor at r /a = 1.2 probably overestimates the 

stabilizing effect of the ISX-B poloidal coil conductors. 
Although stabilities of the discharges with P, ^ 1.7 MW have 

not been analyzed, the equilibria are expected to be more 
unstable against both low- and high-n modes. 

Even though the measured beta values are above the stability 
limits predicted by ideal MHD stability theory, neither serious 
loss of confinement nor catastrophic MHD perturbations directly 
related to high beta have been observed. Certainly no phenomena 
analogous to disruptive instabilities have been associated with 
high beta. The energy confinement times for both electrons and 
ions have not deteriorated significantly at high beta, giving 
no evidence of saturation of 6* at the highest injection power 
levels. 

The character of MHD activities, as detected by soft 
x-ray emission and Mirnov probe signals, undergoes gradual 
changes (as opposed to the sudden ones that might be expected 
at the ballooning instability threshold) as the beam power is 
increased. Low injected powers enhance the period and amplitude 
of the sawtoothing behavior that is characteristic of the base 
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J U 25 ms 

FIG. 8. Responses of Mimo v coil and soft-
X-ray diagnostics to high-power injection. 
The X-ray detectors view from above and 
their tangent radii lie approximately along 
the (outgoing) major radius: 170 kA, 
12 kG, ns « 5.5 X 10izcm~3, P*=4.4% 

\*—0.9 MW » 

—0.7 MW » 

discharges. However, even slight enhancement leads to larger 
Mirnov signals that are then frequency coupled to the concomitant 
large soft x-ray oscillations (at 10-20 kHz) and exhibit a 
dominant m = 2, n = 1 symmetry. The apparent poloidal propaga
tion of this B perturbation is reversed from the usual electron

es 
diamagnetic direction, implying that these modes are Doppler 
shifted due to beam-driven (toroidal) plasma rotation. These 
features of the coupled Mirnov signals are retained at higher 
injected powers. As illustrated in Fig. 8, high powers produce 
a relaxation behavior characterized by a much shorter period 
(1-2 ms) and intense oscillations lasting only a few cycles. 
Primitive features of the classical sawtooth are still observed: 
inside-outside behavior for m = 0, and odd-m symmetry for the 
oscillation signals from the 0- and 8-cm-x-ray detectors, which 
straddle the displaced magnetic axis. Intermediate powers can 
result in continuous levels of oscillation in x ray and B , 

without the sawtooth but with odd-m symmetry still indicated by 
the interior detectors. Whether these instabilities are the 
usual modes only modified by injection effects or are new 
instabilities is not known. The answer awaits more detailed 
documentation with improved diagnostic capabilities. 

4. ENERGY CONFINEMENT WITH INJECTION 

The ISX-B experiment has emphasized both high-power neutral 
beam heating and operation at relatively low toroidal field. 
High input power from beams and favorable energy confinement at 
low B are important ingredients for achieving high-beta values 

in ISX-B, and the major question here is whether energy confine
ment deteriorates at high beta. In addition, this mode of 
operation is of interest from other points of view because: 

(1) operation at low B and high n exaggerates neoclassical 
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FIG.9. Central ion temperature (deter
mined from charge-exchange analysis) as a 
function of ratio of beam power to line-
averaged density. The experimental 
temperature values are compared with neo
classical-theory predictions. 
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heat conduction loss in the ion power balance, and (2) the 
heating role of the plasma current is completely negligible in 
the electron power balance. 

The measured central ion temperature and its scaling with 
plasma density agree with neoclassical calculations for ion 
energy transport, as shown in Fig. 9. The central ion tempera
ture is obtained from charge exchange measurements by assuming 
a parabolic ion temperature profile. The line shown in the 
figure corresponds to a heating rate of 3.5 x 1013 keV cm"3/MW, 
which is about equal to that obtained in the Princeton Large 
Torus beam heating experiments [12]. The theoretical central 
ion temperature is calculated from a 1-D ion power balance 
using measured electron parameters, classical beam-ion and 
electron-ion energy transfer rates, and an ion thermal conduc
tivity 1.5 times the neoclassical values [13]. The neutral 
density, which significantly affects charge exchange losses of 
slowing-down fast ions and of thermal ions, is estimated from a 
cylindrical neutral transport code [14] in which the integrated 
neutral flux to the plasma edge is taken to be 2.5 times the 
gas feed rate in order to account for recyling of the wall (as 
discussed below). Effects of halo neutrals (resulting from 
charge exchange between beam neutrals and plasma ions) are 
small in the present operational regime and are not included in 
the calculation. The calculated T.(0) values agree well with 

the measured values, as shown in the figure. Based on the 
calculated ion temperature profile, the ion energy confinement 
time x_. scales roughly with I /n . However, the values of x„. 

c-i p e Ex 
are nearly equal to those of ohmically heated discharges with 
similar conditions, contrary to expectations that x . would 

improve due to reduction of the thermal conductivity resulting 
from increased ion temperature. Apparently the improvements 
are offset by increased losses due to charge exchange and 
convection at higher neutral density resulting from large gas 
puffing. 

D + ; I. i (30 kA 
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FIG. 10. Electron energy confinement 
time rEe within radius a/2 as a function of 
h~e for different values of beam power. 

Electron energy confinement times for beam-dominated 
discharges (P. ./P~„ values of up to 30) are also similar to xnj OH. 
those for ohmically heated discharges. Figure 10 shows the 
dependence of the electron energy confinement time T_ (within 

Ee 
half the plasma radius) on the line-averaged density ñ for 
different levels of injection power; T continues to increase 
linearly with density. The slope shown corresponds to the 

-19 n a2 (s, cm 3, cm). usual Alcator scaling: T^ = 5 x 10 
Ee 

To within experimental uncertainties (±20%), there is no signifi
cant deterioration of T for high-beta data, i.e., at high p 
and high n . However, there is some decrease in the slope of 
T versus n at low n and high p. . This may be due either to te e e D 
some underestimation of fast-ion charge exchange losses or to 
increased convection losses with increasing injection power 
(due to the apparent deterioration of particle confinement 
discussed below). The electron energy confinement time appears 
to be roughly independent of the plasma current and the toroidal 
field (the latter independence is especially important in 
attaining higher 3T values). 

Gross energy confinement time is a combination of electron 
+ 
In 

and ion energy confinement times through T = (1 - P./P )T„ + 
E i T Ee (P./P ) T , where P = P + P, . + Pnu and P. = P, . + P . i T Ei T be bi OH i bx ei 

ohmically heated discharges, T clearly shows the transition 

from electron-dominated to ion-dominated confinement as n 
e 

increases, as in ISX-A [15]. With injection the transition is 
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not as evident, because a smaller fraction of the injected beam 
power goes to ions (compared with that to electrons) and 
because P . decreases as the difference between T and T. ei e x 
decreases. Nevertheless, x tends to reach plateau values at 

high density, as indicated by the behavior of the plasma compo
nents (black points) of <B> for a given injection power in 
Fig. 4. 

5. PHENOMENA RELATED TO HIGH-POWER INJECTION 

In addition to being a source of heat, neutral beam injec
tion is a source of momentum and particles, and these may alter 
various transport and stability properties significantly enough 
to lead to a limit on heating. The ISX-B operational regime 
(high-power co-injection at modest toroidal field and plasma 
current) provides a good opportunity to explore any limits and 
to test various theoretical predictions related to beam heating. 
So far we have observed two new phenomena involving particle 
confinement. Explanations for them are not yet in hand, but 
they do not seem to be specifically beta dependent. 

The first of the new phenomena observed is the apparent 
deterioration of plasma particle confinement. Neutral injec
tion into discharges with linearly rising n (fed by a constant 
gas puff) results in a "clamp" of n shortly (̂ 20 ms) after the 

beams are turned on, as shown in Fig. 11. Also shown are results 
of a transport simulation that takes into account the reduction 
of the recycling rate due to the hardening of the energy 
spectra of particles impinging on the plasma boundary surfaces 
during injection [16], indicating that the change in wall 
recycling is not enough to explain the density behavior. The 
major part, therefore, is considered to be the result of 
deterioration of particle confinement. Indeed, intense (2 to 4 
times normal) constant gas puffing can restore the slope of 

n (t) to its original value before neutral beam injection, and 

this puffing has been used for the high density operation such 
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as that in the high-beta case shown earlier. The deterioration 
of particle confinement is correlated neither with the onset of 
significant MHD oscillations nor with the toroidal field (and 
thus high beta). However, increasing the plasma current reduces 
the extent of the density clamp substantially. In addition, an 
intense short gas puff or a mild disruption just before the 
start of beam injection can often improve the density behavior 
(possibly due to the resultant change in current profile for 
both cases). There is also some evidence from neutron measure
ments that deuterium in the plasma center may be displaced by 
hydrogen from the beams. 

The deterioration of plasma particle confinement with 
injection may be related to the second phenomenon, which 
involves impurity transport observed in VUV spectroscopic 

+ 
measurements. The emission from the 15 state of argon injected 
during beam heating does not increase as strongly as it does in 
ohmically heated discharges, possibly indicating that inward 
transport is inhibited in the interior of the plasma, as 
discussed in the companion paper [3]. Observations of high 
ionization states of naturally occurring iron impurities sub
stantiate the above interpretation. Furthermore, profiles of 
radiative power density from an array of pyroelectric detectors 
tend to be broader (and even hollow) than those with ohmic 
heating. These observations may be due to the theoretically 
predicted effects of beam-induced plasma rotation [17,18,19]. 

The typical ISX-B operational regime (e.g., 40-kV H° 

injection into n > 3 x 10 1 3 cm-3 at 1.1 T) has achieved beam-

ion velocities higher than the Alfvén velocity at which the 

beam-ion instability is theoretically predicted [20]. The 

absence of significantly harmful effects is encouraging in 

relation to alpha particle heating in D-T plasmas. 

6. SUMMARY AND PROJECTION 

The beta values (6* < 4% and <£„> < 3%) achieved with 

injection power of up to 1.7 MW in circular ISX-B plasmas are 
apparently above the theoretical thresholds for ballooning 
instabilities. Yet there have been no indications of beta 
limits; i.e., no significant deterioration of confinement has 
been observed. Since the present beam sources should give P, 

values up to 3 MW, a more decisive demonstration of the discrep
ancy is forthcoming. The high-beta studies will, then, be 
addressing questions of accessibility to reactor-relevant beta 
values and dependences of beta limits, if any, on plasma cross 
section. 

Confinement scalings indicate that high beta values can be 

achieved with high p, , lower B , higher n , and higher I , and 
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these are the directions that the ISX-B high-beta studies will 
follow. In addition to increased beam power, operation at low 
B is strongly preferred. Practical lower limits of B depend 

on the requirement of acceptably high plasma current (or low q 
value) and high density. In this regard recent results of 
low-q experiments with ohmic heating alone are encouraging. 
Values of q = 1.9 (or 2.4 including toroidal and noncircular 

correction) have been obtained at B^ = 0.83 T and I = 150 kA 
T p 

but at low density. The low-q discharge has a broader T (r) 
profile, as expected, and a broader density profile, which 
should give a smaller ratio of 3(0)/<3> and theoretically a 
higher stability limit for 3*. In addition, operation at 
higher plasma currents should improve neoclassical ion confine
ment, reduce the tendency toward density clamping (or equiva-
lently increase particle confinement time), and decrease 3 
(which should become significant for 3 ^ A). In addition to 

P 
intense gas puffing, hydrogen pellet injection can be used to 
achieve higher plasma density, as demonstrated on ISX-B [21]. 
The high-beta studies will also be extended to noncircular 
plasmas to determine the effect of plasma elongation and 
triangularity on any beta limits. Toward that end, preliminary 
studies have been made of a D-shaped plasma with an elongation 
of ̂ 1.5, which was created and held stably throughout the 
discharge duration. 
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DISCUSSION 

D.E. BALDWIN: With regard to your calculated ballooning pMimits from 
the Fokker-Planck solutions, I would like to ask, how much larger was p|| than p¿. 
If the difference is significant, was it included in the ballooning calculation? I 
would expect the peaking of the pressure in the high-magnetic-field, favourable-
curvature region to be stabilizing. 

M. MURAKAMI: Since the central lines of the neutral-beam injection are 
tangential inside the major radius (R = R0—2ag/3), the fast-ion pressure anisotropy 
(calculated from both a Fokker-Planck and a Monte-Carlo code) is rather small. 
High-n stability analyses which include the anisotropic pressure (COOPER, W.A., 
et al., Phys. Rev. Lett. 18 (1979) 1325) were applied to several low-power injection 
cases, with results similar to those for other analyses based on isotropic equilibria. 
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J.G. JACQUINOT: In an earlier presentation, the ISX group reported a 
density clamping or enhanced particle transport with ECR heating (paper CN-38/A-5 
of this volume). Is this phenomenon related to what you observed with NBI? 

M. MURAKAMI: I do not think that the density behaviour during ECH is 
related to that during NBI. The former did not produce any appreciable ion 
heating so that wall recycling is expected to be unchanged. Neither did it cause 
any of the effects (such as plasma rotation) that might be produced by strong co-
injection of neutral beams. 

Y. SHIMOMURA: In our experiments in JFT-2, we have observed a stable 
high-j3 tokamak regime with volume average <)3> = 3% and PNBI

 = 1 -2 MW. We 
also see various types of fluctuation but cannot find any correlation between these 
MHD activities and the j3-values. We, therefore, conclude that there are no new 
fluctuations in this high-]3 plasma. 

In our experiments on hydrogen plasmas, a density clamp was observed 
under both NBI and LHR heating. It was not, however, found with the plasmas. 
We, therefore, believe that it is the change in re-cycling that causes the density 
clamp, rather than enhanced particle transport. 

M. MURAKAMI: Although beam effects (such as beam-driven plasma 
rotation) are certaintly possible mechanisms for producing the MHD behaviour 
there are indications that this behaviour correlates with high /3-values. For 
example, the threshold injection power for the MHD effects (such as the new 
relaxation oscillations observed at high power) is lower at smaller toloidal fields — 
for which higher /3's are attained. 

With respect to your second comment, I would say that one has to be careful 
because the density behaviour is sensitive to what happens with the discharge. 
For example, minor disruptions at the beginning of a beam pulse often eliminate 
the 'density clamp' completely. 

G.H. WOLF: My question concerns the combined observations of reduced 
particle confinement time, increased fluctuations near the plasma boundary, 
decreased inward impurity transport and the peculiarities encountered when 
attempts are made to raise the density by gas puffing (density clampling). Could 
a possible explanation of all these phenomena be that we get the formation of a 
turbulent layer which surrounds the outermost closed magnetic surface, separates 
it from the wall or the limiter and acts as a protective layer which in some sense 
is similar to a magnetic limiter, so that a highly convective region (with the 
resultant very small particle confinement time) between the confined plasma and 
the wall serves the dual purpose of edge coolant and (partial) impurity shield? 

M. MURAKAMI: I would not think that the effects are due to the turbulent 
layer at the plasma boundary, although we have no direct measurements of 
fluctuations. We did not observe consistent correlation between the density 
behaviour and the MHD activities. Furthermore, variation of the plasma column 
centre (which is expected to change the interactions between the plasma and the 
boundaries) did not lead to any substantial change in density. 
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I would like to add one further comment. The term 'density clamping', 
which we use to describe the behaviour of the density, in comparison with that 
during Ohmic heating with the same gas puffing, is somewhat misleading, because 
the density can be increased by increased puffing. In fact, the maximum density 
achievable with injection is higher than with Ohmic heating alone for a given BT . 
We have ((rfe)maxRo/1013 BT)(cm~2, r) equal to 6.5 and 5 for ~1.5 MW injection 
and Ohmic heating, respectively. 
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Abstract 

OHMIC-HEATING AND NEUTRAL-BEAM INJECTION STUDIES ON THE T-l 1 TOKAMAK. 
Plasma confinement in low-density, Ohmically heated discharges at q(aL) = 2.5 — 1.3 and 

confinement of high-beta plasmas produced in neutral-beam injection experiments are studied 
on the T-l 1 tokamak (R0 = 70 cm, aL = 20-12.5 cm, B0 = 5 12 kG). The electron energy 
confinement time r E e measured at q(aL) = 2.5 and at fixed n~e and B0 is found to be a weak 
function of the limiter radius: TEe ~ a1/3. An attempt is made to determine the electron 
thermal conductivity coefficient Ke as a function of Te and q, on the assumption that Te, 
q and r are the only parameters determining the value of Ke. It is shown that the experimental 
data are in satisfactory agreement with the dependence Ke ~ r1,7S q"1 T*/2. The gross energy 
confinement time TE is also measured at q(aL) = 1.3 — 1.6. In low-density regimes, 
n e ~ 2 X 1013 cm"3, a reduction of q(aL) from ~ 2.5 — 2.7 to ~ 1.3 is followed by decrease in 
Te by more than a factor of two. Injection of ~ 0.6 MW H°-beams into D+-plasmas at 
q(aL) s 2.5, ñ e s 5 X 1013 cm"3 produces <j3T> ^ 2 - 2.5% and j3T(0) Si 9%. An increase of 
<j3T ) up to 2% does not impair the plasma energy confinement. At high j3-values, an instability 
is observed which manifests itself as positive voltage spikes and marked drops of thermal plasma 
energy. 

1. INTRODUCTION 

The present work is concerned with two unresolved problems in tokamak 
physics: anomalous electron energy loss and plasma confinement at high /3-values. 

The linear dependence of the electron energy confinement time Tge on the 
mean plasma density n e observed in most experiments with Ohmically heated 
plasmas implies that the electron heat diffusivity xe ~ l/ne. 

To investigate the response of the electron energy loss to other parameters, 
experiments with different values of limiter radius a.^ and safety factor at the 
limiter q(aL) were performed on the T-l 1. The local values of Ke were measured 
and the scaling of Ke with R/r, q, and Te was found. We have also examined the 
behaviour of the electron energy loss in the region of ultra-low q-values (q(aL) <2) . 

393 
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FIG.l. Plasma parameters as a function of the limiter radius aL at q faL) = 2.5, 
ñe = 1.5 X 10vi cm'3, B0 = 9.4 kG: lp - plasma current, V - loop voltage, âe - measured 
mean plasma conductivity, 5?P j and âneo - calculated Spitzer and neoclassical conductivities, 
Te and T¡ — central electron and ion temperatures, T E - gross energy confinement time, 
TEe ~ electron energy confinement time, v* - electron collisionality factor, /L - poloidal beta 
measured by diamagnetic loop, $6 = 8TÏ {p¿)/BÍ. 

In our earlier experiments with neutral-beam injection [1], relatively high 
^-values (j3p = 0.85, j3T(0) up to 5%) were achieved with a beam power of 
PN ~ 0.3 MW. Here, we describe recent experiments on T-l 1 with PN ~ 0.6 MW. 

ELECTRON THERMAL CONDUCTIVITY 

The first indication of a weak dependence of rg e on the minor plasma radius 
was obtained in our previous work [ 1 ]. The results of detailed studies of plasma 
parameter variations with the limiter radius at q(aL) = 2.5, ne = 1.55 X 1013 cm"3, 
and B0 = 9.4 kG are shown in Fig.l for aL varying in the range of 12.5 — 20 cm. 
The measurements were performed in a narrow density range, 
n~e = (1.3 - 1.8) X 1013 cm-3, and the data obtained were reduced to a density of 
ne = 1.55 X 1013cm-3. The parameter j3p was measured by a diamagnetic loop. 
The value of r^e was determined from the experimental Te' and ne profiles (Fig.2). 
The electron-ion heat transfer was estimated for the parabolic Tj(r)-profile. The 
central ion temperature, T^O), was determined from the energy spectrum of the 
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FIG.2. (a) Microwave phase-shift profile A<f> (R —Ro) and radial profile of electron density 
calculated from microwave data for two different limiter radii aL; 
(b) Electron temperature profiles and calculated q(r)-profiles for three different regimes. 

charge-exchange neutrals. The radiation loss was not taken into account since the 
power loss to the wall as measured by pyroelectric detectors was a small fraction 
(^ 15%) of the Ohmic-heating power input. The measured value of T^e, as shown 
in Fig. 1, scales approximately as a¿ / 3 . 

The weak dependence of T^Q on aL implies that the gross electron heat diffu-
sivity, xe> given as x e

 = a L ^ T E e ' m c r e a s e s strongly with aL (x e ~ a¿-7). It is difficult 
to explain the x e( aL) increase assuming that xe( r) is determined by the 
parameters ne, Te, and q only. The reason is that the magnitudes of the parameters 
as well as their profiles as plotted against r/aL vary weakly with aL. It seems 
that the simplest interpretation of the data can be based on the assumption that, 
besides the dependence Xe ~ 1 / n

e
 a n d possible xe variations with Te and q, there 

is a strong purely geometrical xe variation of the form xe ~ (r/R)a, where a ^ 1. 
Such a dependence may, for example, arise as a result of trapped-particle effects. 
Note that, in our experiments, the collisionality factor, i>*, is of order of one and 
drops significantly when aL increases. 

We have calculated the local xe-values defined as 

Pç)H(r)-Pei(r) 

47r2Rrne(r)|dTe/dr| 
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FIG.3. Radial profiles of the electron heat diffusivity, Xe
exp» the electron thermal conductivity, 

K , and of the expression Ke ¡.QT'^2 (R/r) 7^4 for the three regimes shown in Fig.2. 

where P0H(r) is *he Ohmic heating power input integrated over the volume of the 
torus of minor radius r, Pei(r) is the integrated power loss due to electron-ion 
energy transfer. The radial dependences of xe

 a n d *e = neXe f° r discharges with 
different aL and q(aL) are shown in Fig.3. The /ce-values proved to be markedly 
different in different regimes, being nearly constant along the radius. The relative 
constancy of Ke(r) may seem to be in contradiction with the strong radial 
dependence of xe mentioned above. Such a dependence may, however, actually 
be masked by the dependence of Ke on other parameters. Assuming that KQ is a 
function of r/R, Te, and q only and comparing the magnitudes of Ke, Te, and q in 
the present experimental regimes, we have found that Ke scales approximately as 
T|/2 q"1. As is seen in Fig.3, the expression KeqT^1/2(R/r)7/4 is nearly identical 
for the three regimes considered and relatively constant over a wide radial range, 
0.3 < r/aL ~ 0.9. Hence, we may conclude that the electron heat diffusivity 
of the form xe ~ n"1 q"1 iy2 (r/ R)7 /4 is in reasonable agreement with our experi
mental findings. We have also found that this scaling, corrected by the factor 
of 1/R, i.e. 

X e S l O ^ G i e q R r W r / R ) 7 / 4 (1) 

does not contradict the rEe-values observed in Ohmically heated discharges in 
other machines (ALCATOR [2], ISX-A [3], PLT [4]). Here, %e is expressed in 
cm2 • s"1, Te in eV, ne in cm"3, and r and R in cm. 
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FIG.4. Time variation of poloidal beta, 
|3 p , an internal inductance, fi¡, in the 
typical ultra-low-q discharge at 
ñe s 2 X 1013 cm'3, ajb s 0.85, 
B0^4.7 kG. 
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The scaling law for rE e corresponding to expression (1) in the Ohmic-heating 
case can be written as 

'Ee 1.2 X 10'20 (a/R)5 '2 4q7 / 6R1 7 / 6B:1 / 3ñ ( (2) 

3. LOW-DENSITY DISCHARGES AT q(aL ) < 2 

The possibility of obtaining grossly stable discharges in the region of 
q(aL) = 1.1 - 1.3 at aL/b <: 0.8 (where b is the radius of the conducting shell) 
have been demonstrated on the T-6 device [5]. Recently, high-density ultra-low-q 
discharges were studied in detail on the DIVA tokamak [6J. 

It was of interest to examine the behaviour of the electron energy loss when 
q(aL) is reduced to values below two. To approach this goal, we have attempted 
to determine the variation of the gross energy confinement time rE in the range 
of 1.3 ^ q(aL) ^ 2.5 in low-density discharges. We have been able to produce 
relatively stable discharges with low density at q(aL) < 2 when we have reduced 
the rate of the plasma current rise I/I down to ~ 102 s"1. Figure 4 shows an 
example of such a discharge with q(aL) = 1.3, rfe = 2 X 1013 cm"3, Ip = 150 kA. 
The j3p-value as measured by a diamagnetic loop was equal to — 0.13, the central 
electron temperature, Te(0), was about 450 eV. The internal inductance, 
1¿ ~ 0.6, appears to be unusually low, indicating a very broad current profile. 
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FIG.5. Perturbations of plasma current, 
I , poloidal magnetic field, B, and loop 
voltage, V, in the initial stage of 
discharges with ultra-low q-values. 

Such discharges exhibit higher MHD activity than those at q(aL) > 2. As is shown 
in Fig.5, a particularly large burst of magnetic field oscillations with m = 2 is 
observed when q(aL) goes through the value of two. Sometimes the perturbations 
are also enhanced at q(aL) ~ 1.5. In this case an m = 3 oscillation burst appears 
which seems to correspond to the m/n = 3/2 mode. In the later stage of the 
discharge, at q(aL) < 1.5, the m = 3 oscillations remain predominant. 

Figure 6 shows the scaling of rg with q(aL) at rfe ~ 2 X 1013 cm"3. It can be 
seen that the decrease in rg with decreasing q (aL ) is steeper than linear in the 
region of q(aL) < 2 . 

4. HIGH-BETA DISCHARGES WITH NEUTRAL-BEAM INJECTION 

The important element in the T-l 1 programme is the study of stability and 
confinement of high-beta plasmas produced by neutral-beam injection. Here, we 
describe experiments with two co-directed hydrogen beams injected tangentially 
into high-density (rfe ^ 5 X 1013 cm"3) deuterium plasma. The major part of the 
experiments was performed at Ip = 8 0 - 100 kA, aL = 20 cm, and q(aL) = 2.5 - 2 . 8 . 
The total injected power, PN , was about 0.6 MW at a beam energy of 
E0 = 22 keV. 



IAEA-CN-38/N-2 399 

(msj 

" ' • ! 1 1 
S = 2 . 0 - 2 . 3 x | 0 1 3 c m " 3 

_ A - I = 9 0 - I O O k A 

• _ 1 = 140 kA 

-

1 

A * 

•• 

' T 
A 
i 

-

-

FIG.6. Gross energy confinement 
time TE versus q(aL) in the low-density 
discharges. 

lp 100 

(KA) 5 0 

0 

ñe 4 

( IO'3 /cm3) 2 

IkW) 

0 

200 

I + PA , 

(volts) 

j .Beams \ 
30 

TIME(ms) 

FIG. 7. Time evolution of plasma 
parameters during neutral-beam 
injection. 

The time behaviour of a typical 100-kA discharge with relatively high 
^-values is shown in Fig.7. By the end of the injection pulse, the loop voltage 
drops to 0.5 - 0.7 V, the poloidal beta, j3p = 8TT <p i>/Bj (aL), increases to * 1, 
and the sum of parameters j3A + (fij/2) rises up to « 2.4. The poloidal beta was 
measured by a diamagnetic loop. The sum of j3A + 0^/2), where j3A = 4ir «p i> 
+ <P||»/Bj, was inferred from plasma position measurements [ 1 ]. The plasma 
density increases primarily because of the deuterium gas puffing started 
simultaneously with the beam injection. During the injection, the power loss 
to the wall increases up to » 40% of the total power input. The electron tem
perature and density profiles along the central vertical chord obtained from 
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Thomson scattering measurements for this discharge at t = 45 ms are shown 
in Fig.8a. The central ion temperature, T^O), as inferred from the spectrum 
of charge-exchange atoms leaving the plasma in transverse direction, proved to be 
of 510eV. 

Figure 8b shows the radial profile of the total pressure including the plasma 
and the fast-ion contributions. This profile was calculated from the experimental 
data using the next assumptions: (a) the ion temperature profile is of the form 
of T^r) = T i(0)(l - r 2 / a 2 ) 1 5 ; (b) the pressure profiles of the thermal plasma 
and of the fast ions are similar; (c) the current-density profile is determined by 
neoclassical conductivity at Ze f f = const. The outward shift of the magnetic axis 
by ~ 4.5 cm with reference to the Thomson scattering line measurements was 
taken into account. At that time, the plasma boundary, r = aL, was displaced 
inward by ~ 0.5 cm. The internal inductance, £i9 calculated from the current 
density profile, appeared to be ~ 1.2. Since the sum of/3A + (fij/2) at t = 45 ms 
is ~ 2.2, j3^ «s 1.6, which is ~ 1.6 times higher than the measured value of (3p. 
The value of j3p calculated from the temperature and density profiles was equal 
to ~ 0.9. In this case, the average toroidal beta, <j8T) = j3^(aL/Rq)2, proved to be 
~ 2.1%, while the peak toroidal beta, )3T(0) = 8irp(0)/Bl, achieved a value of 
~ 9% (here B0 is the toroidal magnetic field on the magnetic axis). 

The gross energy confinement time, T E = 5 ms, defined as r E = 37r2a^R 
X <ne(Te + Ti)>/PN + PQH) w a s found to be in reasonable agreement with the 
estimate based on the assumption that the ion confinement is neoclassical and 
the electron energy loss is determined by formula (1). This implies that the 
increase in <j3T>, at least up to ~ 2%, does not markedly change the plasma confine
ment in the tokamak. 

f-H-44 

0 H 8 12 16 20 
h (cm) 

FIG.8. (a) Electron temperature 
and density profiles along the 
central vertical chord, and (b) calculated 
radial profile of the total (plasma plus 
beam) pressure for the discharge shown 
in Fig. 7. 
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FIG.9. Spectra of charge-exchange neutrals. 

We now discuss some peculiarities of the present discharge regime. 
Figure 9a shows the energy distribution of the charge-exchanged deuterium atoms 
escaping both parallel (in the direction of the trapped-proton beam) and nearly 
perpendicular to the magnetic field. A significant departure from a Maxwellian 
distribution is seen in the energy range of E > 4 — 5 keV. The high-energy tails 
seem to be produced by head-on collisions of the slowing-down beam protons 
with the bulk-plasma deuterons. This assumption is in accordance with detailed 
measurements of the high-energy tails in the experiment with D°-beam injection 
into the low-density (D+ + H+)-plasma. The maximum in the hydrogen spectrum 
at E = 19 keV (Fig.9b) was found to be displaced relative to that in the deuterium 
spectrum, in good agreement with the head-on collision relations. 

The apparent ion temperatures Ty_ = 350 eV and T^ = 600 eV were 
deduced from the low-energy parts (E < 4 keV) of the spectra shown in Fig.9a. 
Taking into account the plasma opacity, we obtain Ti± = 510 eV and 
TJH = 880 eV. A large excess in the parallel ion temperature seems to be due to 
the toroidal rotation of the plasma in the direction of the fast-ion beam. For a 
shifted Maxwellian ion distribution, the estimates show that the rotation velocity 
should be ~ 1.5 X 107 cm • s"1, which is about one half of the ion sound velocity. 

An interesting feature of the discharge considered is a low value of the 
effective ion charge, Zeff « 0.7, inferred from the measurement of the plasma 
conductivity. This indicates that the beam-induced current may constitute a 
substantial component of the total current in the plasma. 

The highest toroidal betas, <|3T> s 2.5%, with j3p ss 1.3 - 1.4 and /3A s 2, 
were obtained in the discharges with Ip ~ 60 kA at q(aL) ~ 2.5. As a rule, these 
discharges tend to be unstable and irreproducible. They have not yet been 
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FIG. 10. Typical oscillograms of 
plasma current, Ip, diamagnetic signal, 
A0 , and loop voltage, V, for unstable 
high-beta discharges. (j3T ) ~ 2.3%, 
q(aL )~2.7 . 

studied in detail. Often the dramatic drops in j3p (from ~ 1.3 — 1.4 to ~ 1 ) were 
observed in such discharges accompanied by small (~ 1 — 2 V) positive spikes on 
the loop voltage (Fig. 10). Virtually, the instability does not change the energy 
of the trapped-ion beam. 

5. SUMMARY 

The main results of this work may be summarized as follows: 

1. The electron energy confinement time in Ohmically heated discharges is 
a weak function of the limiter radius (rpe ~ a J/3) at fixed rfe, q(aL), and B0 . 

2. An attempt was made to determine the anomalous electron heat diffusivity 
as a function of r, q and Te, on the assumption that ne, r, q and Te are the only 
parameters determining the value of xe in our experiments. A scaling for xe is 
suggested that is in a reasonable agreement with the experimental data. 

3. In low-density discharges (rfe ~ 2 X 1013 cm-3), the decrease in the gross 
energy confinement time with decreasing q(aL) decreasing was found to be steeper 
than linear in the region of q(aL) < 2. 

4. Values of <jST> = 2 — 2.5% and j3T(0) « 9% were achieved in experiments 
with neutral-beam injection. By an increase in <|3T> up to ~ 2%, the plasma 
energy confinement does not deteriorate. 
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5. At high /3-values, an instability was observed which manifested itself as 
positive spikes on the loop voltage and as the dramatic decreases in the thermal 
plasma energy. 
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DISCUSSION 

Y. SHIMOMURA: You mentioned that a positive spike is observed in a 
high-/3 plasma. I would like to ask if you have any information on the plasma 
profiles during this spike and whether you always observed this effect in a 
high-j3 plasma? 

K.A. RAZUMOVA: No studies have yet been made of the plasma 
parameter profiles during the positive spikes. The effect is observed more or less 
consistently. 

S.E. SEGRE: Was the temperature dependence of the electron thermal 
conductivity determined in Ohmic or in beam-heated discharges? 

K.A. RAZUMOVA: In an Ohmic discharge, but the equation we obtained 
accurately describes the results with neutral injection. 

D.O. OVERSKEI: Did you determine whether more power went to the 
limiter during neutral-beam injection? 

K.A. RAZUMOVA: The power to the limiter was not measured. 
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Abstract 

FIRST RESULTS OF DEE EXPERIMENTS IN DOUBLET III. 
Large plasmas with dee-shaped cross-sections have been produced in the upper lobe of 

the Doublet III vacuum vessel both with and without titanium gettering. A discharge with an 
elongated cross-section height-to-width ratio of ~ 1.6 is obtained with a discharge duration up 
to the maximum machine capability of ~1 s. The highest plasma current with various elongations 
corresponding to a surface safety factor with the elongation taken into account (qa) is ~2.7 
without titanium gettering. The lowest qa is ~2 with titanium gettering. The highest current 
obtained was more than 1 MA. The highest line-averaged plasma density without titanium 
gettering was ~7 X 1013 cm-3 ; with titanium gettering the density was raised to ~1 X 1014 cm-3. 
The ratio of these densities to BT/R is 4 and 6, respectively. 

I. INTRODUCTION 

An experimental program to study dee-shaped plasmas in 
Doublet III [1] was initiated in 1979 under the Japan-U.S. 
Fusion Research Cooperation Agreement. The objective of the 
cooperation is to investigate the high-beta properties of non-
circular cross*section tokamak plasmas which will be produced in 
the forthcoming high-power neutral-beam-injection heating. The 
objectives of the present Joule heating experiments by the JAERI 
team [2] are: firstly, to establish control techniques to 
handle elongated dee plasmas in Doublet III; secondly to obtain 
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Hitachi, Ltd., Japan. 
Toshiba Corporation, Japan. 
University of Tokyo, Japan. 
General Atomic Company, San Diego, California, USA. 
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the high-density plasmas required not only to achieve high heat
ing efficiency, but also to avoid impurity release from and dam
age to the vessel armor plates hit by the beam shine-through; 
and thirdly, to investigate the problems expected to arise dur
ing forthcoming neutral-beam-injection heating experiments such 
as impurity control. 

The control method for elongated dee-shaped plasmas with an 
elongation of up to 1.6 was established in the first period of 
the Joule heating experiment. Plasma currents of > ~ 1 MA and 
line-averaged plasma densities of ~ 1 x cm 3 have been ob
tained. The investigation of the plasma characteristics such as 
impurities and confinement are underway and some results are 
also reported. As part of the third objective outlined above, a 
divertor experiment has also been carried out by the JAERI team 
as reported in Paper 0-2. The results of experiments on 
doublet-shaped plasmas are reported in Paper A-3. 

II. SHAPING OF DEE PLASMAS IN DOUBLET III 

The basic method of controlling plasma shape and position 
in Doublet III is by controlling the poloidal flux values at each 
shaping coil. This is done by the shaping coil system which con
sists of several parallel connected coil groups and feedback con
trolled power supplies [3], A wide range of shapes for the 
plasma cross-section can be realized by changing coil connections 
and controlled power supplies. 

FIG.l. Circular and elongated dee plasma cross-sections in Doublet HI calculated from 
experimental magnetic data. K is the elongation at the plasma surface. 
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The shape of the cross-section can be determined by a MHD 
equilibrium code [4] calculation using magnetic data. A current 
density profile simulating the experimental result of the elec
tron temperature profile obtained by the scanning microwave radi
ometer [5] is used in the MHD calculation. Examples of two 
extreme plasma cross-section shapes obtained in experiments are 
shown in Fig. 1. As shown by the elongation (K)> which is 
defined as the height-to-width ratio of the cross section, (A) 
is a circular plasma and (B) is the highest elongated cross-
section. 

The n-index, the curvature of the external poloidal magnetic 
field, is calculated as shown in Fig. 2 using experimental data 
giving flux value at each shaping coil and the poloidal magnetic 
field distribution. The experimental results are scattered 
around the theoretical values shown by the solid and broken lines 
for $n = 0.0 and 0.5, respectively [6]. 

FIG.2. Elongation of the plasma cross-
section and n-index of the external shaping 
field. Solid and broken lines are theoretical 
values for j3 = 0.0 and 0 = 0.5, respectively, 
wirt j = j 0 ( l -(r /a)2)4 . 

A typical result of a stable elongated dee-shaped plasma 
discharge is shown in Fig. 3, where the elongation calculated by 
the MHD code is ~ 1.5. Feedback control of shape and position 
becomes effective at ~ 100 ms after breakdown, and the plasma 
position is kept constant until the end of the discharge, which 
is determined by the capacity of the ohmic heating coil and its 
power supplies. 
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(kA) jjQ. 

do'W) 
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K 1.5 
1.4 
1.3 

«8348 

ccyrtHt.,^ 1 

*-'+-+-
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2 (V) 

FIG. 3. Typical discharge with K = 1.5, 
BT = 20 kG, qa = 3. K is the elongation 
calculated using magnetic data. 
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The highest elongation obtained was ~ 1.6 as shown in Fig. 1. 
The reproducibility and stability of higher elongation plasma 
is expected to improve with the use of new control power supplies 
which have recently been installed. 

The shapes of the plasma cross-section calculated at several 
time points during discharge show that the cross-section is kept 
constant at the prescribed elongation. The measurement of the 
plasma density in the vertical and horizontal path also shows the 
result of shaping control. Plasma density is measured by a CO2 
laser interferometer in a vertical path and a microwave interfer
ometer in a horizontal path. Both densities shown are calculated 
from the fringe shift assuming the same path length, 94 cm, which 
is the horizontal width between limiters. The ratio of the read
out density of both interferometers shows a rough estimation of 
the elongation. The ratio shown is less than the MHD code result 
due to the path of the vertical interferometer not being through 
the longest cross-section in height. However, the figure shows 
that elongation is controlled to be constant during most of the 
discharge. 

III. CURRENT AND DENSITY OF PLASMA 

A major objective of the Joule heating experiment is to 
obtain high plasma density reproducibly with a density flattop 
long enough for the forthcoming neutral-beam-heating experiment. 
Achievement of higher plasma current was also pursued not only as 
an objective in itself, but also because the highest obtainable 
plasma density increases with the plasma current as shown by the 
right-side curve of the discharge region in Fig. 4. Plasma sta
bility at a higher plasma current and/or higher plasma density 
depends on the preprogrammed waveform of the plasma current and 
gas puffing. Fine tuning of the control of plasma position is 
also necessary for a higher plasma current or high plasma density 
discharge. 

OS-
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• / / 
a a • 

titanium 
without with 

K=1.5 D • 
1.0 0 • 

ñg/ÍBr/R) O O ' V T " ) 

FIG. 4. Stable discharge region of surface 
safety factor qa and line-averaged density 
n normalized to BT/R. 
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The highest plasma currents with various elongations 
obtained stably before titanium gettering are shown in Fig. 5. 
Gas puffing is also important for obtaining a high plasma cur
rent. The highest plasma current, as shown in Fig. 5, corres
ponds to a surface safety factor (qa) of ~ 2.7 at any elongation. 
That is, the plasma current increases as (K^ + l)/2, and the 
advantage of a non-circular cross-section on the plasma current 
is clearly shown. A plasma current of slightly more than 1 MA 
was stably obtained before titanium gettering with K ~ 1.6 elon
gation at 24 kG. After titanium gettering, it became easier to 
achieve higher plasma currents; for example, a stable discharge 
with Ip of 900 kA and elongation of ~ 1.4 is obtained reproduc-
ibly with a discharge duration of more than 0.9 s. The lowest 
qa obtained was ~ 2 after titanium gettering. The highest plasma 
current at a high toroidal field with titanium gettering has not 
been attempted yet. 

1000-

Ip 

(kA) 

500-

0 
1.2 1.3 1.4 1.5 1.6 

FIG.5. Maximum plasma current and 
elongation:* 20 kG, • 24 kG (before 
titanium gettering). 

Achievement of the highest obtainable plasma density depends 
strongly on the cleanliness of the vacuum chamber. The plasma 
current waveform shown in Fig. 3,which has a current rising phase 
in the early 400 ms with the plasma current corresponding to 
qa = 3 - 4,is the best in our experience for obtaining high 
plasma density. The gas puffing is programmed to supply hydrogen 
particles during the curent rise. The line-averaged plasma den
sity (ne) obtained at various plasma currents is shown in Fig. 4. 
The abscissa is the density normalized to B-j/R, or the slope of 
the Murakami scaling line. The ratio of the line-averaged plasma 
density to B-j/R reaches ~ 4 without titanium gettering, and ~ 6 
with titanium gettering. The values of the density are ~ 7 x 
1013 

cm J and 1 x 1014 cm~J, both with 24 kG discharge, before 
and after titanium gettering. 

IV. PLASMA CHARACTERISTICS 

The effective ionic charge Zeff calculated from plasma 
resistivity decreases with plasma density and reaches unity at rTe 
> 5 x 10 cm"3. Zeff at lower or medium densities was improved 
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with titanium gettering from more than 3 to less than 2. Zeff is 
slightly higher in discharges with higher plasma current. The 
signals of the soft X-ray PIN diode array show the Zeff profile, 
and an accumulation of impurities in the early phase of the 
discharge and the expelling of them by high-frequency oscillation 
is observed in some discharges [7]. 

\ 
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prad • ° 

\ • A " , 

FIG.6. Impurity line intensity (A) and 
total radiation power (B) versus plasma 
density (Ip = 500 kA, K = 1.2). 

ne d o cm ) 

The radiation intensity of nickel and oxygen lines are meas
ured as shown in Fig. 6(A). The metal impurity influx increases 
in the lower plasma density region and the plasma discharge it
self becomes unstable. The oxygen influx before titanium getter
ing increases with plasma density, and is suppressed with titanium 
gettering. Total radiation power is measured by the bolometer 
as shown in Fig. 6(B) where Joule input power is also shown for 
reference. These results show almost the same characteristics of 
plasma impurity as observed in other tokamaks [8]. 

Electron energy confinement in the plasma is calculated 
using the electron temperature profile measured by radiometer and 
the plasma density profile assumed to be parabolic. The result
ing electron global confinement times at half of the minor radi
us, (total electron energy)/(total Joule heating power), are 
shown in Fig. 7 for plasmas with titanium gettering. It is diff
icult to reach any conclusion about the improvement of confine
ment by elongation with the results shown in Fig. 7 due to the 
fact that when the surface elongation is 1.5 the elongation at 
half minor radius is ~ 1.2>which corresponds to an improvement of 
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FIG.7. Electron energy confinement 
time of elongated dee and circular plasmas. 
All points with titanium gettering. 

confinement time of ~ 20% if the confinement time is proportional 
to 'volume/ surface area)^. It is also difficult because there 
is ~ 30% ambiguity in confinement time due to the imprecision of 
measurement and calculation. Before titanium gettering, the 
confinement time was almost proportional to density at I e 5 1 - 5 
x 1013 

although the ratio to the density fluctuated. After 
titanium gettering, it was difficult to obtain discharges with 
ñ"p < 3 x cm--3, and the density dependence of the confinement 
time" was weak, particularly at L > 4 x 10^3 Cm~3. 
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DISCUSSION 

R.J. TAYLOR: Now that you have optimized the dee-shaped plasmas and 
the results are not so different from PLT, how do you see the significance of your 
work and what plans do you have for the future? 

A. KITSUNEZAKI: Our results up to now show that the properties of dee-
shaped plasmas are almost the same as those of circular plasmas except that the 
plasma current capability is higher. Experimental work on dee-shaped plasmas 
will be continued and the situation will be improved after completion of new 
diagnostics such as an ion temperature measurement facility. 

D.O. OVERSKEI: The increase in confinement time due to plasma shape is 
mainly a neo-classical effect. Why do you expect to see this in the electron energy 
confinement and, more to the point, why does T%& not increase with ne? 

A. KITSUNEZAKI: The rE e we used is defined as (stored electron energy)/ 
(Ohmic heating power), which is about half of the global confinement time when 
T¡ « Te ; Pr and Pei are included in the denominator. This definition is used 
because we do not have experimental data on ions. The results show that rE e is 
almost independent of density within the ±30% uncertainty. We do not have any 
firm explanation at present for the fact that reg does not increase with ne in the 
higher density region; however, energy loss through the ion channel (Pei) could be 
effective there. 

R.R. PARKER: In the usual definition of rg e = We/Pe, Pe is the power fed 
into electrons minus the power transferred to the ions. This should not depend 
on the ion loss mechanism. 
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Abstract 

BEAM-DRIVEN CURRENTS, POWER BALANCES AND DENSITY LIMITS WITH NEUTRAL 
INJECTION IN DITE. 

The plasma current driven by neutral-beam injection, and its variation with plasma para
meters, has been measured in the DITEtokamak. The results agree with a theoretical model in 
which the Fokker-Planck equation for the injected fast-ion distribution is solved together with 
a 1-D magnetic field diffusion equation. This analysis also provides an electron power balance. 
The measured radiation losses during injection are large and are shown to be consistent with 
the calculated effect of charge exchange between the injected fast neutrals and plasma impurity 
ions. By using injection, a new density limit has been observed which exceeds that obtained 
with Ohmic heating by up to a factor of two. 

1. INTRODUCTION 

We report the demonstration of three phenomena associated 
with neutral injection. The experiments were carried out in the 
DITE [1] tokamak (R = 1.17 m, rL = 0.26 m, B T £ 2.7 T, Ip £ 
280 kA) using tangential injection of neutral H atoms at 24 keV 
with a total power of 1 MW to the plasma. 

The beam-driven current, resulting from neutral injection, 
has been measured together with its variation with plasma para
meters. This current could, in principle, offer the advantage 
of steady-state operation in a tokamak fusion reactor [2]. 

An electron power balance is used to determine the electron 
thermal diffusion coefficient and it is shown that the large 

* JET Joint Undertaking, Abingdon, Oxon. 
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increases in radiated power observed during injection can be 
attributed to charge exchange of the injected fast neutrals with 
the plasma impurity ions. 

The electron density in future large low-field tokamaks 
must be increased above that achieved with ohmic heating alone. 
The maximum attainable electron density, at a given Bj, has been 
doubled by the use of neutral injection, but a new density limit 
is found. 

2. THE FAST-ION CURRENT 

Unidirectional, tangential injection gives rise, in the 
first place, to a circulating fast-ion current which can be 
written 

v.. fd3v j f = eZf | v M fd
3v (1) 

where the fast-ion distribution function f is obtained from the 
Fokker-Planck equation [3]: 

Z r_ m. v _ £f -2 9 r / 3 3\-ri . eff i c 8 ,. ,,2\ 3f 
Ts "St = V 87 U v c + V.)f] + 2m, v3 W ° " Ç } H 

I I f 
(ion drag) (electron drag) (scattering) 

T . -.-
s s f 2 

(l-g¿) df_ + ¿|_ 
T m,. I v 9Ç 8vJ s v ex f L J o 

(charge exchange) (electric field) (source) 

ô(ç-l) ô(v-v ) 
+ T S 

(2) 
The symbols have their usual definitions which can be found 
in Ref. 3. The fast-ion distribution function is obtained by 
solving Eq. (2) on each flux surface by a multi-energy group 
technique [3]. In this procedure the measured profiles, Te(r,t) 
and n e(r,t), are used. 

Experimentally, the fast-ion current cannot be measured 
directly but the related parallel and perpendicular (to Bj ) 
fast-ion poloidal betas: 

can be obtained from simultaneous measurements of the plasma 
diamagnetism (3loop) and the vertical magnetic field (Bv) which 
maintains radial equilibrium. For a non-isotropic velocity dis
tribution function,By is given by Shafranov's formula [4]: 

B„ = 
Mo p L /8R\ 3 1 0 3 f i 3 R \ 

V = -4ÍR \Zn{—J ~ 2 + lh + 4 3 1 + 2 3 | | / (3) 
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TABLE I. SUMMARY OF EXPERIMENTAL RESULTS BEFORE (FIRST LINE) 
AND DURING (SECOND LINE) INJECTION FOR EACH DISCHARGE 

Discharge, 
working gas 

(A) He 

(B)D 2 

(C)He 

(D)He 

(E)He 

(F)He 

! P 
(kA) 

80 
80 

90 
95 

92 
94 

94 
94 

167 
167 

- 1 5 6 
- 1 5 6 

B-T-

(T) 

2.2 

2.2 

2.2 

2.2 

2.7 

2.7 

V 2 
(V) 

1.8 
1.1 

2.1 
0.4 

1.9 
1.1 

2.0 
1.2 

1.5 
1.2 

- 1 . 4 
- 2 . 2 

n e(0) 
(1019 m"3) 

2.2 
4.0 

3.0 
5.0 

1.6 
3.1 

6.2 
7.8 

2.5 
5.0 

2.8 
4.1 

Te(0) 
(keV) 

0 .58 
0.67 

0.63 
0.90 

0.65 
0.67 

0.63 
0.69 

1.43 
1.12 

0.91 
0.74 

Zeff 

3.0 
4.0 

1.9 
2.8 

3.7 
3.7 

1.7 
2.1 

3.0 
5.0 

1.9 
3.0 

Pi 
(MW) 

0.9 

1.0 

0.95 

0.95 

0.97 

1.0 

where £. is the plasma inductance per unit length and 3|| and 3j. 
are the total parallel and perpendicular betas respectively. 
The changes in By and 3ioop ($loop = -*/2 $±) caused by injection 
are measured. The changes in 3n JL and l¡_ for the background 
plasma are calculated from measured profiles ne(r,t) and Te(r,t). 
Thus 3 M j_ for the fast ions can be determined. 

Suctí experimental determinations of 3 II and 3 j_ were made 
for a range of plasma conditions (Table I) with H injection 
into both D and He plasmas. Helium, since it has a lower charge-
exchange cross-section, was used to minimise the loss of fast 
ions by charge exchange, particularly at low densities. The 
experimental results for 3 n x a r e compared with theory in Fig.l. 

In the application of the theory, charge-exchange effects 
are neglected for lack of reliable measurements. For 3 ii the 
agreement is excellent but for 3 j_ t n e agreement is good only 
at low values (discharges E and F). It is not yet established 
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whether charge-exchange or fast-ion orbit losses are the cause 
of this discrepancy. However, the good agreement for 3 || con
firms the model and its use to calculate jf f° r t n e beam-driven 
current experiments. 

BEAM-DRIVEN CURRENT 

The beam-driven current is given by [5] 

'bd = 1 -
'eff 

/back electron^ 
\ current J 

+ 1 .46e 5 [ z f 
L * e f f 

n u -i 

Í¡V7J A ( Z . f £ > 

( trapped^ /'plasma rotation^ 
^electron^ ^with velocity \x) 

(4) 

Because the DITE transformer circuit, which provides the ohmic 
heating current, acts as a constant current circuit, the beam-
driven current changes the plasma loop voltage (V¿). For co-
injection, the beam-driven current replaces part of the trans
former-driven current and the loop voltage decreases; in 
contrast, for counter-injection, the loop voltage increases. 
Unfortunately, changes in V¿ can be produced by changes in Te(r) 
and Zeff, and these quantities were therefore measured. The T e 

profiles taken before and after injection are used to calculate 
Z ff> which is then assumed to vary linearly with time. This is 
supported by the observed time variation of the X-ray continuum 
emission [6], For the high-density discharges Zeff is almost 
constant, but for counter-injection, and at low density>Zeff 
increases appreciably. 

The theoretically predicted values of V¿ are found from 
Ohm's law and the field diffusion equation respectively: 
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FIG.2. Experimental and theoretical loop voltages for co- and counter-injection. The difference 
fAVjJ between curves (Hi) and (i) is positive for co-injection and negative for counter-injection, 
as expected. 

CE = j - j bd and — 3 ( aE^\ 

3r7 = y 5Ü 
o at 

(5) 

where j is the total current density and O is the Spitzer con
ductivity [7]. Equation (5) is solved subject to the constraint 
of constant total plasma current. In these calculations, the 
neoclassical current [8], the current due to plasma rotation and 
effects caused by trapped electrons, are all found to be small 
and are neglected. 

The experimental and calculated loop voltages for co- and 
counter-injection discharges are shown in Fig. 2. Curve (iii) 
of this figure is the theoretical voltage required from the 
transformer, without any beam effect, for the measured plasma 
parameters. For the discharge in Fig. 2(a), neither Te nor Zeff 
changes appreciably during injection,as shown by curve (iii). 
However, the measured change in V^, curve (i), is large and in 
good agreement with that calculated with the beam-driven current 
included, curve (ii). The experimental effect of the beam-driven 
current is the difference between curves (iii) and (i), i.e. AVn 
in Fig. 2. For a range of parameters, AVp is derived in this 
way and is compared in Fig.3 with a theoretical value derived from 
the difference between curves like (iii) and (ii). The errors on 
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FIG.3. Calculated and experimental values 
of AV„. The poin ts are derived from the 
data shown in Fig.2 and similar data from 
other discharges. AVg (exp) = Vg (Hi) - VJi 
AVg/theory) = VJiii) - VQ(H). Each point 
corresponds to a Thomson-scattering Te 

profile. 

AVp are derived by following the errors in the Te measurements 
through the theoretical calculations. In these discharges the 
beam-driven current reaches a maximum of 38 kA and, in some 
cases, the reverse electron current is nearly half the fast-ion 
current. Although for counter-injection T and Zeff change 
appreciably, the effect of the beam-driven current, AV£, clearly 
reverses sign as shown in Figs 2(b) and 3. The agreement 
between theory and experiment in Fig. 3 provides a demonstration 
of the beam-driven current [9], 

4. ELECTRON POWER BALANCE 

Neglecting convection losses, the electron power balance 
can be represented by the equation 

| JL (n T ) = p + 
2 dt e e be 

1 8 / 
E(j - jf)

 + 7 37V n 

3T 
:\_ 

eAe 3r J rad 

- P + P. 
ce îe (6) 

which serves to determine the thermal diffusion coefficient x 
if all the other terms can be measured or calculated. The power 
density transferred from the fast ions to the electrons is given 
by 

\e* '-¿r Í & ( fv3>d3v 

s J 

where xg is the fast-ion slowing-down time. 
The power drain due to the influx of cold electrons, Pce, 

was found from the calculated beam deposition profile. The 
radiated power, Pra(j, was measured with thermopiles. The 
measured profiles Te(r) and T¿(r) were used to obtain the 
equipartition term P^e. The rate of increase of energy density 
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FIG.4. Electron power balance as a 
function of time. 

was obtained from the measured prof iles Te(r) and ne(r). The time 
dependence of each term integrated over the plasma volume is 
given in Fig. 4 for discharge B and this shows the plasma to be 
heated entirely by the fast ions during injection. At r/a = 0.5 
the analysis gives neXe = 4.5 x 10

19 m-1 s-1 during injection 
compared with neXe = 7 x 10

19 m_1 s_1obtained for PLT [10]. 
During injection,up to 40% of the injected power is radiated, 

Moreover the radiated power profile becomes peaked on axis, in 
contrast to the flat profile before injection. The values of 
Z ff determined before and after injection and the approximate 
constancy of the X-ray continuum intensity in most discharges 
show that impurity influx during injection is not the source of 
the excess radiation. Further, the observed rapid onset (« 2 ms) 
of emission from highly ionised states is comparable with the 
injector switch-on time and is too fast to be accounted for by 
the inward diffusion of impurities or by changes in ne or T . 

The possibility of injection of impurities with the beam 
has been investigated experimentally [11] and limits set from 
1 to 10% oxygen. Calculation shows that this process accounts 
for neither the rapid onset nor the level of the emission (Fig.5), 

The proposed explanation of the large increase is charge 
exchange of the injected neutral beam with highly stripped plasma 
impurity ions [12]. By this mechanism the charge state of an 
impurity ion is reduced, thereby allowing it to radiate more 
effectively. An ionisation balance code [13] shows that a very 
substantial change in the radial distribution of ionisation 
states occurs for 1 MW of injected power. For discharge E a 
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FIG. 5. Intensity of O VII line as a function of time. Curve A is the measured intensity; 
curve B is the theoretically predicted behaviour with charge-exchange recombination on 
impurities taken into account; curve C shows the effect of a source of oxygen (10% of 
the injected beam) in the absence of charge-exchange recombination. 

FIG.6. Contour plot of electron 
temperature determined from the 
electron-cyclotron emission 
diagnostic. The contours are 
marked with their temperature. 

nine-fold rise in OVII radiation is predicted which is in good 
agreement with the observed eight-fold increase (Fig. 5). The 
calculated rapid onset of the OVII line intensity also agrees 
well with experiment. Lines from highly ionised Ti showed similar, 
though smaller, increases. 

Whereas this radiative charge-exchange loss process has a rapid 
onset, the transfer of energy to the plasma from the beam is much 
slower, particularly at low n . This produces net electron 
cooling just after the onset of injection. This effect has been 
observed with a rapid-scanning Fabry-Perot interferometer which 
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FIG. 7. Extension of the operating 
i _ ___. regime by neutral-injection heating. 
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measures the electron cyclotron emission spectrum at the second 
harmonic and provides a Te profile every 2 ms. The rapid cooling 
on injection is shown by the contour plot of T (r,t) in Fig. 6 
and also by the increase in Vo at the start of injection in Fig. 
2(a). 

5. INCREASE OF DENSITY LIMIT WITH INJECTION 

The maximum density which can be achieved with ohmic heating 
alone is limited in existing tokamaks by the disruptive instab
ilities to ïïe £ 5 x 10

19 BT/R nf
3. The use of additional 

heating to extend this limit has been demonstrated with neutral-
beam power of 0.6 to 0.8 MW for 100 ms with simultaneous 
deuterium gas feed. A range of conditions was explored with 
BT =1.35 T, Ip>= 90-175 kA and qL = 4.5 to 2.3. In many cases 
a uniformly rising electron density, produced by constant gas 
feed, stopped on injection (density clamping), but this effect 
was overcome by sufficient extra gas feed. The maximum density 
reached was limited by disruptions. No precursor MHD activity 
of significant amplitude was observed in the period up to 1 ms 
before disruption. This situation is typical of disruptions at 
high density with ohmic heating. 

The limiting densities attained with ohmic and neutral-
injection heating are shown in Fig. 7. At low qL there is a 
substantial improvement but not at qL 1 4.5. In contrast to 
ohmic heating, the density limit with injection increases almost 
linearly with current up to 160 kA (qL = 2.4). At this current 
(neR/BiOmax = 7 x 10

 9 m~2 T_1and a maximum peak toroidal $T = 
2% is achieved. 

When the injected power is several times larger than the 
ohmic power, neither the density limit nor $m depends strongly on 
the injected power. Near the limit,the confinement time does 
not increase with density and $T reaches a maximum proportional 
to Ip. 

Ohmic Heating Limit 

• Ohmic Heating 
Only 
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DISCUSSION 

H. FURTH: You mentioned that the ability to increase ïïe above the 
Ohmic-heating limit by neutral-beam heating has favourable implications for 
large tokamaks. What happens in Dite when the beam is turned off? 

R.D. GILL: The discharge disrupts. 

H. FURTH: In that case, since frequent disruptions are undesirable for 
large tokamaks, it seems to me that the outlook will not really be favourable until 
we have demonstrated that it is possible to terminate high-density regimes 
successfully. 

R.D.GILL: I agree. 
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E.S. M ARMAR: If your theory on charge-exchange enhanced recombination 
is correct, one would expect the enhancement in radiation, after the onset of 
injection, to appear first in the higher ionization states and subsequently in the 
lower states. With oxygen, for example, O VI radiation should increase first, 
followed by O V, O IV and so on. Have you made spectroscopic measurements 
of the radiation from such a series of ionization states? 

R.D. GILL: No, we have not yet made such measurements. 
J.C. WESLEY: Do you have any information on how the increased density 

possible with beam heating scales with the beam power? Is it, for example, 
a linear relationship? 

R.D. GILL: No, it is not linear. When the power is sufficiently high (up to 
1 MW), the density achieved does not depend strongly on the power level. 

T. TAMAÑO: If charge exchange is playing a dominant role, you must get 
a quite different plasma condition by changing the plasma species. Is that true? 

R.D. GILL: The charge-exchange recombination takes place between the 
injected beam neutrals and the plasma impurity ions. In our experiment, we 
cannot easily change this impurity species. 

K. MIYAMOTO: I would like,first, to congratulate the DITE group on the 
first experimental demonstration of Ohkawa current, and then to ask if you tried 
to observe the increase of beam-driven current while keeping the loop voltage 
constant? 

R.D. GILL: DITE has a constant-current Ohmic-heating circuit and we 
cannot therefore observe the beam-driven current at constant voltage. 





IAEA-CN-38/N-5 

TFR EXPERIMENTS ON SUPERBANANA 
PARTICLE DIFFUSION, SMALL-SCALE 
TURBULENCE AND TRANSPORT 

EQUIPE TFR 
Association Euratom-CEA sur la fusion, 
Département de recherches sur la fusion contrôlée, 
Centre d'études nucléaires Fontenay-aux-Roses, 
France 

Abstract 

TFR EXPERIMENTS ON SUPERBANANA PARTICLE DIFFUSION, SMALL-SCALE 
TURBULENCE AND TRANSPORT. 

In a first experiment, the particles escaping the plasma along superbanana orbits are 
detected with a collector array. The flux increases sharply during ICRF heating in the 
minority regime. A theoretical model is presented of the trapping and acceleration processes in 
the region of proton-cyclotron resonance. The theory gives a fair description of the observed 
intensity and energy of the trapped flux. In a second experiment, electron density fluctuations 
are measured by microwave scattering. Azimuthal dependence of the fluctuations is found to 
be negligible in a regime where v* ~ 1. The turbulence and transport are found to be reduced 
when the electron density is increased above 1014 cm"3. Anomalous heat transport is calculated, 
assuming trapped electron modes, and compared to the electron thermal balance. A rough 
agreement is found, if it is assumed that the unstable modes are strongly localized on magnetic 
rational surfaces. 

1. SUPERBANANA DIFFUSION INDUCED BY ICRF 

The finite number of toroidal field coils in real tokamaks spoils the 
ideal axisymmetry of the configuration. Plasma particles may be trapped in 
the magnetic field ripples and their superbanana orbit drift rapidly towards 
the wall. These enhanced particle and energy losses could be serious for RF 
heating such as ICRF which transfers transverse energy to the particles, and 
for the ion beam resulting from quasiperpendicular neutral-beam injection. 

1.1. ICRF trapping model 

Consider ICRF heating of a D-plasma at a frequency CJ = 2coccj. The 
plasma also contains a small amount of H, ~ 2%, insufficient to create a mode 
conversion situation but enough nevertheless to dominate the wave damping 
of the fundamental proton resonance [ 1 ]. The trapping process is most harmful 
in region I of Fig.l. In this region, the ripple, including poloidal field effects, is 

425 
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FIG.l. Minor cross-section between two TF coils. In region I the particles trapped and 
accelerated by RF fields drift downwards to the collectors. 

MAGNETIC MIRRORS 
CJ = CJrh UNE 

FLUX LINE 

^colls 

FIG.2. Interaction of the resonant surface (co = a>CH ) and a magnetic line 

effective over the portion AZa of the resonant chord, and the localized particles 
drift outwards. At each crossing of the resonant line (Fig.2), a test proton 
experiences a sudden variation of its transverse energy, W¿ , which will trap 
the proton if on average W¿ = W| ¡e ' > Wj|/e'((l +2e') = effective mirror ratio); 
with [2] V | 3 ' 2 = (Ze/2m) |E+| (L/w)1 /2 . Typically, Vf s 0.12 V ^ for TFR 
conditions (T t h ~ 250 eV) and for E+ = E+ e x p = 3.5 X 103 V • m-1, a value 
adjusted to account for the observed trapped flux (see Section 1.3). Therefore, 
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only a small number of protons are trapped; they are then accelerated at each 
subsequent crossing of the resonant surface, experiencing a random walk motion 
in velocity space [3]. Integrating the diffusion equation during the vertical drift 
for the maximum value Vf of Vy, we find the proton minimum energy at the 
end of the random walk: 

3/2 = w 3/2 + R AZ ( Z E / 2 )
4 / 3 / [ / e ' ( e / m ) 1 / 6 ( L / J / 3 ] 

1 mm l o o a + 

(1) 
Typically: 

e ' = 10~2 , L = 26 cm, AZ = 810~2m and W. . = 6 keV. 
a 1 mm 

The total trapped proton flux is estimated to be: 

v* 

I t = e n t S Vd with: n t = 2 < n h >fj exp( - I ty/ ty) dV/// 

(V/7 t h v/ïï) ~ l . l x l 0 1 7 m " 3 , S = L (L B0/BT+ 2eR) 
/ 9 ^ — 1 

^ 26 x 2.4*10 m , Vd = Wĵ /mœR > 1.3x10 ms 

So that I t ^ 0.17 A. 

The entire process is valid if collisions do not expel the protons from the 
loss cone during the vertical drift motion. Roughly, this will be the case if 
W ± >[3.9X 10_ 1 3<nd>BTRAZ t /e ']2 /5-2.1 keV, with <nd> = 4.4 X 1019 m-3 

and Az = 3 X 10"2m. This inequality combined with Eq.(l) sets a threshold 
value of E+ for effective ICRF superbanana diffusion. 
1.2. Superbanana detectors 

All measurements are made in a single ripple located right under the antennae 
in the region of maximum RF field. The experimental equipment consists of five 
polarized collector plates (Fig. 1 ) located between two limiters which stop passing 
and banana particles but accept most of the localized ions. In absence of RF or 
NBI, the ion and electron currents are nearly equal and uniformly distributed in 
the poloidal direction. With ICRF, in the minority heating case the ion current 
is as much as 60 times larger and strongly peaked (Fig.3). The toroidal field 
direction corresponds to a drift motion directed towards the collectors. The 
RF-induced ion current, AI, completely disappears when the field is reversed; 
however, the background current remains unchanged. Only AI is identified as 
a superbanana flux, and the background current is deduced from our measure
ments. The collectors may be polarized with a sawtooth generator between 0 
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IlUTA-cm-1) 

FIG.3. Superbanana current versus major 
radius position in three conditions. 
(a) 'Minority'regime with ion-cyclotron 

resonance located near the magnetic 
axis Xres ~ I cm (?HF = 420 kW; 
n h / n d ~ 0.02). 

(b) Same regime with resonance 
displaced towards the outer edge 
Xres = 14 cm (70 kW; nh/nd ~ 0.03). 

(c) Mode conversion regime with hybrid 
resonance near the magnetic axis and 
again X ^ = 14 cm (440 kW; 
n h / n d = 0.2). 

DETECTOR POSITION 

and 200 V. The logarithmic variation of AI yields Wy, the parallel energy of the 
collected particles. 

1.3. ICRF minority heating experiments 

Curve (a) in Fig.3 represents, for standard high-density TFR conditions [4] 
(ne0 = 1.6 X 1020 m-3 ; P H F = 420 kW; nh /nd ~ 0.02), AI divided by the poloidal 
extension of the collectors (8 mm). The following observations are typical of 
this regime: 

(i) AI is strongly peaked near the cyclotron resonance layer with a width 
~ 6 cm. 

(ii) The total current integrated over all collectors is I t — 0.17 A. 

(iii) W|| is ~ 80 eV near the current peak and decreases on the wings; 
consequently W¿ ̂  Wy/e' ~ 8 keV. 

(iv) The signals, nearly constant during the RF pulse, have a very short rise 
and decay time constant < 100 ¡AS. 

(v) I t is small below a power threshold value of ~ 100 kW. Thereafter it 
shows an approximately linear dependence on P R F . 

Comparing these numbers with the predictions of our model, we find that 
both I t and W¿ values can be well explained by a E+ value: E+ ~ 3.5 X 104"3 V- m"1 
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for P R F = 420 kW. With the same assumption, the inequality required to avoid 
collisional detrapping yields a power threshold of 120 kW, in good agreement with 
the observations. The only point of disagreement seems to be the width of the 
superbanana flux,2.4 cm (calculated as 2eR + LB0/BT) instead of 6 cm (measured). 
This discrepancy is somewhat reduced when the span of the drift surfaces is taken 
into account (1.5 cm). 

An accurate calculation of E+ in real geometry is not yet available. An 
estimate based on a simple far field theory would give a value about four times 
smaller than E+ . A slab geometry calculation [5] shows that near field 
effects are very large and could well account for the observed E+ value. 

1.4. Mode conversion and other cases 

Keeping the hydrogen concentration constant, nh/n¿ ~ 0.02, the cyclotron 
resonance has been displaced towards the low-field side X r e s = 14 cm. The position 
of the emission peak follows the cyclotron resonance (curve (b) in Fig.3) and the 
flux, normalized to power, increases by a factor of 4. These effects, in agreement 
with the model, reflect the increased size of the ripple region which now pene
trates into denser plasma region (see equiripple surfaces of Fig.l). 

With this displaced position we now increase nh/n¿ up to 0.20. This case, 
the best RF heating situation in TFR, corresponds to a mode conversion regime 
with the H-D hybrid resonance near the plasma centre. A remarkably low super-
banana flux is observed (curve (c) in Fig.3). In particular, the current at resonance 
X res = 14 cm is decreased by a íactor of 15. There are probably two reasons 
for this: (i) the wave launched from the high-field side is strongly attenuated [1 ] 
at the hybrid resonance before reaching the cyclotron resonance; (ii) the wave 
polarization, E+ /E , decreases through the skin effect produced by the larger 
number of resonant protons [ 1 ]. 

1.5. Conclusions 

As a main conclusion, we stress that superbanana losses do not, at the present 
power level, damage the heating performance. Indeed, the energy loss per ripple 
is, in the worst condition, Pj = ItW¿ ~ 2 kW. Since less than five ripples are 
illuminated by the antennae, no more than 3% of the RF power input is lost 
through this channel. With ?1 scaling as P j ^ 9 , the situation is not expected to 
deteriorate at higher power level. 

A similar conclusion applies to the sputtering contamination produced by 
these energetic trapped particles falling on the antenna or on the chamber wall. 
At the present level the density of impurities due to superbanana ions is estimated 
to be an order of magnitude less than the heavy ion density actually measured in 
the discharge. 
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The measurements are in general agreement with the ICRF theory of 
damping and interaction with minority ions. This gives further confidence in 
the validity of the heating scenario and suggests interesting possibilities of ICRF 
divertor schemes [3]. 

2. SMALL-SCALE TURBULENCE AND TRANSPORT 

In tokamaks, anomalous transport of heat by the electrons is the dominant 
factor determining the energy confinement time, once the impurity radiation has 
been accounted for [6]. In the plasma centre, inside the q == 1 surface, anomalous 
transport can be phenomenologically explained by the 'sawtooth' relaxations. 
Outside the q = 1 surface, in the region of the strong electron pressure gradient, 
it has been suggested that anomalous transport might be due to a microturbulence. 
Among the possible microinstabilities, the dissipative trapped electron drift modes 
(DTEM) are the most likely to produce an anomalous heat flux [7]. Closer to the 
plasma edge, large heat fluxes might be dominated by other processes. Small-scale 
(~ ion gyroradius) density fluctuations have been shown to exist in tokamaks 
[6,8—10]. As published earlier [11], these fluctuations have many features of the 
drift waves: frequency range, direction of propagation and transverse wavelengths 
such that kj^i ~ 1. However, turbulent transport deduced from the previous 
measurements and DTEM calculations [6,11] or by quasilinear estimates [10] 
could not satisfactorily explain the value and the scaling laws of the electron heat 
flux. It has also been suggested that the DTEM could exhibit a strong azimuthal 
localization (ballooning) near 0 = 0 (equatorial plane, low-field side), associated 
with a radial coupling of the various modes [12,13]. In this case the heat conduc
tion would be enhanced. To investigate these questions, new measurements of 
the small-scale electron density fluctuations and of their localization have been 
undertaken in the TFR 600 tokamak. 

2.1. Experimental method 

The turbulent electron density fluctuations have been measured with a 
2-mm microwave scattering system (Fig.4) [14]. The frequency analysis and 
angular distribution of the power scattered from a microwave beam yield the 
frequency and wave vector spectra of the density fluctuations. The scattered 
power is proportional to the Fourier transform S(k,w) of the space and time 
autocorrelation function of the fluctuating density n (x,t), i.e. P s c a t t ^ I n| . 
The poloidal wave vector spectrum has been measured shot by shot; by varying 
the scattering angle, the centre of the scattering volume was moved along a 
magnetic surface in the poloidal plane (r = const, r/a ~ 0.5). The toroidal 
component of the wave vector was ky = 0 ± 1 cm"1. The poloidal component 
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FIG.4. Installation of the rotating 
microwave horns in TFR 600 to scan across 
the poloidal plane. 

k± was varied in the range 6 cm"1 < k^ < 20 cm"1. Calculations of the micro
wave beam trajectories have been performed, taking into account plasma 
refraction. The scattered signal, down-converted to an intermediate frequency 
of 60 MHz, was frequency-analysed at a variable time in the tokamak discharge. 
Positive and negative frequency shifts could be distinguished, giving the direction 
of propagation of the plasma waves. Also, narrow-band filters (b = 20 kHz) 
were used to follow samples of the turbulent spectrum as a function of time. 

To measure the possible azimuthal localization of the density fluctuations in 
the poloidal plane, two emitter horns and two receiver horns, both able to pivot, 
were used (Fig.4). The microwave transmitter and receiver could be switched 
to either. This arrangement enabled us to measure turbulence in the whole 
poloidal plane, either 'interior' (R < R0, high field), or 'exterior'. The relative 
calibration of both channels was achieved by aligning the corresponding horns 
and measuring the source signal to receiver noise ratio. This also yields the 
absolute calibration of the scattering cross-section, and consequently the value 
o f < | n | 2 > . 

2.2. Turbulence in a moderately dense plasma 

The density fluctuation spectra were measured in a deuterium plasma very 
similar to the typical TFR 400 plasma [6]: toroidal magnetic field BT = 4 T; 
limiter radius a = 20 cm; q(a) = 4; Zef f ~ 2.5. The electron density and 
temperature profiles, as well as v*, the trapped electron collisionality factor, 
are given in Fig.5(a). The frequency spectrum of the fluctuations is very similar 
to the spectrum given in Ref.[6]. As before, it can be concluded that most of 
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FIG.5. Electron density and temperature, and collisionality factor v* profiles: (a) moderately 
dense plasma (Zef{ = 2.5); (b) higher-density plasma (t = 180 ms, Zeff = 1.6). 
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FIG.6. Amplitude of the scattered signal fAF = 300 kHz) in the plasma ofFig.S(a): 
(a) As a function of the poloidal angle, at constant radius (r/a ~ 0.5); k± is not constant. 
(b) Asa function ofk±, in high-field (interior) and low-field (exterior) sides of the poloidal 

plane. 

the turbulent density fluctuations propagate in the electron diamagnetic drift 
direction. On the other hand, the wave vector spectrum of the density fluctuations 
and their localization in the poloidal plane have been measured by scanning the 
magnetic surface r/a ~ 0.5 on both sides, 'interior' (high field, 6 < 90°) and 
'exterior' (low field, 0 < 90°). This is shown in Fig.6. The wave vector 
spectrum seems to be maximum near k¿ ~ 7 cm"1 ; for this value, one has 
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k j ^ s 0.5, with pj = (TjM)1/2/eB, as previously measured. The two transverse 
wave vector spectra obtained on both sides (with the poloidal angle varying in 
the range 20° < 6 < 160°) show no appreciable difference (linear scale). It 
can therefore be concluded that no azimuthal localization of the low-frequency 
density fluctuations exists in the plasma studied. However, owing to a residual 
uncertainty in calibration, we cannot rule out a factor < 2 in the ratio of the 
amplitudes of the fluctuating density on either side — exterior or interior — 
of the poloidal plane. It is also worth noticing that it has been difficult to reduce 
the collisionality factor v* to very low values because the product r^Z^f 
remained roughly constant in TFR 600. 

The absolute value of the fluctuating density n about the point x0 , t0 was 
obtained by performing the following integration: 

< In (x , t ) | 2 > = n (x , t ) ( 2 n ) " 4 / S(k,œ,x , t ) dw dk 1 o o ' e o ' o c/-oo ° ° 

During the current and voltage plateau of the described discharge, at r/a ~ 0.5, 
this yields <lnl>2 s 6 X 1022 cm"6. As ne s 5 X 1013 cm"3, one obtains 
n/ne ~ 5 X 10"3. An uncertainty of ± 40% is estimated for this last result. 
Note that the scattering volume has a long radial extent (~ 8 cm) when 
kĵ  = 7 — 8 cm"1, so that the value of n is some average over radii r ~ 10 ± 4 cm. 

2.3. Turbulence in a high-density plasma 

Measurements of the frequency and wave vector spectra of the turbulence 
were carried out in a plasma discharge where the electron density was increased 
gradually in time up to n e 0 = 1.8 X 1014 cm-3. This discharge, very similar to 
that described in Ref.[15],had the following parameters: BT = 4 T; a = 19 cm; 
q(a) = 2.2; Zeff ~ 1.6. The radial profile of ne, Te , v* at t = 200 ms is given 
in Fig.5(b). The frequency and wave vector spectrum of the fluctuations measured 
when neQ ~ 1.2 X 1014 cm"3 were the same as previously (see Ref.[6] and Fig.6(b)). 
The amplitude of the scattered signal at a maximum in the (o>, k^) power spectrum, 
i.e. AF = CJ/211 — 300 kHz and k¿ ~ kd ~ 8 cm"1, was measured as a function of 
time during the whole discharge (Fig.7). The signal is proportional to the main 
Fourier component of the fluctuating density. As the electron line density n£ 
was increasing in time, the fluctuating density n first increased as (nl)^, with 
1 < 7 < 2, and then showed a saturation. The saturation was always reached 
when nfi ~ 3 — 3.5 X 1015 cm"3, i.e. n e 0 ~ 1.2 X 1014 cm"3. Near to saturation 
(t ~ 200 ms), the absolute value of the fluctuating density is < 1 n I > ~ 5 X 1022 cm"6 

at r/a ~ 0.5. One has, at this radius, ne ~ 1 X 1014 cm"3, so that ñ7ne ~ 2 X 10"3 

only. In the subsequent part of the discharge, n7ne obviously decreases as only ne 
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FIG. 7. Time evolution of (a) the centre 
line density, (b) the scattered signal 
« S at AF = 300 kHz, k± = 8 cm"1, 
(c) the plasma current, in the high-density 
discharge ofFigA(b). 
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TIME (ms) 

increases. Simultaneously, a decrease of the anomalous losses (deduced from the 
thermal balance) is observed. As Te (r/a ~ 0.5) increases slowly, there is no 
increase of the collisionality factor v*, which would have reduced the growth rate 
of the DTEM. It may be noticed that, at saturation of n, (3 = 2/x0neTe/B

2 reaches 
a value ~ 2 X 10"3 ~ (r/qR)2, for which the drift modes become MHD near the 
resonant magnetic surface where k„ •= 0. This could reduce the growth rate of the 
DTEM [16]. 

2.4. Anomalous heat transport 

A ballooning ratio < 2 has been measured for the small-scale turbulence. 
Consequently, the modes 0(r) exp i(10 + vasp — cot) + c.c. located near rational 
magnetic surfaces at r = rt, r = ri + Ô,where Ô = (k^rdq/qdr)-1 ~ k^1, are not 
coupled with toroidal effects [12] and do not even overlap. In this case, the 
turbulent electron heat transport coefficient is given by: 

^ ( r M S ^ ) " 1 A B ( 2 r / R ) 1 / 2 ( k 0 p t h v t h ) 2 v e f f - 1 ^ n ^ / n / 

where 

Pth=vth/Mce 

( Z e f f + ] ) * t h ~ 3 R / r 

v , = (2T /ra ) 
t h e e 

1/2 

4 - 2 
v __ - 2lle m n 

e f f e e 
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and 

/
3 2 

(x-3/2)x exp(-x)dx, with x = m v /2T 
e e 

in the effective trapped domain. In our case B ~ 15. The term 

n/2 
A = ( J dr |(f>(r) |2 jf OdG J Q ( X 0 ) J o (k / / qR0)X _ 2 ) /j |<f>(r)|2 dr 

where 

X = sup ( 1 , k//qR) 

takes into account the actual coupling of the trapped electrons with the mode. 
A attains a maximum ~ 1 if 0 (r) is localized in an interval A ~ ô ~ k^1, and 
decreases like Ô/A when A > 5. In the present case, because of the absence of 
ballooning and because of the similarity between the kr and kg spectra [6, 11 ], 
we assume that kg A ~ 1 (in contradiction to linear theory), so that A is maximum. 

Then, in the moderately dense plasma (Fig.5(a)) one obtains1 

Xe = 2 X 103 cm2 • s"1 at r/a ~ 0.5. In the higher-density plasma (Fig.5(b)) near 
saturation of turbulence one obtains x e — 103cm2 • s-1 for the anomalous 
transport. These figures are to be compared with the electron heat conduction 
Xg calculated from the thermal balance of electrons (taking into consideration 
the Joule power, the power exchange with ions and the radiated power). One 
has, at r/a ~ 0.5, Xg — 6 X 103 cm2 • s"1 in the low-density case and 
Xg = 3 X 103 cm2 • s"1 in the high-density regime. Taking into account the 
uncertainties of both methods, the two estimates of Xg at r/a ~ 0.5 might be 
compatible, so that DTEM turbulence could explain the thermal transport near 
this radius. However, the radial dependences are very different. Indeed, Xg 
is minimum in this region, while x e is maximum owing to its T^/2 dependence, 
although the level of fluctuations increases with radius [9, 11 ]. For r/a < 0.3, 
heat conduction by the sawtooth relaxations can probably account for Xg • 
However, r/a £ 0.8, mechanisms other than drift mode turbulence, such as 
convective cells, islands or recycling of atoms coming from the wall and 
associated radiation, have to be found to explain the losses. 

1 This result is different from those given in Refs [6] and [11]. 
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DISCUSSION 

K. MIYAMOTO: The theoretical thermal diffusion coefficient of the 
dissipative trapped-electron drift mode has a strong dependence on the electron 
temperature. Did you observe such a dependence in the experiment? 

F.R. KOECHLIN: I completely agree that the heat conductivity coefficient 
deduced from dissipative trapped electron mode theory has a strong dependence 
on Te, presumably as T^-5. In fact, we do not observe this dependence in TFR 
either by microwave scattering or from the electron thermal balance. We observe 
instead a weak increase in the energy confinement time with T^2 or T 3 / 4 . This, 
of course, brings into question the exact nature of the turbulence. 

H. WOBIG: If the high-energy ions trapped in the ripple leave the plasma, 
we can expect a radial electric field and rotation of the plasma. Did you in fact 
observe any rotation during ICRH? 

F.R. KOECHLIN: With microwave scattering, any rotation in the poloidal 
plane would be detected as a Doppler shift in the frequency spectrum — if it 
were comparable to the electron diamagnetic velocity. This is not observed. It is 
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worth noting that owing to the ripples in the toroidal magnetic field, a very 
slow toroidal rotation could completely compensate the radial electric field. 

F. WAELBROECK: You conclude from the measurements of the super-
banana particle fluxes that about 3% of the input RF power goes to the wall via 
this mechanism. The associated impurity release (scattering) should be small. 
Some circulating particles near the wall may also be heated up and end their life 
on the limiter or antenna. The same happens to detrapped particles. Both these 
effects lead to additional power loss and impurity release terms. Is it possible to 
evaluate the relative importance of these various effects? 

F.R. KOECHLIN: It is true that our estimates indicate that the impurity 
release observed in TFR during RF heating is not due to the superbanana particle 
flux. No unambiguous conclusions about the origin of the impurities can be 
drawn at present. Among possible reasons (see also the paper by Adam et al., 
CN-38/D-3 in Vol.2 of these Proceedings) are a modification of the electron 
temperature of the scrape-off layer and various effects associated with the proton 
energy tail observed in the ICRF minority regime. 

L. CHEN: I would like to comment that theoretical studies of the trapped-
electron mode and, for that matter, other types of electron diamagnetic drift 
modes in a toroidal geometry, have shown that the instabilities are, in general, 
only weakly ballooning, which is consistent with your experimental observations. 
In this respect, I note also that finite toroidal coupling does not necessarily 
mean strong ballooning. 

F.R. KOECHLIN: This is also what Dr. Johner and Dr. Maschke report 
for collisionless drift modes in a tokamak configuration. 
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Abstract 

ENERGY AND PARTICLE CONFINEMENT IN THE ALCATOR TOKAMAKS. 
Energy confinement studies have been performed on the Alcator C tokamak in the 

parameter range 6 T < B T < 9.5 T, 0.25 < Ip < 0.54 MA,ne ^ 6 X 1020m~3, and 
Zeff < 1.2 ± 0.2. Low-density operation is consistent with the empirical scaling of rE œ ña2. 
However, at plasma densities greater than 2.5 X 1020m~3, the global energy confinement increases 
with density more slowly than the conventional scaling predicts. No clear dependence of TE on 
BT is found, but a modest improvement with Ip is observed. Studies of impurity transport in 
the Alcator A tokamak indicate that there is no accumulation of impurities on axis. The 
confinement time of silicon increases with current and the mass of the majority ion. The results 
are at variance with the predictions of neoclassical theory. Experiments have also been performed 
to determine the efficiency of particle removal from the limiter shadow by a passive mechanical 
limiter. Measurements indicate that 1 —2% of the particles leaving the plasma may be easily 
removed by pumping ports in the immediate area of the limiter. 

1. INTRODUCTION 

Energy confinement time, X_, in the high-field tokamak 
Alcator A (B <_ 10T, a = 0.10^, R = 0.54 m) has previously 
been shown to increase linearly with line-averaged density, 
TT, and to have weak, if any, dependence on other parameters 
[1]. This behavior holds for densities for which neoclassical 

* Research sponsored by US Department of Energy Contract DE-AC02-78ET51013.A002. 
' Present address: Culham Laboratory, Abingdon, Oxon., UK. 
§ Present address: Department of Physics, Johns Hopkins University, Baltimore, MD, USA. 
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ion heat loss is unimportant. At higher density when neo- _ 
classical ion heat conduction dominates, the dependence on n 
is modified[1,2]. In order to further test the behavior of 
T with respect to n and temperature T, and also to study 
in more detail the ion heat conduction in the neoclassical 
regime, the Alcator C device (B _< 14T, a = 0.16 m, R = 0.64 m) 
has been constructed. I_t is expected that Alcator C should 
ultimately operate with n of about 1021m~3 with plasma current 
of 1 MA. If the conventional "na2" scaling continues to hold 
and ion conduction remains neoclassical, values of the Lawson 
parameter n T approaching 1020sec-m 3 should be attained. 

We report below on the operation of the Alcator C at fields 
up to 9T_and plasma currents up to 0.55 MA. The maximum 
density n achieved so far is 6 x 1020m 3, and while operation 
at the highest fields has not yet been optimized, a clear 
_trend from the confinement data_has emerged. Below 
n - 2.5 x 10 °m 3, the expected na2 scaling holds; however 
above this density, x increases only slowly with n, with some 
improvement with increasing current. While this general 
trend is expected to occur as neoclassical ion-heat conduc
tion begins to dominate the energy transport, the numerical 
value of the neoclassical coefficient required to fit the 
data is too high by the factor of 2-4. Other interpretations 
regarding the departure from na2 scaling are considered below. 
In spite of this development, n T = 2 x 1019sec-m 3 has been 
attained at B ~ 7.5 T. 

A second line of experiments concerned mainly with 
particle transport has been performed in Alcator A. Using 
the laser blow-off technique, silicon has been injected 
into Alcator A plasmas and the confinement time inferred 
from decay of Si line emmission. The Si ions are found 
to have finite confinement time which increases with current 
and is also proportional to the mass of the majority ion 
species, M.. Typically, the confinement time jls within a 
factor of 2 of T , although the dependence on n, B and M 
is quite different. These results are clearly at variance 
with neoclassical theory of impurity ion transport. 

An additional experiment concerned with particle transport 
involves measurement of the neutral pressure in the vicinity 
of the limiter. In high-density regimes, n > 2 x 1020m 3, the 
pressure in ports adjacent to the limiter reaches values up 
to 30 mtorr and is approximately linearly dependent on plasma 
density. Under these conditions, up to 20% of the injected gas 
appears in the limiter ports. These experiments indicate that 
mechanical devices may be useful for concentrating the 
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FIG.l. Time development of the principal parameters of a moderate-density Alcator C discharge. 

neutralized plasma outflux in a reactor, thereby permitting 
ash and impurity removal with only modest pumping speed require
ments . 

2. ENERGY CONFINEMENT IN ALCATOR C 

2.1. Discharge evolution 

The temporal evolution of a moderate-density Alcator C 
discharge is shown in Figure 1. For this shot the toroidal 
field is 8.2 T, the maximum current is 0.5 MA, the central 
temperature reaches 1.1 keV, and the line-averaged density has 
a maximum of 4.2 x 1020m 3. The voltage trace is the 
resistive one-turn voltage, i.e. total voltage less the inductive 

correction. The density is measured by a five-chord laser 
interferometer and the trace shown represents the line-
averaged value of n through the plasma center. The soft 
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x-ray signal shown is the output of a diode viewing the 
central (vertical) chord. An array of fourteen such diodes 
is used to study current channel and MHD behavior. 

In addition to these basic parameters, the behavior of 
two derived quantities is also shown in Figure 1. The global 
confinement time T is calculated by numerical integration 
of the spatial profiles of density and electron temperature 
obtained from the interferometer and from electron cyclotron 
emission respectively. The quantity Z f f is derived from 
the absolute brightness of visible continuum emission in the 
neighborhood of 523 nm and 536 nm. The value is found to be 
generally consistent with that inferred from the plasma 
resistivity. In addition, a similar spectroscopic determin
ation is made using continuum radiation in the ultraviolet 
near 194 nm. 

The discharge is initiated without preionization with 
a steady-state filling pressure in range 0.4-1 x 10 * torr. 
The initial location of the current channel is controlled by 
the careful tuning of a set of compensation fields. As was 
previously noted in the operation of the Alcator A device [3], 
careful tailoring of the value of dl/dt during the current 
rise phase is necessary to avoid a series of MHD disruptions; 
these can result in ingestion of impurities which have a 
deleterious effect on the subsequent development of the 
discharge. Plasma position is maintained by feedback control 
of the equilibrium vertical field and by programming of the 
horizontal field. The location of the current channel is 
obtained from a set of magnetic diagnostic coils. The plasma 
position inferred from this technique agrees well with that 
derived from the soft x-ray diode array and from the inter
ferometer. Measurements of local heat deposition on the 
molybdenum limiter are also consistent with the measured 
position. 

At approximately 5 msec following discharge initiation, 
additional gas is admitted to the chamber by a programmed 
peizo-electric valve. The resulting rate of density rise is 
found to be nearly linear with the incoming gas rate up to the 
highest densities studied, i.e. n * 5.5 x 1020m 3. In the 
case of the discharge shown in Figure 1, the gas injection is 
continued through approximately 260 msec in order to bring the 
density to its peak value of n s 4 x 1020m 3. Following a rapid 
density rise, a lower rate of gas injection can be used to 
maintain a constant density. 

The evolution of the density profile during the 
discharge depicted in Figure 1 is shown in Figure 2a. These 
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FIG.2. (a) Development of the spatial density profile during the discharge depicted in Fig.l. 
Dashed curves are profiles observed for dïï/dt < 0. (b) Ratio of central to average density during 
the same discharge. 

profiles are obtained by assuming cylindrical symmetry and 
performing an Abel transform on the data from the 0.119 mm 
laser interferometer. The profiles tend to be broad with 
large gradients near the edge. At early times during 
the current and density rise, the profile appears to be flat 
or slightly hollow. As the discharge develops further, it 
becomes more peaked; the shape can be roughly characterized 
by the form n(r) = nQ(l - r2/a2)m, where a is a characteristic 
radius slightly greater than the limiter radius and the 
exponent m lies in the range 0.5 _< m £ 0.9. The time 
behavior of a parameter characterizing the profile shape, 
the ratio of peak to line-averaged density, is shown in 
Figure 2b. The value remains approximately constant during 
the majority of the discharge, increasing somewhat during the 
fall of density and current. 

The evolution of the electron temperature during the 
same discharge is shown in Figure 3a. Temperature profiles 
are derived from the second harmonic cyclotron emission 
measured by a scanning Michelson interferometer every 30 msec 
during the discharge[4]. Absolute temperatures are obtained from 
Thomson scattering and also from measurements of the soft 
x-ray continuum using a Si(Li) detector. A comparison of 
these three techniques is shown in Figure 3b. 

The shape of the temperature profile is found to be 
well fitted by a Gaussian function T (r) = T exp( - r2/a2) . 
Assuming Spitzer resistivity, the value of a^°is related to 
the central safety factor q by a2, z 1.5 a?q /qç . Figure 4 
compares measured values of a_ with that gxven by the previous 
expression for two values of q . 

o 
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FIG.3. (a) Time evolution of temperature profiles as determined from 2coce radiation, 
(b) Comparison of single profile with Thomson-scattering and X-ray data. 

FIG.4. Width of temperature profile versus limiter qg. The solid lines are predictions based on 
Spitzer resistivity for different values ofq0. 

In general Z ff has been found to be in the range of 
Z -- = 1.2 + 0.2. The time behavior of this quantity varies 
between different discharges, depending on discharge parameters 
and wall conditions. As in Figure 1, Z ff may rise slightly 
during some discharges, but for a large class of discharges 
it remains constant within the range of values indicated. 

2.2. Confinement time measurements 

Energy confinement time has been studied in Alcator C 
as a function of toroidal field, plasma current and density. 
As seen in the example of Figure 1, T generally increases 

E 
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FIG.5. Confinement time r E versus 
line-averaged density ñ in hydrogen and 
deuterium discharges with 17-cm 
limiter at Bj = 6 T. 

FIG.6. Confinement time versus 
density in hydrogen discharges for 
various fields and plasma currents with 
16-cm limiter. 

with n(t). For the calculation of T in this discharge we 
have assumed T.(r) = 0.9 T (r). At nigh density, this slightly 
underestimates the peak ion temperature, based on charge-
exchange measurements in similar discharges. 

More detailed studies of T during the quasi-steady 
portion of each discharge have also been made. Figure 5 
shows T in hydrogen and deuterium discharges at B = 6 T, 
0.4 <_ I _< 0.5 MA and aç = 0.17 m. The hydrogen values follow 
the Alcltor A scaling law (T = 4 x 10~21na2) up to n z 3 x 1020m~3 

however, deuterium discharges reached a maximum confinement 
time at 2.̂5 x 1020m 3 and had no further increase in T with 
increased n. For these discharges, ion temperatures were 
measured both by neutral-particle spectroscopy and neutron-
counting techniques. 

During operation with the 17-cm limiter, serious 
thermal damage occurred to secondary limiters having a radius 
of 18 cm. In order to protect these limiters, the primary 
limiter radius was reduced to 16 cm. Confinement studies 
then resumed at fields as_high as 9.5 T. Figure 6 shows 
the variation of T with n in hydrogen for densities up to 
6 x 1020m 3, and with 6 T <_B 1 9.5 T and 0.4 < I < 0.54 MA. 
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The scatter in the data at fixed n, B and I is representative 
of the shot-to-shot variation. 

Inspection of Figure 6 shows that there is no clear 
dependence_of T on B ; however, higher B allows operation 
at higher n, consistent with Murakami's observations _[5]. For 
density up to about 2.5 x 1020m 3, T increases with n 
according to the expectations of the conventional na scajLing. 
Above this density there is a slower increase of x with n. 
Possible explanations of this result are discussed below, but 
we have as yet no unambiguous interpretation and it remains 
an active area of study. 

Two jiffects which might explain the observed behavior 
of T with n are:1) radiative cooling due to impurities and 
2) onset of neoclassical thermal transport. We have considered 
each effect; however, neither appears to agree with the data. 
With regard to radiation, the dominant low-Z impurity is oxygen 
followed by nitrogen and carbon. The power radiated by light 
impurities as inferred from UV spectroscopy is 10-20% of the 
ohmic power in the high-density regime. Furthermore, this power 
is largely radiated from the edge, and should not play a 
significant role in the central power balance. We have also 
measured the brightness of several lines of Mo and Fe in the 
UV and soft x-ray region, and found about an order of magnitude 
lower level of emission than in Alcator A. The power radiated 
by the high-Z elements thus appears to be negligible, at most 
a few percent of the central ohmic power density which is 
typically 10-20 W/cm3. Moreover, it was found that in the 
regime where T increases only slowly with n, the Mo emission 
actually decreases. 

While neoclassical heat conduction is expected to cause 
a saturation of T VS. n, predictions of a 1-D neoclassical 
model reveal that this effect is not important for the para
meters corresponding to the data in Figure 6. In general, 
the neoclassical ion heat flux is 2-4 times too low to explain 
the dajta. We note, however, that there is a modest increase 
of T /n with increasing I as shown in Figure 7. 

Finally, we remark that it is very difficult to distin
guish between electron heat transport and ion heat transport 
in the high-density regime, owing to the close coupling between 
electrons and ions, i.e. T s T.. Therefore, we cannot 

e i rule out changes in the electron thermal conductivity at high 
density. In the high-density regime, electron temperature 
decreases; however, a strong inverse power dependence of 
X with Te would have to be invoked to explain the data (e.g. 
Ye « 1/nT a where a = 2 v 3). 



IAEA-CN-38/N-6 447 

I , ( M A ) 

FIG. 7. Ratio of confinement time to density versus plasma current at various fields for hydrogen 
discharges. 

3. PARTICLE CONFINEMENT STUDIES IN ALCATOR A 

3.1. Impurity confinement 

We have studied the transport and confinement of trace 
impurities (mainly silicon) injected into the edge plasma on 
the Alcator A tokamak. The laser blow-off technique [6] is 
used to produce a burst of neutral atoms with energies of 
about 3 eV/particle. The incoming neutrals are ionized at the 
edge and subsequently diffuse into the hot core of the plasma. 
Emissions in the UV and X-ray are used to observe these pro
cesses. The main results for Si are summarized as follows[7J; 

(i) The Si diffuses into the core of the plasma and 
then is observed to leave the discharge, with confinement times 
of the same order (within ~ factor of 2) as that of global 
energy confinement. 

(ii) There is no accumulation of Si on axis, and the 
observed transport is not consistent with neoclassical theory. 

We have studied the impurity particle confinement 
properties of the plasma over a wide range of operating para
meters. The silicon particle confinement time T . is inferred 
from the decay of line emissions emanating from the helium-
and hydrogen-like ionization states in the center of the dis
charge. The variation of Tq. with ne, Ip, BT as well as the 
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MASS OF BACKGROUND GAS (omu) 

FIG.8. (a) Silicon particle confinement time versus plasma current for discharges with four 
different majority ion species, (b) Average confinement times for plasma currents in the range 
150 kAKlp ^ 175 kA versus mass of background ion mass. 

effects of different working gases (H2, D2,
 3He and ^He) have 

been observed. Figure 8a shows T , vs. I for the four 
different working gases. In these discharges, where B„ = 6 T, 
and 2 x 1020 < n~ < 3 x 1020m 3 increased with bo ïh 
and the mass of the majority ion. Figure 8b shows the averages 
for all data with 150 kA < I < 175 kA in each of the four 
working gases. It appears from these data that T . is pro
portional to the mass of the background ion. 

3.2. Pumping of plasma particles by the limiter 

Measurements of neutral gas accumulation in volumes 
behind the mechanical limiter in Alcator A have been made. 
The Alcator A limiter is made of Mo, with a toroidal thick
ness of 1.1 cm, poloidal extension of 205° and approximately 
rectangular cross-section. Diagnostic slots or apertures 
connect three ports to the vacuum vessel at the toroidal loca
tion of the limiter. The limiter partially blocks the slots 
to the bottom and side ports; the limiter does not extend to 
the top port. Each of the volumes, top, side, and bottom, is 
equipped with a fast response (< 5 ms) absolute pressure gauge. 
Typical plasma parameters were B = 6.0 T, peak plasma currents 
130 <_ I _< 200 kA, with the density and working gas as variables, 
Profiles and central values of n , T , T. are comparable to 
those reported elsewhere [1] for similar operating conditions. 



IAEA-CN-38/N-6 449 

LIMITER 

" BOTTOM 

- PORT 

Dj X 

H 2 • 

H„ a 

-
-
-
-

• • 
f™x 

*! : 
• * x 

7.^D 

xx*%)&\ . 1 

( a ) 
X 

X 

X 

X 
X 

X 
. . X 

\ X X , 

>x *x 

a 

( b ) 

t« 

% . 
j L 

ñ, (IO"cm~) 

FIG. 9. (a) Maximum gas pressure measured in the limiter bottom port as a function of peak line 
average density and various gases. All measurements for BT = 60 kG, 130 < Ip < 200 kA. 
(b) Percentage of injected atoms collected in the limiter side and bottom ports as a function of 
peak line average density. BT = 60 kG, 140 < Ip < 200 kA, deuterium. Circles represent 
discharges for which the preceding shot was of lower density; solid points represent preceding shot 
of higher density. 

During plasma operation there was no pressure rise in 
the top port (volume = 13.3 I) until well after discharge 
termination, i.e. 200-300 ms later; and the rise was only 2-3 
mtorr for the highest-density discharges. This was likely due 
to the gradual desorption of some of the working gas retained 
by the toroidal chamber walls during tokamak discharges. The 
side port, which has the smallest volume (2.1 I) and the 
greatest conductance, showed pressure rises that closely 
followed the line average density in relative amplitude and 
time. Neutral pressure in the bottom port (volume of 13.7 il) 
also increased with increasing plasma density. Due to the 

larger port volume and smaller conductance of the slots, the 
pressure peaked near or shortly after discharge termination. 
Figure 9a shows the observed peak pressures measured in the 
bottom limiter port as a function of maximum line average 
density for various working gases. Some ions which become 
neutrals upon impact with the limiter are deflected into the 
side and bottom ports. The fraction of the total number of 
atoms which are eventually deposited into the limiter ports 
for a series of T) discharges is plotted in Figure 9b as a 
function of line average density. 
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Assuming an effective particle confinement time 
equal to 2 msec as inferred from the ionization rate at high 
density [8], we find that the fraction of plasma particle 
flux from the edge which directly enters the trapped volumes 
adjacent to the limiter is typically 2%. Thus, considering 
the relative surface area of the limiter port apertures 
to the entire toroidal vacuum vessel wall, we conclude that 
the presence of the limiter effectively enhances the pumping 
speed of particles away from the plasma by a factor of 20-200 
for the density ranges investigated. 
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DISCUSSION 

G. GRIEGER: Is the method you used in the part of the paper concerning 
limiters compatible with the high heat load densities and pumping conditions under 
reactor operation? 

R.R. PARKER: A limiter for a reactor must cover roughly 10% of the wall 
area in order to keep the power loading to a few megawatts per square metre. 
Designs taking this into account are now evolving; examples are those by Conn et al. 
at UCLA, and Abdou et al. at Argonne. 

H. WOBIG: Did you observe a correlation between tearing modes and plasma 
confinement at high density? 

R.R. PARKER: No. We generally monitor the m = 2, 3 and 4 modes on 
magnetic loops, and while the m = 2 and 3 modes grow in amplitude at low q, there 
is no correlation with their amplitude or confinement time. 

B.G. LOGAN: How close is the impurity confinement time to the neoclassical 
value? 
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R.R. PARKER: There is no real agreement between these times and the strict 
neoclassical theory. 

A.Y. WONG: If the trend of r versus n continues to level off, what options do 
you have for reaching higher confinement time? 

R.R. PARKER: The density increases with the field and it should be possible 
to increase it still by a factor of nearly two. If there is any semblance of neoclassical 
transport we can keep the same q and improve the ion conduction by a large factor. 
So I am hopeful we can achieve longer times. 

S. ORTOLANI: In the Alcator C results showing TE/ïïe versus Ip, does the 
temperature vary? 

R.R. PARKER: Generally, Teo falls as ñ increases, roughly from 1.3 keV to 
1 keV over the range shown. As Ip is increased, the average temperature goes up 
more or less in proportion but Te0 shows little change. 

S. ORTOLANI: Do you have an estimate for 00 in the Alcator C discharges? 
R.R. PARKER: The maximum value is about 0.5. 
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Abstract 

FORMATION AND EVOLUTION OF SPHEROMAK AND GENERAL COMPACT TOROIDS. 
Research at New York University, Princeton Plasma Physics Laboratory, Science Applications, 

Inc. and Columbia University on the dynamics of compact toroids is summarized in this paper. 
The particular attraction of the Compact Torus (CT) is that it can operate at high j3 relative to the 
external fields and is a toroidal device requiring no structural linkage down the axis of symmetry. 
Theoretical and computational results from equilibrium, stability, compression and transport 
studies are given for general CT plasmas, as well as particular results for current CT experiments 
(LASL FRX-B) and future experiments, such as the PPPL S-l Spheromak. Novel formation 
scenarios and initial experimental results for the spheromak plasma are presented. 

EQUILIBRIUM AND COMPRESSION 

S i m u l a t i n g t h e a d i a b a t i c c o m p r e s s i o n o f CT p l a s m a s i s com
p l i c a t e d by t h e e x i s t e n c e o f f low, such a s t h e p l a sma r o t a t i o n 
o b s e r v e d i n t h e FRX-B e x p e r i m e n t . I f t h e r o t a t i n g p l a sma i s 
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compressed, conservation of angular momentum dictates that the 
rotation frequency will increase by approximately the square of 
the radial compression ratio. Thus even a small initial rotation 
may affect the equilibrium state and stability properties of 
the compressed plasma. 

In order to follow numerically the time evolution of an 
adiabatically compressed, rotating, CT plasma, a variant of the 
"1^-D" approach due to Grad [1] is used. The technique is based 
on a variational formulation which was developed to yield equi
librium states of rotating plasmas in arbitrary configurations 
irrespective of symmetry. The particular case treated here is 
an axisymmetric CT equilibrium with zero toroidal field (BA=0) 

and with each field line rotating, of necessity, rigidly wxth 
frequency Q(i>) , where i/> is the poloidal flux function, B=<j>xVi|j/r. 
The equilibrium state is determined if we specify 3 functions: 
Q(ijj), the entropy S(\¡>) and a Bernoulli function H (if/) . Then 

- div (Vty/x2) = r2pí¿ + pH - pYS/(Y-D 

Y-l 2 2 (1) 

YSpT /(Y-1) = H + r fl /2 

with the dot denoting d/d^. During compression, however, H(iJ>) 
and £2(\J>) change. They can be determined from the following 
variational problem,which uses 2 constants of the motion: 

Minimize E = B2/2 + pr ti2/2 + SpY/(Y-D 

subject to p dv = M(t̂ ) , 

V W V(i|>) 

r 2 (2) 
r pft dv = L W 

The range of ij; in the plasma is also specif i ed. V(i{0 is the 
volume within a particular TJJ surface. M(i|>) and L(T|>) are fixed 
during compression. Formulation (2) is used to solve for ip and 
p if the geometry of field lines is assumed to be known. Then 
ÍHTJJ) and H(\{>) are found and used in the PDE solver for (1) . 
Convergence is achieved within a few iterations between geometry 
and profiles. Results from numerical studies of both flux and 
moving-wall compression of typical CT plasmas with a vacuum 
region outside the separatrix yielded the following significant 
results: 1) The Mach number of the rotation (with respect to the 
relevant fast magnetoaccoustic wave) increases by only a few per 
cent during compression, thus removing the possibility of shocked 
solutions as the result of the increase in rotation frequency. 
2) The evolution of the ratio a = Í2/Q* , with 0.^ the diamagnetic 
frequency (Q* = VpxB/(2rneB )), was monitored during compression, 
a < 1 is known to be a sufficient condition for stability within 
the FLR model. We find, in the few cases computed, that a decreases 
during compression, thus suggesting that the compression itself 
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will not give rise to rotational instabilities. In all cases,3 
increases by a few per cent during compression. 

STABILITY 

The var ia t ional pr inc ip le , eq. (2), has been used to derive 
a necessary condition for s t a b i l i t y of a rotat ing CT. When B.=0, 
a l l f ie ld l ines within the plasma region are closed, regardless 
of ro ta t ion . Thus, the r e l a t i ve posi t ions of f luid elements carry
ing specific mass u and angular momentum X, cannot be predetermined 
but have to be found as par t of the solut ion. Specifically, 
i t means tha t instead of specifying the functions L(^) , M(iJ0 , S(ty), 
one gives the se t of values of these functions but allows "permu
ta t ions" . Presumably, the plasma wil l pick a permutation corres
ponding to the lowest energy s t a t e . From a numerical point of 
view, however, th i s s t a t e i s rather d i f f i cu l t to find. We t r e a t 
the problem as a s t a b i l i t y problem,where we specify the three 
functions and then check if the energy decreases after local per
mutations. After some experimentation, i t i s possible to find 
s ta tes which remain s table throughout the compression. 

The c r i t e r ion for interchange s t a b i l i t y can be obtained in 
the following way: specify functions MQ(T|Í) ,LQ(I/0 ,S_(I//), where M(if>) = 
M_(f(iJO), and similarly for L,S. f(^) expresses the or iginal flux 
coordinate of the pa r t i c l e now residing in \¡>. Because of the flux 
conservation, f i s required to be measure-preserving, with the 
measure expressing to ta l f lux. Thus meas{f~^(E)}=meas{E} for 
every set E in the if in te rva l . For a given magnetic f ie ld and 
density, the energy has the form E=/F(f (40 ,ty)dty and has to be 
minimized with respect to a l l measure-preserving f. I t can be 
shown tha t a necessary condition for the function f(ip)Hi|) to be a 
local minimum (local in the maximum norm sense), i s to have 
32F/3f3^0 a t f=ij>, for a l l if in the plasma. This condition can be 
writ ten in terms of the variables which appear in (2) and reduces 
to the well known s t a t i c condition when L-K). Numerical computa
tions show tha t i t i s favorable for s t a b i l i t y to have Lfi 
decrease toward the separat r ix . 

Results of a global s t a b i l i t y analysis for FRX-like plasmas 
using l inear MHD in the long, thin approximation [2] reveal two 
classes of potent ia l ly unstable modes, transverse and longitudi
nal, whose growth r a t e s scale proportional to inverse aspect 
r a t i o . The equations for both classes of modes are well behaved^ 
except a t the x points, where some coefficients become small. 
Modes tha t do not become unbounded a t x points can be well repre
sented in the long, thin approximation. 

The transverse modes represent modes with motion essent i 
a l ly perpendicular to the axis and the magnetic f i e ld . The modes 
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a r e incompressible and may be descr ibed in terms of a ôW or 
equat ions of motion. With no t o r o i d a l f i e l d r the s t a b i l i t y 
a n a l y s i s reduces t o a necessary and s u f f i c i e n t cond i t ion appl ied 
on each f i e l d l i n e . For the H i l l ' s vor tex i t i s easy to show 
t h a t a l l f i e l d l i n e s a r e u n s t a b l e . The argument f a i l s for any 
o the r e q u i l i b r i a , and i t seems p o s s i b l e t o t a i l o r the plasma p ro 
f i l e s and the e q u i l i b r i a so as to make the t r a n s v e r s e MHD modes 
s t a b l e . Near the 0 po in t a wide c l a s s of e q u i l i b r i a i s wel l 
approximated by the H i l l ' s vor tex and so t he se must a l so be 
u n s t a b l e near the 0 p o i n t . The e q u i l i b r i a for which t he compari
son with the H i l l ' s vor tex f a i l s have r e l a t i v e l y f l a t p re s su re 
p r o f i l e s near the 0 p o i n t . T i l t i n g modes belong to t h i s c l a s s ; 
FRX-B i s cha rac t e r i z ed by very f l a t p r o f i l e s near the 0 po in t and 
i s observed to be f r e e from t i l t i n g modes. 

The l o n g i t u d i n a l modes r e p r e s e n t motion e s s e n t i a l l y p a r a l 
l e l t o the a x i s or the magnetic f i e l d . The modes a r e compres
s i b l e and a r e descr ibed in terms of a SW or second-order o rd ina ry 
d i f f e r e n t i a l equat ions on a magnetic l i n e . With no t o r o i d a l 
f i e l d i t i s easy to show t h a t a l l e q u i l i b r i a a r e uns t ab l e to 
these modes on a l l f lux su r f ace s . Thus, an a n a l y s i s near the 0 
po in t a l s o shows u n s t a b l e l o n g i t u d i n a l modes. For the H i l l ' s 
vor tex near the 0 po in t t he equat ions for the l o n g i t u d i n a l mode 
and the necessary and s u f f i c i e n t s t a b i l i t y cond i t ion for the 
t r a n s v e r s e modes g ive exac t ly the same equa t ions . 

Within i dea l MHD, t h e r e i s no p o s s i b i l i t y of s t a b i l i z i n g 
the l o n g i t u d i n a l modes. Only by going t o another model can one 
a f f e c t t h e s e modes. In t roducing t he long, t h i n approximation 
i n t o the guiding c e n t e r plasma, GCP, and double a d i a b a t i c f l u i d , 
DAF, models, y i e l d s t r a n s v e r s e modes which a r e b a s i c a l l y incom-
p r e s s i b l e f a n d consequently the tendency to s t a b i l i z e through 
p r o f i l e shaping a s p red ic t ed by MHD h o l d s . The l o n g i t u d i n a l 
modes, however, a r e s t rong ly a f f e c t e d . One conclus ion i s , i f the 
plasma i s m i r r o r - s t a b l e , t h e n the remaining modes a r e incompres
s i b l e and aga in one d e a l s wi th t r a n s v e r s e modes through MHD. 
Some j u s t i f i c a t i o n of the use of GCP and DAF models remains and 
i s concerned with s i n g u l a r i t i e s in the equat ions of motion d e s 
c r i b i n g t he modes. 

TRANSPORT 

Resu l t s of s imula t ion of the t r a n s p o r t evolu t ion of the 
LASL, FRX-B experiment, a r e descr ibed in t h i s s e c t i o n . A proper ty 
of t he FRX plasma i s i t s l a r g e e longa t ion (10:1) with f l a t n 
and T p r o f i l e s over ^95% of the a x i a l e x t e n t . Based on t h e o r e t 
i c a l r e s u l t s of Grad, a s o l u t i o n t o the Grad-Shafranov equa
t i o n conta in ing the requ i red p r o p e r t i e s has been found. The main 
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feature of the solution is the recognition that the major por
tion of the toroid is essentially uniform in the axial direction; 
the ends represent less than 5% of the plasma. Assuming strict 
uniformity in the axial direction over some prescribed length 
Lj the innermost flux surface is approximated by a sheet current; 
this assumption forces the surface inductance K [where K(V)=(f)| Vv|dS/r , 
V is the volume within a closed surface with area S] to be fin
ite at the O point instead of zero. This assumption approximates 
equilibria with slit séparatrices predicted by Grad [3]. A 
rapidly converging iteration scheme, where the first computed 
2-D closed flux surface just surrounds the slit, has been imple
mented in the equilibrium solver. Any desired initial length 
of an FRX plasma may thus be found as a starting point for the 
transport simulations. The equilibria are computed using the 
1̂ -D adiabatic formulation and allow adiabatic compression to 
be self-consistently incorporated in the simulations. 

The SAI G2M [4] transport code was modified for the FRX 
studies; the equations for density, ion and electron energy are 
flux-surface averaged and contain certain geometrical functions 
of V, the independent spatial variable, e.g. K(V), which are 
known once the 2-D equilibrium flux distribution is given. 
Braginskii coefficients are used and impurity radiation is includ
ed in the model. Constant fixed ion and electron temperatures 
are assumed on the separatrix; their values are inferred from 
experimental observations. Pressure is finite on the separatrix. 
Remaining boundary conditions are: perfect conductivity on pinch 
tube wall and vacuum flux distribution at open pinch tube ends. 
Finite particle leakage time in the real open-field plasma is 
ignored here. The evolution of the plasma profiles and geometry 
is simulated in time using the 1%-D iteration algorithm assuming 
initial density and temperature profiles consistent with FRX 
measurements. Purely classical transport yields particle and 
energy half-life times of 200 and 50 ys respectively, or, roughly 
five times longer than what is seen experimentally. By adjusting 
the transport coefficients in order to agree with experiment,it 
is possible to obtain a measure of the degree of anomalous trans
port; FRX-B requires an anomaly factor of 3 for electron thermal 
conductivity and 50 for particle loss. 

SPHEROMAK FORMATION 

The s t a b i l i t y of the Spheromak has recently received extensive 
theoret ical analysis 15-7] . The v i ab i l i t y of the spheromak as a reactor 
concept also requires the demonstration of a formation scheme 
tha t can be scaled conveniently to reactor s i ze . A formation 
scheme tha t i s intended to meet these reactor requirements 
has been proposed for the PPPL S-l [8,9] Spheromak. The time 
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FIG.l. Schematic diagram of Princeton 
S-l Spheromak. 

s c a l e of f i e l d programming i s s u f f i c i e n t l y slow (approximately 
200 ysec i n t he S-l) so as t o span many (approximately 1000) 
Alfvén t imes . The formation process u t i l i z e s t h r e e a c t i v e c o i l 
c i r c u i t s ; an equi l ibr ium f i e l d system c o n s i s t i n g of two c o i l s 
ex t e rna l t o t h e vacuum v e s s e l (EF); a t o r o i d a l "core" wi th t o r o i 
da l c o i l s t o genera te p o l o i d a l f lux (PC) and a solenoid (TC) t o 
gene ra t e t o r o i d a l f lux [10] ; the schematic diagram of the Spher
omak device (S-l) i s shown in F i g . 1 . I n i t i a l l y , the equil ibr ium-
f i e l d c o i l s (EF) a r e turned on, and the r e s u l t a n t f i e l d , which 
suppor ts t he f i n a l plasma equi l ib r ium, p e n e t r a t e s the vacuum 
v e s s e l . Al l subsequent f i e l d programming (PC,TC) proceeds on a 
f a s t e r time s c a l e , whereby the vacuum v e s s e l a c t s as a p e r f e c t 
conductor . The t o r o i d a l c o i l s (PC) in t he core a r e turned on 
to genera te t h e vacuum po lo ida l f i e l d . The breakdown i s i n i t i 
a ted around the core when t he t o r o i d a l solenoid (TC) i s energized. 
F i e ld p r e s s u r e - b a l a n c e causes the plasma to expand p r e 
f e r e n t i a l l y towards t he low f i e l d r eg ion on t h e symmetric-axis 
s ide of the c o r e . As t he t o r o i d a l f lux p e n e t r a t e s the plasma, 
a r educ t ion of the t o r o i d a l c u r r e n t i n t he core (PC) induces a 
p o s i t i v e t o r o i d a l c u r r e n t in the p lasma, lead ing to the e q u i l i 
brium c o n f i g u r a t i o n . 

Here we demonstrate t he ope ra t i on of the device by p r e 
sen t ing t he r e s u l t s from a r e s i s t i v e two-dimensional MHD simula
t i o n code [8,11], In an axisymmetric geometry wi th symmetry angle 
<t>, t he magnetic f i e l d and t he plasma momentum d e n s i t y can be 
w r i t t e n B = V<J>xViJ/+gV<J> and m = V^JXVA + o)V<j> + Vfi. We look for 
s o l u t i o n s wi th slowly changing boundary cond i t ions and small 
mass flow which enables the dropping of the convect ive d e r i v a 
t i v e term and the a d d i t i o n of a v i scous damping term i n the equa
t i o n of motion. I f i n a d d i t i o n we r e s t r i c t cons ide r a t i on to low 
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beta plasmas, the ordering (3 ^ e2 leads to considerable simplifi
cation. The MHD equations take the form [where V*=x2V*(1/x2)V 
and x = Iv^l"1] 

~ V2ft + V- [ ^ L Vi|; + - ^ Vg - vV(V2fi)l = 0 

V # V 
| - A*A + x 2 V [^-^r V(J>xV̂  + —S-r- V<|)XVg - 4 r V(V2A)] = 0 
ou 2 2 2 

y 0 x yQx x 
8 1 2 
-T— (i) + — (Vf x Vg) • Vij; - vV a) = 0 
3 t yQ 

| ^ p + V2Q = S p 

I Î - + - (Vf x VA • VTÍJ + va • vijA = - J 1 - A*xf> 
3t p v T rj yQ 

2 
| | + x2V- [-^j (v<j> x VA + Vft] - - ~ V<j)XV̂ ] = - ~ - V- -^- Vg 

px px O x 

This s e t of equat ions o f f e r s s eve ra l advantages over more 
p r i m i t i v e forms. By tak ing the d ivergence and c u r l of the 
momentum equat ion , t he shear-Alfvén-wave motion has been removed 
from the v e l o c i t y - p o t e n t i a l v a r i a b l e ft,and the f a s t compress ible 
wave motion has been removed from the v a r i a b l e s A and to. As d i s 
cussed in Ref. 12, t h i s p a r t i a l i s o l a t i o n of the d i f f e r e n t MHD 
c h a r a c t e r i s t i c s l eads t o dramatic improvements in the accuracy 
and the s t a b i l i t y of the numerical s o l u t i o n s . 

Magnetic boundary cond i t ions r e q u i r e information about the 
f lux func t ions ^ and g a t t he plasma boundary. These funct ions 
a r e r e l a t e d t o the t a n g e n t i a l e l e c t r i c f i e l d from Faraday ' s law, 
i . e . 

H-=x2V<J>.E * | j = x2V.(V<{»xt) 
dt dt 

The t a n g e n t i a l e l e c t r i c f i e l d i s determined s e l f - c o n s i s t e n t l y 
by the simultaneous s o l u t i o n of e l e c t r i c a l c i r c u i t e q u a t i o n s , 
taking i n t o account t h e presence of a r e s i s t i v e m e t a l l i c l i n e r 
separa t ing the plasma from the c i r c u i t e lements . The p a r t i a l 
d i f f e r e n t i a l equat ions a r e d i f fe renced us ing the l eap- f rog 
method on the convect ive and hyperbol ic t e rms , and the Duffor t -
F rank ie l method on the d i f f u s i v e or p a r a b o l i c t e rms . A f a s t 
e l l i p t i c so lver i s used to i n v e r t t h e e l l i p t i c o p e r a t o r s to 
o b t a i n Ü and V2Q and V*A. 

Figure 2 shows the computed currents in the circuits, 
liner, and plasma as a function of the time t. The EF and PC 
currents have been brought up slowly so that they have the 
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FIG.2. Time evolution of core, liner and 
plasma currents. 

values -200 kA and 500 kA respectively at time t = 0 when the 
plasma is preionized. At t = 0, the TC capacitor banks are 
discharged and simultaneously the PC current is decreased. The 
currents in the TC and PC circuits are crowbarred and allowed 
to decay resistively at time t = 100 us and t = 14 0 y s respectively, 
In response to the changing circuit currents, poloidal and toroid
al currents are induced into the liner and plasma as indicated 
in the figure. 

Figure 3 shows the computational grid used in the calcula
tion. A nonorthogonal grid was utilized, so that cell boundaries 
align with physical boundaries,allowing accurate computation of 
boundary conditions. Figure 3 shows the poloidal magnetic flux 
distribution at time t = 0. Only the contours on the upper half-
plane are plotted, since the device is symmetric about the mid-
plane. The lower part of Fig. 3 shows the poloidal flux on the 
midplane plotted against the major radius R. 

Figure 4 shows the distribution of the poloidal magnetic 
flux, the toroidal field (RB^), and the poloidal current at time 
t = 80 usee. Note that both poloidal and toroidal currents have 
been induced into the plasma. The evolution of these quantities 
is determined by resistive diffusion, combined with the equilibri
um constraint which dictates a preferential inward expansion. As 
seen in Fig. 4, a magnetic axis has formed at this time, located 
at R = 0.75 m. 
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FIG.3. Computational grid and poloidal 
flux pattern at t — 0. 

Figure 5 shows the fields and currents at time t =250 usee 
after the spheromak configuration is fully formed. The magnetic 
axis is now located at R = 0.48 m. This configuration decays 
slowly. Reasonable estimates of radiative and transport losses 
suggest a central temperature of several hundred electron volts, 
which would imply a lifetime of several milliseconds. 

The formation scheme discussed above could be 
improved with an additional pair of coils located between the 
axis of symmetry and the core. The main objective of these coils 
(pinching coils) is to aid the pinch-off process after the plasma 
configuration is deformed sufficiently towards the axis of 
symmetry. Figure 6 shows the time sequence of plasma behavior, 
studied with a code described in Ref. 13. In this calculation, 
the core coil and pinching coil are approximated by an octagonal 
shape and diamond shape respectively. Also the discharge dura
tion time is somewhat shortened to reduce computation time. The 
study indicates that the additional pinching coil is effective 
not only to separate the plasma configuration from the core but 
also to induce the current in the main spheromak configuration. 
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PROTO S - l DEVICE 

Very r e c e n t l y a p r o t o t y p e S - l d e v i c e ( c a l l e d P r o t o - S - l A ) 
h a s b e e n b u i l t and h a s s u c c e s s f u l l y d e m o n s t r a t e d t h e e f f e c t i v e 
n e s s o f t h e p r o p o s e d spheromak f o r m a t i o n scheme [ 8 , 9 , 1 0 ] . 

The P r o t o - S - l A d e v i c e was f a b r i c a t e d t o s i m u l a t e e x p e r i 
m e n t a l spheromak p h y s i c s p r i m a r i l y f o r t h e f o l l o w i n g p u r p o s e s : 
(1) I n v e s t i g a t e t h e i n i t i a l p l a sma f o r m a t i o n p h a s e . (2) O p t i m i z e 
t h e programming o f t h e S - l f l u x c o r e c u r r e n t s ( t o d e t e r m i n e t h e 
s c e n a r i o of S - l o p e r a t i o n ) . (3) S t u d y p l a sma s t a b i l i t y ( t i l t i n g 
mode, e t c . ) . (4) I n v e s t i g a t e m a g n e t i c r e c o n n e c t i o n d u r i n g t h e 
p i n c h i n g - o f f s t a g e . 

The m a c h i n e c o n f i g u r a t i o n and i t s main components a r e 
s c a l e d - d o w n v e r s i o n s ( 1 / 6 ) o f t h e S - l d e v i c e [8] . The f l u x r i n g 
c o n t a i n s t h e P o l o i d a l F l u x C o r e (PC) and t h e T o r o i d a l F l u x Core 
(TC). These two c o i l s y s t e m s i n d u c e t h e t o r o i d a l and p o l o i d a l 
c u r r e n t s o f t h e i n i t i a l p l a s m a . The E q u i l i b r i u m F i e l d C o i l s 
(EF) h o l d t h e f i n a l spheromak p l a sma i n a d e s i r e d p o s i t i o n n e a r 
t h e c e n t e r o f t h e v e s s e l . The vacuum v e s s e l i s made of 3 / 8 - i n c h 
s t a i n l e s s s t e e l w i t h no i n s u l a t i n g b r e a k s , s i n c e i t c o n s t i t u t e s 
a p a s s i v e e l e m e n t i n t h e o v e r a l l spheromak m a g n e t i c c i r c u i t . 

The EF c o i l s a r e d r i v e n by a dc c u r r e n t . The PC, TC and 
PN c o i l s a r e a l l d r i v e n by c a p a c i t o r b a n k s . P r i n c i p a l p a r a m e t e r s 
of t h e P r o t o - S - l A f a c i l i t i e s a r e : RRJNG ~ 1 5 c m ; aRING = 3 m ' 
formation time ^ 10 ysec; equilibrium field ± 1 kG; total magnetic 
energy £ 10 kJ. 



466 GROSSMANN et al. 

O pf ; TC Ditchorgt Starts 

10 /i% ; T C - C / B 

R(cm) 

FIG. 7. Time evolution of the magnetic field 
configuration at the midplane; toroidal field 
(left) and poloidal field (right), t — 0 
corresponds to the starting time of the TC 
discharge. TC and PC currents are crowbarred at 
t = 10 ¡JLS and t = 12 jus respectively. 

The f lux core con ta ins t o r o i d a l and po lo ida l copper wind
ings housed i n an i n s u l a t i n g ceramic m a t e r i a l . I t can emit 
0.003 v o l t - s e c of t o r o i d a l f lux and can induce 0.02 v o l t - s e c of 
po lo ida l f lux change. The core i s covered by a 3 -mi l - th i ck 
m e t a l l i c l i n e r ( s t a i n l e s s s t e e l ) t h a t not only p r o t e c t s the core 
surface from s p u t t e r i n g and eros ion bu t a l so smooths the induced 
f i e l d dur ing t he i n i t i a l breakdown s t a g e . The core i s s e l f -
supported a g a i n s t induced forces and i s powered by two s e t s of 
e l e c t r i c a l l e a d s . 

INITIAL RESULTS 

When the PC and TC coil currents are pulsed into the flux 
core with the appropriate time sequence, a plasma is created a 
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few microseconds after the TC current is initiated in the core, 
and expands toward the major axis of the system,as predicted 
in the earlier studies. The plasma configuration is found to be 
uniform in the toroidal direction, although ripple effects due 
to the 40 turns of the toroidal core winding can be observed. 
The framing camera pictures taken from the major-axis window 
clearly indicate that the plasma moves toward the major axis and 
pinches off from the core. Measurements in which the time evol
ution of the magnetic configuration is shown have been taken on 
the inside midplane of the flux core by magnetic probes. In 
Fig. 7, one sees that a separated spheromak configuration is 
established 12-14 usee after the start of the plasma discharge. 
The spheromak configuration lasts about 15-20 ysec. Recently, 
we have found spheromak configurations lasting approximately 30 
usee in some cases. This lifetime is significantly long, since 
the classical magnetic diffusion time of the plasma (T = 20 eV) 
is expected to be of the same order (50 ysec). Utilizing half 
of the flux change from the core, the toroidal and poloidal 
plasma currents are found to be roughly 20 kA and 50 kA respec
tively. The effectiveness of the S-l scheme for forming a 
stable spheromak plasma by quasi-static means appears to have 
been established. 
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DISCUSSION 

B. LEHNERT: When considering plasma confinement in a purely poloidal 
magnetic field, you mentioned that stability against flute-type modes can also be 
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achieved when the plasma pressure decreases in the direction of decreasing magnetic 
field strength, as was pointed out by Dr. Shafranov at this Conference Let me 
mention that this result has also been obtained earlier by the Stockholm group1 

in studies of 'maximum-average-B' stabilization. This stabilization method requires 
a finite pressure at the outer (low-pressure) plasma boundary. One way of 
satisfying this pressure requirement is to introduce a cold plasma or gas mantle 
into the boundary region. Can you comment on this? 

H. FURTH: There is an extensive literature on this topic going back to the 
1950s. I would like to refer your question concerning the practicality of a cold 
dense outer plasma layer to Dr. Linford who has been specially concerned with such 
problems. 

R.K. LINFORD: We have not considered the use of a cold gas blanket in much 
detail, but some consideration of this problem was made in the study of the Linus 
reactor concept. For details see paper CN-38/V-4 by Krakowski et al., in these 
Proceedings. The major problem appears to be charge exchange and thermal 
conduction to the cold boundary layer. These and other losses can be overcome, 
in principle, by going to higher density for a rapid burn, as is done in the Linus study. 

R.A. Krakowski has pointed out in a private communication that the charge 
exchange is dominant and prevents the achievement of Lawson unless the density 
is much larger than allowed by first-wall loading limits in long-pulse reactor systems. 
A renewable first wall, such as the lead-lithium liquid liner in Linus, must be used. 
These conclusions were reached in earlier studies of a cold gas blanket in conjunction 
with a 0-pinch plasma. 

Another possible approach is to use a finite Larmor radius effect to provide 
the required pressure at the separatrix. Since ions whose guiding centres are just 
inside the separatrix (and hence confined) spend some time outside, finite pressure 
can be maintained at the separatrix. Whether the effect is sufficient for stability 
in the reactor regime is still an unanswered question. 

B.I. COHEN: Can you comment, Dr. Furth, on the stability of spheromaks 
to resistive modes? 

H. FURTH: This topic was covered in our paper at the Innsbruck meeting2. 
In brief, there are surface tearing modes, which can be stabilized by a sufficiently 
close-fitting external shell and/or high-temperature effects. In addition, the 
resistive-g mode is always unstable in MHD theory but is expected to be stabilized 
by high-temperature effects if j3 is moderate. 

1 LEHNERT, B., Phys. Fluids S (1962) 432 and Phys. Scr. 13 (1976) 317; HELLSTEN, T., 
Plasma Transport, Heating and MHD Theory, Pergamon, Oxford (1978) 191. 

2 Ref. [5] of this paper. 
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Abstract 

THEORY OF FIELD-REVERSED MIRRORS AND FIELD-REVERSED PLASMA-GUN 
EXPERIMENTS. 

Experimental and theoretical studies of field reversal in a mirror machine are reported. 
Plasma-gun experiments demonstrate that field-reversed plasma layers are formed. Low-energy 
plasma flowing behind the initially produced plasma front prevents tearing of the layer from the 
gun muzzle. MHD simulation shows that tearing can be obtained by impeding the slow plasma 
flow with a plasma 'divider'. It is demonstrated theoretically that a field-reversed mirror 
embedded in a multipole field can be sustained in steady state with neutral-beam injection even 
in the absence of impurities. MHD stability analysis shows that growth rates of elongated 
reversed-field 0-pinch configurations decrease with axial extension, which indicates the importance 
of including finite Larmor radius in the analysis. Tilting-mode criteria are improved by proper 
shaping, and a 'problimak' shape is proposed. Tearing-mode stability of field-reversed 0-pinches 
is greatly enhanced by flux exclusion. Self-consistent, l^-dimensional transport codes have been 
developed, and initial results are presented. 
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1. INTRODUCTION 

Compact t o r i [1 ,2] of fe r the p o s s i b i l i t y of low-power 
r e a c t o r s o p e r a t i n g even on advanced f u e l s . S e l f - c o n s i s t e n t 
Monte Car lo c a l c u l a t i o n s [3] us ing a H i l l ' s vo r t ex equ i l ib r ium 
i n d i c a t e t h a t a D-^ He r eac to r can operate a t one megawatt 
wi th Q ~ 10 for a plasma rad ius to Larmor radius r a t i o ~10. 
DT r e a c t o r s have higher values of Q and about 20 times the 
power output for plasma of the same r e l a t i v e s i z e . However, 
the r e a l i s t i c e x p l o i t a t i o n of compact t o rus conf igu ra t ions in 
a r e ac to r w i l l r equ i r e unders tanding of the format ion, t r a n s p o r t 
and s t a b i l i t y of such a system. In t h i s work we desc r ibe ef
f o r t s at the Lawrence Livermore Nat ional Laboratory (LLNL) to 
understand such systems. We d iscuss experimental e f f o r t s to 
c r e a t e an i s o l a t e d r ing to be contained in a mi r ror machine as 
well as t h e o r e t i c a l s t ud i e s of s t a b i l i t y and t r a n s p o r t . 

The p r i n c i p a l r e s u l t s repor ted here inc lude the product ion 
of f i e l d - r e v e r s e d conf igura t ions with flux in excess of tha t 
implanted in the gun, the t h e o r e t i c a l demonstrat ion t ha t a 
beam-driven plasma in a mul t ipo le f i e l d (with no t o r o i d a l 
f i e l d ) can be maintained in s teady s t a t e , and t h a t improved 
t i l t i n g - m o d e s t a b i l i t y can be obtained by plasma shaping . We 
d i scuss MHD s t a b i l i t y theory of e longated systems, s e l f -
c o n s i s t e n t t r a n s p o r t models, and an MHD s imula t ion of a plasma 
gun t h a t agrees with experiment and i n d i c a t e s how an i s o l a t e d 
plasma can t e a r away from the gun. 

2. PLASMA-RING FORMATION WITH PLASMA GUN 

Experiments on the Beta I I device a t LLNL use a magnetized, 
coaxia l -p lasma gun [ 4 ] . The ob jec t ive of these experiments i s 
to c rea te a compact, t o r o i d a l plasma to be used as a t a rge t 
plasma for neutral -beam i n j e c t i o n . 

A diagram of the experiment i s shown in F ig . 1. A coaxia l 
gun i n j e c t s a x i a l l y i n t o a uniform gu ide - f i e ld region which is 
followed by a magnetic m i r r o r . For the experimental data re
ported here only the uniform guide f i e l d (B0 <, 6 kG) i s used 
and we study the magne t i c - f i e ld s t r u c t u r e and a x i a l propa
ga t ion of plasma from the gun. The coaxia l -gun e l ec t rodes are 
1.5 m long, and the diameter of the inner (ou te r ) e l ec t rode i s 
0.15 m (0.30 m). The gun e l e c t r o d e s are f i t t e d with solenoid 
c o i l s t ha t together with the guide f i e ld form a magnetic cusp 
in front of the gun. Plasma acce le ra ted through the cusp 
c a r r i e s the i n n e r - e l e c t r o d e flux with i t . This flux becomes 
the po lo ida l f lux of the emitted plasma. The azimuthal mag
n e t i c f i e l d c rea ted by the gun-discharge cur rent i s trapped in 
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the plasma and c o n s t i t u t e s the t o r o i d a l f i e l d . The magnetic 
f i e l d s t r u c t u r e is s tudied with e x t e r n a l , magnet ic- loop probes 
and a f i v e - t i p , i n t e r n a l a r ray t ha t can be pos i t ioned anywhere 
along the axis of the experiment . Framing-camera photographs 
can be taken from a s ide port and a HeNe in te r fe romete r meas
u re s l i ne dens i ty along a chord in f ront of the gun. For most 
of our da t a , the gas input to the gun is 50 atra - cm' deu
ter ium. 

Figure 2 shows t y p i c a l p r o f i l e s of i n t e r n a l , magnetic f i e l d 
components a t 73 cm from the gun. The guide f i e ld i s 2.2 kG. 
The a x i a l magnetic f i e l d reaches 9 kG a t the plasma cen te r and 
i s oppos i t e in d i r e c t i o n to the guide f i e l d . I n t e g r a t i n g the 
B£ p r o f i l e out to the n u l l a t R0 = 10 cm gives a t o t a l po lo ida l 
f lux '4v>ol = 1*5 to 2.0 x 10"* kG - cm^ which i s comparable to 
the gun i n n e r - e l e c t r o d e flux ^g u n = 1.6 x 10-* kG - cm2 for 
t h i s sho t . The Bx component corresponds to a t o r o i d a l f i e l d 
wi th oppos i t e s ign above and below the machine 's cen te r l i n e . 
Assuming c y l i n d r i c a l symmetry, the t o r o i d a l cu r r en t per un i t 
l eng th reaches a va lue 1 MA/m. The po lo ida l cu r ren t reaches a 
va lue 330 kA at r = 10 cm, and is about half the gun-discharge 
cur ren t a t the time plasma begins to leave the gun. Data with 
t o t a l p o l o i d a l f lux exceeding twice t ha t shown in F ig . 2 have 
been ob ta ined . 
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In s tudying the propagation of t h i s plasma away from the 
gun, we have developed the following p i c t u r e . Elongated 
po lo ida l f i e ld l i n e s o r i g i n a t i n g in the inner e l ec t rode 
s t r e t c h but do not break free of the gun. Plasma emerges from 
the gun and propagates up to 300 cm in a few microseconds. 
Plasma flow then stops and the f i e ld l ines d i f fuse back i n t o 
the gun in 30 to 40 u s . As we expect from the ene rge t i c s of 
t h i s p i c t u r e , the a x i a l propagat ion d i s t a n c e inc reases when 
(a) the gun-discharge energy is i nc reased , (b) the inne r -
e l e c t r o d e flux is decreased, or (c) the guide magnetic f i e l d 
i s lowered. Diamagnetism and in te r fe romet ry close to the 
plasma gun i n d i c a t e tha t slow plasma behind the i n i t i a l front 
i n h i b i t s r econnec t ion . 

The phys ica l s i ze of the gun-produced plasma and the 
po lo ida l f lux c a r r i e d with i t are encouraging for i t s eventual 
use as a t a r g e t for neutra l -beam i n j e c t i o n . However, to i s o 
l a t e the plasma from excess ive thermal conduction to the gun 
e l e c t r o d e s , po lo ida l flux l i n e s must reconnect to form an 
i s o l a t e d plasma. This can be done us ing a pulsed pinching 
c o i l , or by reducing the gas input [5] so a well defined pulse 
of plasma emerges from the gun. 

Computer s imula t ions of t h i s experiment employ a two-
dimensional , axisymmetric magnetohydrodynamic c a l c u l a t i o n [ 6 ] . 
Plasma r e s i s t i v i t y i s the sum of a c l a s s i c a l c o l l i s i o n a l term 
and an anomalous term which f i t s t h e t a - p i n c h experiments [ 7 ] . 
There a re s e p a r a t e ion and e l e c t r o n temperatures and thermal 
c o n d u c t i v i t i e s . The plasma gun model inc ludes the e f f e c t s of 
the axisymmetric plasma loop p r o b e s . The i n i t i a l dens i ty is a 
Gaussian d i s t r i b u t i o n centered about the gas v a l v e . The 
plasma-gun power supply i s modelled by an RLC c i r c u i t connected 
to the breech . The c a l c u l a t i o n begins when the plasma-gun 
d i scharge i s i n i t i a t e d . Plasma evo lu t ion i s followed for 
20-30 y s , which inc ludes the formation of the f lowing, f i e l d -
reversed plasma. 

General agreement with the B e t a - I I experiment has been 
achieved. The c a l c u l a t i o n shows a cont inuous plasma flow 
(emerging from the outer r a d i i of the gun) which c r e a t e s a 
2 -mete r - long , f i e l d - r e v e r s e d region i n s i d e the d i a g n o s t i c 
loops but does not t e a r from the gun muzzle. The plasma 
radius v a r i e s wi th d i s t a n c e as the flow o s c i l l a t e s between the 
loops and the axis on the Alfvén time s c a l e . 

Figure 3 shows t ha t a d i f f e r e n t muzzle geometry produces a 
f i e l d - r e v e r s e d plasma r i n g . The a d d i t i o n a l d iv ide r e l ec t rode 
t r aps the bulk of the plasma s t reaming out of the gun a t the 
l a r g e r r a d i i . A shor t pulse of plasma i s emitted from the 
smaller r ad ius region of the gun; reconnec t ion then takes 
p lace in the low-dens i ty , high-anomalous r e s i s t i v i t y region 
behind i t [ 8 ] . After format ion, the d i r e c t e d v e l o c i t y i s 
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FIG.3. MHD simulation calculation of 
production of a field-reversed ring by a 
modified plasma gun: (a) geometry of the 
gun and the auxiliary 'divider' electrode in 
B-Z coordinates; (b) contour plot of 
plasma density at 17.0 s; (c) contour plot 
of the poloidal flux function at the same 
time. 

6 x 10° cm/s as compared to 20 x 10° cm/s in the gun; the 
add i t i ona l energy is converted p r i m a r i l y to p o l o i d a l f i e l d 
energy. In t h i s example the energy of the f i e l d - r e v e r s e d r i n g 
i s 1 kJ ; the i n i t i a l capac i to r -bank energy was 140 k J . 
Addi t ional c a l c u l a t i o n s are planned to search for higher 
e f f i c i e n c y . 

MHD THEORY 

Experimental r e s u l t s [9 ,10 ,11] of the r e v e r s e d - f i e l d 
8-pinch i n d i c a t e s t a b l e opera t ion of a x i a l l y e longated plasmas 
wi thout any apparent t o r o i d a l f i e l d . MHD theory i n d i c a t e s 
such plasmas are u n s t a b l e . However, in c o n t r a s t to a c i r c u l a r 
z -p inch , there seem to be i n t e r e s t i n g parameter regimes where 
f i n i t e Larmor rad ius e f f e c t s s i g n i f i c a n t l y modify the MHD 
growth r a t e s for an a x i a l l y elongated system. 

For a t o r o i d a l l y symmetric system, the eigenmodes are p ro 
p o r t i o n a l to exp(iZ'jr), and in MHD theory the most uns t ab le modes 
are for I -*• «= [12] . In t h i s l im i t the eigenmode equat ions a r e : 

d S V B r 2 d s / VrB23* r V / 
+ 2gü ( B dZ _ 2 K X / r B ) . 0 ( 1 ) 

r as 

d_ 
ds ( •" 2 »§-§r )* - a p"-o (2) 
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wi th s the d i s t a n c e along a flux tube , p(i|0 the plasma p r e s 
s u r e , p the plasma d e n s i t y , r\> the plasma f l ux , < the f i e ld cur 
v a t u r e , r t he major r a d i u s , 3 = Yp/(B2 + Yp), B the magnetic 
f i e l d ampl i tude , and w the eigenfrequency. 

At the vor t ex po in t the flux sur face i s e l l i p t i c a l with 
]¡> = íjjj. + \\t0 [ ( r - r 0 ) 2 + ( e ' z ) 2 ] / r § . i n the v i c i n i t y of t h i s 
po in t Eqs (1) and (2) can be solved a n a l y t i c a l l y [ l 3 l . The 
eigenmode spectrum for a x i a l and r a d i a l displacements i s de
genera te wi th f r equenc ie s , wn = ft(n2 - 1 )1 /2 , where 
fi= |3p/3ii>| r 0 e ' / [ p 1 / 2 ( \JJV)(1 + e ' 2 ) ] , and n i s an i n t e g e r . 
I n s t a b i l i t y e x i s t s for n = 0, and n = 1 i s marg ina l ly s t a b l e . 
For a H i l l ' s v o r t e x equ i l ib r ium ( 3 p / 3 ^ = cons t ) where 
4) = r 2 3p/3^ [ r 2 - 2r$ + e 2 z 2 ] / [ 2 ( 4 + e 2 ) ] , e' = e /2 , Eqs (1) 
and (2) have been solved numerica l ly away from the vo r t ex 
p o i n t . One of the margina l ly s t a b l e modes d e s t a b i l i z e s . The 
t h r e e normalized growth r a t e s for e = 0.2 on the f lux s u r f a c e s , 
ty/tyy = 1 . 0 , 0 . 8 , 0 . 6 , 0 . 4 , 0 . 2 , r e s p e c t i v e l y , are 
pco2 = ( - 1 , - 1 , 0 ) , ( - 0 . 9 7 , - 1 . 1 3 5 , - 0 . 3 1 4 ) , ( -0 .956 , - 1 . 2 5 , 
- 0 . 5 9 ) , ( - 0 . 9 7 , - 1 . 3 6 , - 0 . 8 3 ) , and ( -1 .06 , - 1 . 4 8 , - 1 . 0 2 ) . 

MHD theory breaks down when o>n £ w* = mcZ. 3p/3^/ep. In 
the l imi t e' < 1, we then find 

«M 1/2 r n e ' / 2 n \
1 / 2 ^ 

4 - (1 + VT.) - 2 - — (-4- > 1 
6 1 **io V* VBo / ~ 

where a£Q is the ion Larmor radius in the external field BQ. 
Hence for this model the vortex point is least affected by 
this finite-Larmor-radius criterion. The elongated shape 
( £ ' « i) allows room for significant finite-Larmor-radius 
effects. 

Although finite-Larmor-radius effects strongly modify high 
toroidal-mode-number MHD instabili t ies, perhaps eliminating 
them, the effect decreases with decreasing £. For the low 
modes, field shaping and conducting-wall placement can be ef
fective. One of the most troublesome instabilities is the 
t i l t ing [14] mode, in which the plasma rotates about an axis 
normal to the symmetry axis. 

To study ti l t ing we have analysed the MHD energy principle 
for nearly spherical equilibria when the boundary is given by 
P = P0 U + e f(9)J where P is the spherical radius, 9 a polar 
angle and e << 1. We find the t i l t ing mode analysis can be 
extended to finite pressure systems and that the minimizing 
energy can be expressed as a surface integral: 

ÓW = \ ido [ ( £ .Ç ) B-0 + •£- ( Ç - B ) L(C -B ) ] 1 J L w ~ - i w P n ~ w ~ ~ w ~ 
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where ¿ w = £ x w i s t h e dominan t r i g i d r o t a t i o n , 
Qyj = ^ x ( £ w

 x B ) , 5 d e t e r m i n e s t h e w a l l p o s i t i o n 
Pw = PO [1 + S + e f ( 9 ) ] and L i s t h e q u a n t u m - m e c h a n i c a l 
r o t a t i o n o p e r a t o r w i t h e i g e n v a l u e s L P m ( 8 ) = -l(& + 1 ) P m ( 9 ) . 

T h e r e i s a f a m i l y of a n a l y t i c e q u i l i b r i a f o r which 
o p / 3 ^ = c o n s t . , 

2 ay t'2"?) - °2* 
f o r which BQ Œ s i n 9 a t t h e n e a r l y s p h e r i c a l s e p a r a t r i x . For 
t h e s e e q u i l i b r i a we have a n a l y s e d t h e s t a b i l i t y of a " p r o b l i -
mak" s h a p e [ f ( 6 ) = c o s 2 9 + y ( c o s 2 2 9 - 1)] which h a s f e a t u r e s 
of a p r o l a t e s h a p e n e a r t h e a x i s and o b l a t e a t t h e m i d p l a n e . 
The s t a b i l i t y c r i t e r i o n found i s - 1 / 5 £ (1 - 2 u / 7 ) - 6 > 0 , 
showing t h a t t i l t i n g i n s t a b i l i t y can be g a i n e d by s u r f a c e -
s h a p i n g a p r o l a t e p l a s m a . 

T r a n s l a t i o n a l modes a r e g l o b a l i n s t a b i l i t i e s c o r r e s p o n d i n g 
t o r i g i d m o t i o n e i t h e r a l o n g t h e symmetry a x i s or p e r p e n d i c u l a r 
t o i t . <5W c a l c u l a t i o n s i n d i c a t e t h e s e modes a r e r e l a t i v e l y 
e a s i l y w a l l - s t a b i l i z e d ; t h i s r e q u i r e s w a l l s a p p r o x i m a t e l y one 
p l a s m a - r a d i u s d i s t a n t . These i n s t a b i l i t i e s a r e l e s s s e n s i t i v e 
to t h e p l a sma s h a p e t h a n t h e t i l t i n g mode i s . 

We have p e r f o r m e d a s t a b i l i t y a n a l y s i s f o r t h e t e a r i n g 
mode of a l o n g , r e v e r s e d - f i e l d 9 - p i n c h u s i n g t h e n e i g h b o r i n g 
e q u i l i b r i u m method d e v i s e d by P f i r s c h [ 1 5 ] . The t e a r i n g mode 
c a n b e w a l l - s t a b i l i z e d , and d r a m a t i c s t a b i l i z a t i o n can r e s u l t 
i f f l u x t e n d s t o be e x c l u d e d from t h e p l a s m a . For a f i e l d 
p r o f i l e B = B 0 s i n h [ a ( r 2 - r 2 ) / 2 ] / s i n h [ a r g / 2 ] , 
r 2 < 2 r£ = r | ( r e = p la sma edge r a d i u s ) and B = B 0 , 
r 2 > 2 r g , t e a r i n g - m o d e s t a b i l i t y r e q u i r e s a c o n d u c t i n g w a l l a t 
r a d i a l d i s t a n c e , r w , s a t i s f y i n g r $ < 2 r£ + 2 s i n h ( a r 2

) ) / a , 
which i s a modes t l i m i t a t i o n f o r l a r g e a . The l o n g , t h i n e q u i l i 
b r i u m c o n d i t i o n I r d r ( p - B 2 / 2 ) = - r ^ B 2 ( z = °°)/4 . t o g e t h e r 

w i t h f l u x c o n s e r v a t i o n , d e t e r m i n e s a w a l l r a d i u s , r j_, l e s s t h a n 
t h e r w found for t h e a f o r e m e n t i o n e d f i e l d p r o f i l e . However , we 
h a v e found an example where r^ > r w {B = B 0 t anh [ot(r2 

- r 2 ) / 2 ] / t a n h ( a r ^ / 2 ) } f o r a > 0 . 9 4 . T h i s i n d i c a t e s t h a t f o r 
a t h r e e - d i m e n s i o n a l e q u i l i b r i u m t h e t e a r i n g c o n d i t i o n i s a 
s t a b i l i t y c o n d i t i o n r a t h e r t h a n an e q u i l i b r i u m c o n d i t i o n , a s 
has been c o n j e c t u r e d [ 1 6 ] . 

4. TRANSPORT AND MHD SIMULATION 

I n t h i s s e c t i o n we d i s c u s s a method of s u s t a i n i n g a B^ = 0 
p lasma i n s t e a d y s t a t e and t h e d e v e l o p m e n t of 1 - 1 / 2 - d i m e n s i o n , 
s e l f - c o n s i s t e n t , t r a n s p o r t c o d e s . 
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In a t o r o i d a l l y symmet r i c s y s t e m , e l e c t r o n b a c k c u r r e n t s 
c a n c e l i o n - b e a m c u r r e n t s when Z e f f = 1 [ 1 7 ] . We show t h a t 
t h e c u r r e n t c a n c e l l a t i o n can be avo ided by weak ly b r e a k i n g t h e 
t o r o i d a l symmetry of t h e d e v i c e , for i n s t a n c e by t h e a d d i t i o n 
of q u a d r u p o l e m a g n e t i c f i e l d s . Symmetry b r e a k i n g a l l o w s 
a n g u l a r momentum t r a n s f e r be tween t h e e l e c t r o n s and t h e e x 
t e r n a l c o i l s t r u c t u r e s . The momentum t r a n s f e r p r o d u c e s an 

a d d i t i o n a l f o r c e on t h e e l e c t r o n s , p r e v e n t i n g them from 
a c c e l e r a t i n g to t h e ion v e l o c i t y and c a n c e l l i n g t h e c u r r e n t . 

The mechanism f o r t r a n s f e r r i n g momentum i s m a g n e t i c pump
i n g . The i n j e c t e d beam c a u s e s a t o r o i d a l , r o t a t i o n a l f low 
(-°'rot = r o t a t i o n a l f r e q u e n c y ) which c o n v e c t s t u b e s of p o l o i d a l 
f l u x ( t o r o i d a l B - f i e l d i s z e r o ) i n t h e <j> d i r e c t i o n . The quad
r u p o l e f i e l d s do n o t p e n e t r a t e t h e b u l k p lasma ( a s we d i s c u s s 
l a t e r ) b u t s e r v e o n l y to deform t h e p lasma s u r f a c e . The p l a s 
ma f l u x - t u b e s u n d e r g o a p e r i o d i c c o m p r e s s i o n - d e c o m p r e s s i o n a s 
t h e y move p a s t t h e t o r o i d a l l y v a r y i n g s t r u c t u r e , c a u s i n g 
e l e c t r o n p r e s s u r e m o d u l a t i o n . For f i n i t e v

e / ^ r o t > where v e 

i s t h e e l e c t r o n - e l e c t r o n c o l l i s i o n f r e q u e n c y , t h e p r e s s u r e 
v a r i e s n o n a d i a b a t i c a l l y , c a u s i n g a n e t t r a n s f e r of e n e r g y from 
t h e flow t o e l e c t r o n t h e r m a l e n e r g y . C o r r e s p o n d i n g to t h e 
e n e r g y t r a n s f e r i s a f o r c e which damps t h e f l o w . T h i s f o r c e 
on t h e e l e c t r o n s p r e v e n t s c u r r e n t c a n c e l l a t i o n . 

To s ee how t h e e x t r a f o r c e a r i s e s , examine e l e c t r o n f o r c e 
b a l a n c e . The t o r o i d a l a v e r a g e of l / e n e x ( t o r o i d a l f o r c e 
component ) y i e l d s 

\ e n — ~~ »»e/ o n <p 
e Y 

where Un = flow normal to f lux s u r f a c e s . The pressure term in 
Eq. (3) can be reduced to <c}> • V-P je/ene> = v e P e / ( 3 e n e r £ ^ o t ) 

X\J d<5>V»ue)2\ This always has the c o r r e c t s ign to prevent 

cu r r en t c a n c e l l a t i o n . We determine ^ r o t and V • ue from a 
double a d i a b a t i c ion model, and we se l f - cons i s t e n t l y solve for 
the needed q u a n t i t i e s . Deta i led ana lys i s w i l l be presented 
e l sewhere . 

Two o ther cons ide ra t i ons are necessary to complete the 
t h e o r y . F i r s t in the region wi th in an e l e c t r o n - o r b i t s ize of 
the f i e l d n u l l , the e l ec t ron f lu id equat ions break down. This 
is an important r eg ion , s ince any equi l ib r ium must have f i n i t e 
cu r r en t at the n u l l . Near the f i e l d nu l l shear v i s c o s i t y 
e f f e c t s become impor tan t . Est imates i n d i c a t e tha t the shear 
v i scous force alone is s u f f i c i e n t to prevent cur ren t cance l 
l a t i o n in t h i s r eg ion . Second, the quadrupole (or other sym
metry-breaking) f i e l d must be matched to the s o l u t i o n . 
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I m p l i c i t i n t h e a n a l y s i s has been t h e a s s u m p t i o n t h a t t h e quad-
r u p o l e f i e l d i n t h e b u l k of t h e p lasma i s n e g l i g i b l e . P e n e 
t r a t i o n of t h e q u a d r u p o l e f i e l d i s d e l e t e r i o u s to any f i e l d -
r e v e r s e d scheme s i n c e t h e f i e l d l i n e s a r e opened up and t h e 
a d v a n t a g e s of c l o s e d f l u x s u r f a c e s fo r c o n f i n e m e n t a r e l o s t . 
In t h i s r e g a r d t h e e q u i l i b r i u m flow p l a y s an i m p o r t a n t r o l e ; 
i t " s w e e p s " t h e q u a d r u p o l e f i e l d ou t of t h e main body of t h e 
p l a s m a , c o n f i n i n g i t t o a b o u n d a r y l a y e r of o r d e r r^/fR^ i n 
t h i c k n e s s , where r p i s t h e p lasma r a d i u s and Rm i s t h e m a g n e t i c 
R e y n o l d s number , Rm ~ u 0 r p / r , , t y p i c a l l y Rm >> 1. A b o u n d a r y -
l a y e r a n a l y s i s shows t h a t t h e vacuum q u a d r u p o l e f i e l d s can be 
s m o o t h l y matched to t h e i n t e r i o r s o l u t i o n where t h e q u a d r u p o l e 
f i e l d v a n i s h e s . 

We have a p p l i e d t h e t h e o r y t o e x i s t i n g or p l a n n e d d e v i c e s 
a t LLNL ( B e t a I I , MFTF). S t e a d y - s t a t e s o l u t i o n s r e q u i r i n g 
m o d e s t beam c u r r e n t s c o n s i s t e n t w i t h c l a s s i c a l c r o s s - f i e l d c o n 
f i n e m e n t a r e p o s s i b l e . 

E l e c t r o n b a c k c u r r e n t s a r e i n h i b i t e d by low e l e c t r o n 
t e m p e r a t u r e s on open f i e l d l i n e s , and by t h e q u a d r u p o l e -
i n d u c e d m a g n e t i c pumping e f f e c t on c l o s e d f i e l d l i n e s . T h i s 
j u s t i f i e s e a r l i e r SUPERLAYER s i m u l a t i o n s of b u i l d u p t o f i e l d 
r e v e r s a l , which n e g l e c t e d e l e c t r o n c u r r e n t s . A g r e a t l y im
p r o v e d , o r b i t - a v e r a g e d v e r s i o n of t h i s code [18] i n d i c a t e s 
t h a t t h e n e u t r a l - b e a m c u r r e n t i n 2XIIB was i n s u f f i c i e n t to 
a c h i e v e f i e l d r e v e r s a l , and r e s u l t s a g r e e m o d e r a t e l y w e l l w i t h 
o b s e r v a t i o n s of AB/B ~ 0 . 4 to 0 . 9 and i t s s c a l i n g w i t h t r a p p e d 
beam c u r r e n t . 

We h a v e s t u d i e d t h e e f f e c t s of i on o r b i t s by s u p e r i m p o s i n g 
a mode l b o u n d a r y - l a y e r q u a d r u p o l e f i e l d on a s p h e r i c a l H i l l ' s 
v o r t e x s o l u t i o n . P a r t i c l e s i n t h e b u l k of t h e c o n f i g u r a t i o n 
a r e w e l l c o n t a i n e d , b u t p a r t i c l e s i n t e r s e c t i n g t h e i n t e r f a c e 
a r e r a p i d l y l o s t b e c a u s e of p a r t i c l e n o n a d i a b a t i c i t y . To 
p r e v e n t t h i s l o s s , a t a n d e m - m i r r o r - l i k e e l e c t r o s t a t i c p l u g i s 
n e e d e d . 

T r a n s p o r t and n e u t r a l - b e a m d e p o s i t i o n a r e m o d e l l e d f o r 
r e v e r s e d - f i e l d g e o m e t r y by u s i n g t h e " a l t e r n a t i n g - d i m e n s i o n " 
method [ 1 9 ] . The c a l c u l a t i o n a l t e r n a t e s be tween t r a n s p o r t and 
e q u i l i b r i u m s t a g e s - . The t r a n s p o r t s t a g e e v o l v e s t h e m a g n e t i c 
f l u x on t h e m a g n e t i c a x i s and t h e a d i a b a t i c v a r i a b l e s ( i o n 
e n t r o p y , e l e c t r o n e n t r o p y , and s a f e t y f a c t o r ) by u s i n g s u r f a c e -
a v e r a g e d B r a g i n s k i i [20] t r a n s p o r t c o e f f i c i e n t s and a n e u t r a l 
beam d e p o s i t i o n m o d e l . The e q u i l i b r i u m s t a g e s o l v e s t h e Grad -
S h a f r a n o v e q u a t i o n and g e n e r a t e s an e q u i l i b r i u m c o n s i s t e n t w i t h 
t h e a d i a b a t i c v a r i a b l e s from t h e p r e v i o u s t r a n s p o r t s t e p . The 
2-D e q u a t i o n i s s o l v e d w i t h vacuum-bounda ry c o n d i t i o n s a t 
i n f i n i t y , and s p e c i f i e d c u r r e n t s i n an a r b i t r a r y s e t of a x i -
s y m m e t r i c c o i l s . 
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FIG.4. Axial expansion of beam-heated 
plasma. Solid lines are flux surfaces at 
2 ms. Dashed line is separatrix at t = 0. 
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FIG.5. Evolution of temperature profile 
in self-consistent transport code. 

Our i n i t i a l beam-deposi t ion model cons iders beam i n j e c t i o n 
i n t o a t h i n plasma, ignor ing t r a n s p o r t and m u l t i p l e charge ex
change. 

Using t h i s model, we imposed 18-keV-deuteriura, 400-A, 
n e u t r a l beams on an i n i t i a l 15-cm, s p h e r i c a l H i l l ' s vo r t ex 
wi th 1200-G far f i e l d and 0.2 kJ of i n i t i a l i n t e r n a l energy 
for 2 ms. Figure 4 shows tha t , a t t ime 2 ms,beara i n j e c t i o n 
causes expansion of the plasma with a x i a l e longa t ion g r e a t e r 
than r a d i a l expansion. The plasma energy as a funct ion of time 
asymptotes to 1 k J . Most of the energy i s deposi ted in the 
f i r s t 1/2 ms. The plasma peak temperature and dens i ty a re 
i n i t i a l l y 2.5 keV and 4 x 1 0 ^ cm~3, and are 11 keV and 
8 x 10 1 2 cm~3 a t 2 ms. 

More d e t a i l e d physics is s tudied by inc lud ing t r a n s p o r t . 
A mir ror loss term on the outer f lux boundary models open-
f i e l d l ine l o s s e s . Using t h i s model, we follow the decay of 
an i n i t i a l l y s p h e r i c a l , H i l l ' s - v o r t e x equi l ibr ium with an 
inver ted ion- tempera ture p r o f i l e which models a t h i c k , 
beam-heated plasma. Figure 5 shows the evolu t ion of the ion 
temperature p r o f i l e . The f a s t e s t t r an spo r t process i s ion 
heat conduct ion , which leads to an ion temperature decay time 
of roughly 2.7 ms. 
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We have been a b l e t o e v a l u a t e a n a l y t i c a l l y t h e e n e r g y c o n 
f i n e m e n t t i m e of a s t e a d y - s t a t e H i l l ' s v o r t e x f u e l e d a t t h e 
o - p o i n t . We f i n d tha t* t h e e n e r g y - c o n f i n e m e n t t i m e , f g ( t h e 
r a t i o of p l a s m a e n e r g y to h e a t f l u x ) , i s T E = 0 ,044 ( r 0 / P i ) 2 
x T U , where r 0 i s t h e o - p o i n t r a d i u s , P£ t h e i o n g y r o r a d i u s 
(computed u s i n g t h e o - p o i n t t e m p e r a t u r e and t h e m a g n e t i c f i e l d 
or t h e a x i s a t z = 0 ) , and T ¿ ¿ i s t h e i o n - i o n c o l l i s i o n t i m e a t 
t h e o - p o i n t . Th i s a n a l y t i c e s t i m a t e has been con f i rmed by ou r 
t r a n s p o r t code i n a t e s t c a s e u s i n g t h e same i n i t i a l t e m p e r 
a t u r e + d e n s i t y p r o f i l e s . M o r e o v e r , i t g i v e s a r e a s o n a b l e 
e s t i m a t e of T E = 1.6 ms f o r t h e t i m e s c a l e f o r t h e i n v e r t e d 
t e m p e r a t u r e p r o f i l e of F i g . 5 , compared to t h e n u m e r i c a l v a l u e 
of 2 . 7 ms . 
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DISCUSSION 

B. COPPI: In your D-3He reactor scheme, are the 14.7-MeV protons contained? 
If not, did you consider their effect on the heating? 

B. McNAMARA: The contained fractions of reaction products are found by a 
fit to Monte Carlo orbit calculations. The fraction of contained 14.7-MeV protons is 
much smaller than the a-fraction and I am not sure if Miley and Driemeyer included 
them. 

D.R. SWEETMAN: Some of your calculated profiles had a strong negative 
radial temperature gradient. Have you considered the microstability of these cases? 
I am thinking particularly of temperature-driven drift modes. 

B. McNAMARA: Not yet. Estimates of transport based on lower-hybrid drift 
turbulence are close to some of the experimental values and in the neutral-injected 
plasmas we shall investigate temperature gradient driven modes. 

R.N. SUDAN: In your numerical calculations, what fraction of the energy in 
the gun capacitor banks ends up in the reversed-field configuration? 

B. McNAMARA: For this particular case, 1 kj out of 135 kj in plasma and 
field energies. 

R.N. SUDAN: Do you expect to have better results in an actual experiment 
than in the code? 

B. McNAMARA: The code is expensive to run and we do not optimize all the 
features. There are many options — snippers, dividers, cusp snippers, lower density — 
and we shall optimize the most promising. 
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Abstract 

COMPACT TOROID EXPERIMENTS AND THEORY. 
Two types of compact toroids have been studied: spheromaks and field-reversed 

configurations (FRC). Spheromaks, which contain both toroidal and poloidal fields, 
have been formed with a magnetized co-axial injector and trapped in both prolate and 
oblate flux conservers. As expected from theory, the prolate configuration always tilts, 
but the oblate configuration can be made stable even in the presence of a guide field. 
Observations include 150 jus life-times, <n> ~ 1014 cm -3, and a decrease of field fluctuations 
by a factor of 100 at the time of complete reconnection. — Theoretical studies of the FRC 
(no toroidal field) have been compared with the results of two field-reversed theta 
pinches, FRX-A and FRX-B. Typical FRC parameters achieved on FRX-B are T{ = 200 eV, 
Te = 110 eV, nm a x = 3.5 X 1015 cm -3, separatrix radius = 5.4 cm, plasmoid length = 50 cm, 
and particle confinement time = 40 ¡xs. Theoretical studies of the formation phase include 
an analytic scaling model and 2-D hybrid calculations. An increase in the trapped bias 
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flux appears desirable and improved pre-ionization techniques in the presence of increased 
bias fields (~3 kG) have been developed on FRX-A. In an elongated FRC equilibrium, 
xs (ratio of separatrix radius to wall radius) constrains the average j3, the closed flux, and 
the elongation during adiabatic compression. The most dangerous ideal modes are fluting 
and internal tilting, but they are not observed experimentally. Calculations indicate that 
plasma loss across the separatrix may explain the observed plasma rotation. The 
prediction that ~0.5 of the confined plasma must be lost to produce the instability agrees 
with the FRX-B results. Both 0-D and 1-D calculations, including analytic 2-D effects 
and lower-hybrid-drift turbulence, reproduce the experimentally observed confinement times. 

I . INTRODUCTION 

A compact toroid (CT) is an axisymmetric plasma configuration (see Fig. 1) 
which does not have magnet coils, vacuum chambers, etc., linking the toroid. 
This simple geometry is one of several potential reactor advantages of CT's. 
Both spheromaks and FRC's are small gyro-radius configurations where the 
magnetic fields inside of the closed separatrix surface are supported by 
thermalized plasma currents. Grossly stable spheromaks, that possess both 
poloidal and toroidal field inside the separatrix, have been produced with a 
magnetized coaxial injector [1]. Theta pinches have produced highly elongated 
FRC's (no toroidal field) that exhibit gross stability [2,3]. 

II. SPHEROMAK STUDIES 

The spheromak formation technique is described elsewhere [1]. The coaxial 
injector or gun used at LASL is much larger than one used by Alfvén [4]. The 
70-cm long electrodes of 10-cm and 15-cm radii are driven by a 37-uf capacitor 
bank charged to 45 kV. Extensive sets of field probes, a HeNe interferometer 
and CV spectroscopy have been used to diagnose the confined CT. ,Figure 2 shows 
four of the cylindrically symmetric sheet metal flux conserver geometries that 
have been used. Prolate spheromaks were trapped in the first geometry. 
Consistent with theory [5], this axisymmetric configuration tilted within 20 us 
to form a racetrack-shaped plasmoid similar to the one shown in Fig. 3. This 
rotation of 90° by the major axis was mapped with up to 90 magnetic field probes 
monitored by an automatic data acquisition system. Normally, however, the pure 
prolate plasma geometry was not observed. Instead, the initial formation of the 
plasmoid was in the "tilted" configuration indicated in Fig. 3. If no axial 
guide field was used and the internal probes were removed, the stable decay 
phase (Fig. 3(b)) had a characteristic time of ~ 100 us as measured by external 
probes, a 3.39-um interferometer, and a CV 2271-Â spectrometer. Estimates of 
the average density, <n> = 10 cm , and electron temperature, T > 70 eV, were 
made with the latter two diagnostics. The 100-us time scale is consistent with 
the field diffusion time through the stainless steel flux conserver. If a guide 
field was used, the configuration was destroyed within 30 us. This destruction 
is presumed to result from flux annihilation in the high-shear regions of the 
field on the separatrix after the plasma tilts. 

Motivated by the stability theory [5] which predicts that the tilting mode 
should be stabilized by a close-fitting oblate flux conserver, the second 
geometry in Fig. 2 was tried. Stable configurations were produced as shown in 
Fig. 4. The plots of Bz(z) for several times shown in Fig. 5 indicate that 
the spheromak tears free from the dc field of the source with a 10-15 us 
characteristic time and then decays smoothly on a time scale that exceeds 100 
us. The equilibrium configuration in an oblate flux conserver is currently 
being modelled with the equilibrium solver portion of an axisymmetric 
version [6] of a Grad-Hogan alternating dimension transport code [7], that has 
been adapted to an oblate conserver geometry with a hole for plasma injection. 
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OPEN POLCMDAL 
FIELD 

.CLOSED POLOIDAL 
F IELD 

FIG.l. Cross-section of a prolate CT 
configuration showing poloidal field 
geometry, separatrix radius rs, major 
radius R, where Bp = 0, minor radius a, 
and half-length b = 2/2. The toroidal 
field of the spheromak is not shown. 

TILTED TILTED 

STABLE TILTED 

STABLE STABLE 

FIG.2. The front of the co-axial injector 
électrodes and the four flux-conserver 
spheromak geometries are shown to 
scale in the order investigated top to 
bottom. The observed stability to the 
tilting mode is indicated. The diameter 
of the first flux conserver (45 cm) is 
shown correctly, but the length (120 cm) 
was actually longer than is indicated. 

Comparisons of probe measurements and model calculations show at least 
qualitative agreement with Fig. 4 and suggest- critical positions for probe 
measurements. 

The field fluctuation level was measured near the magnetic axis of the third 
geometry in Fig. 2 with no mirror field. For the first 10 us after arrival of 
the plasma, the large fluctuations (AB/B ~ 0(1)) exhibited a B ~ 1000 G/us and a 
characteristic period of 2 us. As the spheroraak tears free from the source, the 
fluctuations decreased dramatically so that B - 10 G/ys with a characteristic 
period of about 10 us. 

The effect of a dc mirror field on the stability of the oblate spheromak was 
studied in the last two geometries in Fig. 2. Although stable toroids were 
obtained in the third geometry, a small amount of mirror field was sufficient to 
cause the toroid to rotate 180° with a time scale similar to the tearing time. 
The limit was $m - 0.1 <j>„ where $m is the mirror-field flux inside the conserver 
and <(> is the closed poloidal flux of the spheromak. The last geometry allowed 
the repeatable formation of spheromaks up to <j>m - 0.25<j> . The addition of the 
mirror field increased the decay time of the fields by about 50%, but it also 
caused the configuration to shrink radially with time. The improved stability 
observed with the last geometry is now under study. 

III. FRC STUDIES 

As previously reported [2] and recently summarized [3], both theta-pinch 
experiments, FRX-A and FRX-B, have produced FRC's in 25-cm-i.d. coils 
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^SUGGESTED ROTATED 
f FIELD CONFIGURATION 

FIG.3. Typical magnetic probe data 
obtained for the first geometry of Fig.2, 
during (A) the formation phase, t = 5 fn, 
and (B) the stable phase, t = 45 fxs. The 
+ marks indicate the location of the 
probes and the vectors indicate the 
magnitude and direction of the field in 
the plane of the paper. The suggested 
'racetrack' shape of the plasma con
figuration is shown by the dotted lines. 
The field magnitude perpendicular to the 
paper is also measured and is consistant 
with Fig. 3(b). 

MAGNETIC GUN - EXPERIMENTAL DATA 3/21/80 
( VECTORS POINT AWAY FROM + ) 

SHOT 626 

FIG. 4. Typical field probe data along 
the major axis of the toroid after it has 
disconnected from the DC field of the 
injector. The sketched field lines are 
consistent with additional probe data 
taken on other shots. The life-time 
increases by about 50% when these 
additional probes are removed. 

0 0.2 0.4 0.6 0.8 
Z (m) 

0.2 0.4 0.6 0.8 1.0 
Z (m) 

FIG. 5. The axial Bz profiles as a 
function of time taken from the probe 
arrays shown in Fig. 5. 

approximately 1 m long. Present preionization and formation studies on FRX-A 
and FRX-B are important to the larger FRX-C system now under construction. 
FRX-C will test the scaling of plasma confinement with larger size and over a 
larger parameter range. It will also serve as a source for translating FRC's 
into the dc field of the new CTX facility at LASL. 

desirable 
To reduce cross-field transport in an FRC it is 

desirable to increase Dotn x (ratio of separatrix radius to wall radius) and S 
(ratio of major radius, R, to ion gyro-radius) while maintaining a high enough 
temperature to keep the plasma collisionless (WT » 1). Plasma parameters can 
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be determined by an analytic model that assumes: 1) The initial bias field is 
equal to the maximum bias field derived by Green and Newton [8], 
viz. B,(kG) - 0.072 Eg1/2 p*/ 4 where EQ(V/cm) is the implosion electric field 
and p0(mTorr) is the initial fill pressure; 2) A fraction f, of the initial flux 
is trapped in the final configuration; 3) A fraction of the particles f is 
trapped in the final configuration; 4) The non-adiabatic-implosion and 
flux-annihilation heating processes result in a total plasma temperature before 
compression that scales as Tg+Tĵ  = kH E Q ^ / P Q

1 ' 2 where Rt(cm) is the discharge 
tube radius; and 5) The post implosion plasma compresses adiabatically to a 
length less than the coil length and maintains a pressure profile with constant 
8 inside the separatrix. Scaling is done from FRX-B data with pQ = 17 mTorr: 
xs = 0.44. S = 12, Te

+Ti = 310 eV, f. = 0.13, f = 0.36, and kH = 0.14 
(eV-mTorr*'2/volt). The main results of the calculation are: 1) The 
requirement that the plasma be compressed in length, to prevent a loss of 
confinement at the ends of the coil, sets an upper bound on x and a 
corresponding lower bound on the final magnetic field for given implosion 
heating; 2) The small fraction of trapped flux observed in FRX-B sets the upper 
bound on x - 0.6 and emphasizes the need for increasing f,; and 3) The 
parameters to be expected in the new FRX-C experiment (approximately double the 
size and voltage of FRX-B) are x - 0.5, Tg+T^ » 550 eV, and S = 25 for pQ - 20 
mTorr and f, = 0.13; or, xg = 0.75, Tg+Tĵ  = 700 eV, and S = 32 for pQ = 20 mTorr 
and f, = 0.4. The FRX-C experiment should thus be capable of reducing 
cross-field diffusion and testing the possible limits on S set by FLR 
stabilization of MHD instabilities. 

2. Numerical simulation. An r-z hybrid simulation code is being 
developed to study formation and field reconnection phenomena [9]. Ions are 
treated by particle in cell (PIC) techniques and the electrons as a massless, 
non-ideal fluid. One periodic cell of an infinitely long system represents the 
field-reversed theta pinch. The initial conditions are a deuterium plasma of 
density 3xl014cm~-* in a cylinder of 20-cra diameter with an initial bias of 
-1.5 kG. For 0 < t < 200 ns, a voltage of 60 kV introduces poloidal flux in the 
opposite direction to the bias field, and a theta-pinch implosion results. A 
temperature anisotropy (T, ~ 10 T|() resulting from the radial implosion 
apparently drives microturbulence that results in short wavelength reconnection 
at the field null. As time progresses these rings of current coalesce into 
larger rings until inhibited by interaction with the conducting wall. As shown 
in Fig. 6, the end result is a series of CT's whose axial extent is comparable 
to the radius of the system. Current rings of this type have not been 
identified in FRX-B although diagnostics to date do not to disprove the 
existence of similar smaller scale structures. The flux annihilated by the 
instability is not large (less than 5%) so the small value of f, observed 
experimentally does not appear to result from this form of microturbulence 
although modes with azimuthal variations are not considered. 

3. Flux annihilation. One unavoidable process by which flux is 
dissipated consists of the transition from the state of initial bias with 
approximately uniform density, to the state of final equilibrium having maximum 
density at the field null and minimum density at the separatrix. However, 
neither this process nor any other theoretical basis has been found that 
requires f, to be as small as that observed in FRX-B. Present efforts are 
directed at understanding the observed value of f. and increasing it. An 
experimental method for increasing the trapped flux avoids the Green-Newton [8] 
bias limit by the use of barrier fields pulsed on during the reversal 
phase [10], and that method is being tested on FRX-B. Also it is hoped that 
improvements in preionization being developed on the FRX-A experiment will lead 
to larger values of f.. 

4. FRX-A preionization studies. To ionize with a 9-pinch alone 
requires zero-crossing of the axial magnetic field. The amplitude of the 
oscillating field must therefore exceed the bias field amplitude and an 
over-heated nonuniform initial plasma results that tends to exclude the initial 
bias. Alternative preionization methods are being investigated. Two modes have 
been used: an unassisted quadrupole preionizer as employed in Kurtmullaev's 
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FIG. 6. Poloidal flux contours at 
t = 1.0 ¡As showing the quasi-steady 
current-ring structure resulting from 
reconnection driven by microturbulence. 
Particle density is shown by density 
of dots. 

experiments [10], and a multistage system consisting of the quadrupoles, a 
capacitively-coupled 36-MHz rf oscillator, and a low-amplitude 500-kHz 
theta-pinch circuit. The quadrupole fields, produced by bars located outside a 
slotted theta-pinch coil and driven by two 1.85-pf capacitors charged to 
45-55 kV, are allowed to ring (f ~ 160 kHz) in the unassisted mode, and are 
clamped after one complete cycle in the multistage mode. 

The experimental results obtained with the two preionization modes are shown 
in Fig. 7. In the unassisted quadrupole mode the ionization fraction exceeds 
50% in the induced quadrupole current channels with weak (< 2 kG) bias fields 
and fill pressure > 10 mTorr. At the required 3-kG bias field, ionization 
fractions greater than 10% cannot be obtained. However, with the multistage 
mode it is possible to obtain ~50% ionization at low pressures (< 10 mTorr) and 
large bias fields (> 3 kG), the resulting preionized plasma being more uniform 
than observed in the unassisted quadrupole mode. Preliminary experiments 
indicate that the quadrupole may be unnecessary, and that a successful 
multistage ionization scheme consisting of only a high quality rf and a 
low-amplitude, proper frequency theta pinch can produce the required ionization 
for the desired range of pressures and bias fields. 

5. Puff gas fill. A fast-acting gas valve, mounted on axis at one end 
of the discharge tube, provides the localized density distribution required for 
formation of an FRC and its subsequent translation into vacuum. By varying the 
valve gas pressure and plenum volume a variety of gas profiles, as measured with 
a fast ionization gauge, can be obtained in the initially evacuated 9-pinch coil 
region. Figure 8 shows the steep density gradients established for peak 
equivalent pressures from > 100 mTorr to less than ~10 mTorr. For lower peak 
pressures the flow exhibits the gentle gradient typical of the free-molecular 
expansion of rarified gas into vacuum. 

B. Equilibrium 
The MHD equilibrium of a very elongated FRC has been considered by a number 

of authors [3,11,12]. Two striking features of such an equilibrium are 
independent of the specific pressure profile considered. First, since the 
pressure must be a function of magnetic flux alone, radial pressure balance 
requires that all equilibrium quantities are symmetric functions of £2-R2. Thus 
the ratio r /R (see Fig. 1) is not a free parameter, but is always /2. A second 
profile independent result is obtained by considering axial equilibrium. 
Integrating the equilibrium equations over the volume bounded by the midplane 
(containing the pressure maximum), the conducting wall at radius r , and the 
endplane (beyond the end of the separatrlx) gives the axial condition. Axial 
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FIG. 7. Pre-ionization results obtained 
with the unassisted quadrupole mode, and 
the multistage system mode. Bz is the 
axial field, and BQ is the quadrupole 
field. In the multistage mode, the 
36-MHz RF was initiated ~15 ¡Js before 
the quadrupole fields. 

force balance combined with radial pressure 
defined by the wall gives 

balance inside the flux surface 

<(3> = 1 - x|/2 (1) 
rs 

where <3> = (2/r|) J (2y P/B 2) rdr, is the volume averaged 0, and where 
x = r /r . For a diffuse profile, it is easily seen that the constraint of 
Eq. (1) requires the pressure gradient near the separatrix to be large when x 
is small. Thus, it is likely that highly compressed plasmas (small x ) will 
exhibit more rapid particle transport than less compressed plasmas. 
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FIG. 8. Hydrogen gas density profiles 
expressed in room temperature equivalent 
pressure, versus axial distance from gas 
valve. Each profile was obtained at the 
given time delay after the opening of the 
gas valve. 
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Two limiting cases of elongated equilibria are constant pressure profiles 
which contain the largest and the smallest amount of closed poloidial flux. In 
the low-flux sharp-boundary case, a Í = 1 plasma extends from r. = r|/2r to 
r = r (1 - x s

2 / 2 ) 1 / 2 with trapped flux ^l = <j>Qx£/4, where <f>0 » -nB^^/. The 
high-flux sharp-boundary case is a configuration which has constant g = 1 - x|/2 
from r = 0 to r with a zero thickness g = 1 region at the field Reversal point 
where r = R. The trapped flux for this case is fy* - <|>0Xg/2/2. For diffuse 
plasmas, the trapped flux tends to follow the scaling of <j>2. For example, the 
rigid rotor scaling is <|>r = /3/32 <f>0x|. 

From these equilibrium relations for elongated plasmas, the adiabatic 
behavior of such a configuration may be found. In particular, compression of 
the plasma will result in a compression of both the length, £, and normalized 
radius, x g. Assuming the closed flux is conserved, the total number of 
particles is conserved, no heat flows across the boundary, and the functional 
form of the profile remains constant, adiabatic behavior can be described for 
any given profile. For compression of the plasma by the addition of open 
magnetic flux, the scaling is 

JKl-x|/2)x"14^5 = constant (2) 

for the low-flux sharp-boundary case and 

U l - x 2 . ) 3 / ^ " 8 / 5 » constant 

for the rigid-rotor or high-flux sharp-boundary case. 

(3) 

C. Stability 
The FRX experiments indicate no large scale MHD instabilities except 

rotationally driven ones. Both analytic [12,13] and numerical [12,14,15,16] 
investigations of this surprising result indicate that, while many dangerous 
modes are geometrically stabilized, ideal MHD predicts a large scale internal 
tilting mode. This mode is presumably stabilized in the experiment by either 
geometric or single-particle effects that have not been fully evaluated. 

For tilt-like axial displacement modes in an FRC, the perturbed energy may 
be written 

<5W, *-$ I M 1**1^ &)*+#&)*]+*} (4) 
•3X 'W 

where the notation of Ref. 17 has been used, and where x(x,^) is a smoothly 
varying function, even at the turning points of the long elliptical field lines. 
Since the last terra in Eq. (4) is negative definite for all mode numbers n, an 
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DENSITY CONTOURS 
FOR TWO PROFILES FIG. 9. Results of 3-D MHD simulation 

for two elongated plasmas. Curves 
indicate P in the midplane as a function 
of radius. Conducting-wall position is 
indicated by shaded line. Density 
contours at late times indicate n = 2 
instability for compressed case 
(xs ~0.35), stability for less compressed 
case (xs ~ 0.7). 

instability exists if the remainder of 6W vanishes. For a long, elliptical 
configuration, the second term in the integral of Eq. (4) is negligible compared 
to the first. The first term vanishes if x = x(ip). Thus an unstable mode 
occurs in which the displacement of the field lines is predominantly axial and 
which vanishes near the separatrix. For n = 1, this is like the unstable 
internal tilt found for a prolate spheromak. This more difficult analysis has 
not been done for racetrack-like equilibria because the first two terms in the 
integrand of Eq. (4) are of the same order of magnitude. A similar analysis 
leads to a slightly more complicated expression for the 6Wn corresponding to 
radial modes. From this form, it appears that radial modes are stable for 
proper boundary conditions at small enough n. 

These predictions for both tilting and radial modes have been verified by 
numerical simulation techniques, using equilibria generated by CYLEQ [15] as 
initial conditions. In a study [15] of the radial modes with the MALICE, 3-D 
MHD code it was found that, when x is made too small, an n = 2, radial mode is 
unstable. For x ^ 0.4 the calculation shows stability for n £ 3. These 
results, summarized in Fig,9, agree with experimental observations where 
typically x > 0.4 and no instability is observed. 

In a second calculation, a recently developed, linearized, resistive MHD 
code is used to study the n = 1 tilt mode [14]. The numerical method employed 
is for incompressible plasma, neglects pressure and inertia terms in Ohm's law, 
and neglects the effects of perturbed resistivity. For an equilibrium similar 
to FRX-B (rg = 6 cm, ¡L = 42 cm), this configuration is unstable to the n = 1 
tilt with a growth time = 2.9 ps. Figure 10 shows contours of perturbed axial 
and radial velocity. As expected from Eq. (4), the velocity is predominantly 
axial and nearly constant on each field line. The effect of the mode is to tilt 
the major axis inside the separatrix, as suggested by the analytical 
approximation above. This tilting instability is not observed experimentally. 
It may be that the observed racetrack equilibria have more favorable stability 
properties, or that nonlinear or single particle effects stabilize the mode. A 
formulation in which finite geometry and single particle effects enter on equal 
footing has been derived [18] and attempts are currently underway to examine the 
consequences of this model in connection with unstable ideal MHD modes. 

D. Transport and Rotation 
Although the origin of rotation is not resolved, the stability of a long 

rotating FRC now appears to be understood [19,20]. The most important mode both 
theoretically and experimentally is the n = 2 rotational flute, predicted to be 
unstable when the plasma rotation frequency exceeds a threshold of approximately 
1.5 times the diamagnetic frequency. 

The stable period, xg, of the FRC is defined as the time from main field 
initiation to the onset of the rotational instability. It is presently thought 
that either end-shorting [21] or diffusion mechanisms [22,23] dominate 
rotational acceleration. In the latter case, the momentum transfer to the 
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FIG. 10. Contours of constant radial 
and axial velocity for tilting mode in 
elongated FRC. The major axis is the 
Z-axis and a horizontal line at Z = 0 lies 
in the midplane. For the particular plane 
displayed, the axial and radial perturbation 
velocity is the largest. The axial velocity 
is a maximum on the magnetic axis, 
nearly zero at the separatrix, and nearly 
constant on magnetic flux surfaces. The 
radial velocity is an order of magnitude 
smaller and is toward the major axis at 
the top (dashed contours) and away 
from the axis at the bottom (solid contours). 
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FIG.11. Inventory estimates of particle 
and energy made from combined 
measurements of plasma parameters for 
a filling pressure of 17 mtorr D2- Particle 
loss at the time of rotational instability 
was ~54%. 

confined plasma is the mechanical angular momentum of the lost ion, calculated 
for an ion near the separatrix. The diffusion of part icles out of the system 
gives, by the conservation of to ta l angular momentum, a relation between the 
rate of par t ic le loss and rate of plasma spinup. For the rigid-rotor profi le , 
the result is 

« - ( 2 r) F (5) 
i -e ~2)7T=zJ 

where F = fraction lost, £ = beta at separatrix, and sech2X = 3. Using the 
experimentally consistent values from FRX-B of g = 0.65, a = 1.5, and X = 0.68, 
the fraction of particles lost is F = 0.57 compared with the experimental 
observation of F = 0.55±0.16 (See Fig. 11) [3]. The torque resulting from loss 
of neutral plasma may be described by fluid equations that include FLR effects. 
Briefly stated, the radial flow velocity driven by particle transport gives rise 
to a finite pressure anisotropy in the azirauthal direction, resulting in a net 
torque on the confined plasma [22]. 

A result of the diffusion model for rotational acceleration is a scaling of 
the stable period with the particle loss time, T « Tl/2» w n e r e Tl/2 ̂ s t*ie ^^me 

for loss of half the initial particle inventory. Using a 1-D transport code 
developed by Hamasaki [24] the scaling of T, /2 has been examined. The code 
incorporates in its transport coefficients contributions from classical 
processes and most importantly from the lower-hybrid-drift instability, the 
latter contribution being dominant. High-f? stabilization effects on this mode 
are also included. Finite length corrections are included to the extent that 
provision is made for equalization of n and T ^ on flux surfaces after each 
time step. Equation 2 is used to relate radial and axial dimensions. The 
plasma on open field lines is presumed to leave the device at the ion sound 
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FIG. 12. Stable period, rs, for FRC plotted as a function of RQIPX (RQ = 4 cm) with and 

without (RQ/R)2 normalization. The open circle represents past FRX-A data, while 
the dots and crosses represent past and recent FRX-B data, respectively. 

speed. A linear scaling of T, IJ with 1/pjt for fixed plasma dimensions and T ^ ^ 
with Rr/p^ for fixed temperature is indicated by the code. The observed strong 
linear correlation of xg with these parameters (see Fig. 12) is in good 
agreement with the predicted scaling. This agreement supports the hypothesis of 
rotational acceleration through diffusion. In addition, the particle and energy 
confinement times for 17-mTorr pressures are in quantitative agreement with the 
Hamasaki results. Lastly because T is observed to increase with 1/p- while 
R ~ constant, and FLR stabilization of MHD instabilities would be reduced in 
this direction, MHD instabilities appear to be unimportant in the present 
experiments. Klevans [25] uses a 0-D (integral) transport model assuming a 
rigid-rotor equilibrium and lower-hybrid transport that determines both particle 
and cross-field electron thermal transport. Good agreement with FRX-B 
temperature and density time histories is obtained. 
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Abstract 

SPHEROMAK TILTING INSTABILITY: EXPERIMENT AND THEORY. 
It was experimentally observed that a spheromak configuration elongated along the 

symmetry axis (with L/R £ 6) is unstable to a tilting instability. Reducing the separatrix 
length-to-radius ratio to ^ 2 eliminates the instability. Theoretical considerations are in 
agreement with this observation. A force-free eigenmode analysis indicates that the n = 1 
(tilted) mode has lower energy for elongations greater than 1.67, whereas for smaller 
elongations the axisymmetric n = 0 state has lower energy and should be stable. Furthermore, 
only n = 1 perturbations should be unstable. 

1. INTRODUCTION 

In the past two years considerable progress has occurred 
in both theoretical and experimental studies of the spheromak 
configuration. Experimentally we have developed a formation 
scheme which utilizes z and 9 pinch techniques. Our initial 
results on the formation phase have been reported 
elsewhere. Rosenbluth and Bussac have theoretically inves
tigated the stability properties of a prolate, oblate and 
classical spheroid configuration using a force-free current 
model. They found that prolate spheroids are unstable to an 
internal tilting instability while oblate spheroids are 
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stable. Since the basic geometry of our configuration is a 
cylinder (not a sphere), it was not clear how these results 
apply. We have experimentally investigated the tilting insta
bility for configurations elongated (prolate) and shortened 
(oblate) along the symmetry axis and have compared our results 
with cylindrical-geometry analytical and numerical calcula
tions. Based on these results we are able to find stability 
conditions . 

2. THE EXPERIMENT 

Details of the PS-1 experiment have previously been 
reported and will not be discussed here except to briefly 
state that the configuration is formed by an Iz discharge in a 
B 2 magnetic field just prior to field reversal, as in a 
reversed-field theta pinch. We have shown, using this tech
nique, that it is possible to form the desired toroidal con
figuration with the toroidal field component peaked near the 
magnetic axis and the poloidal field maximum occurring on the 
symmetry axis . Maximum values of the toroidal and poloidal 
fields were approximately 6 kG and 15 kG, respectively, while 
the density on the magnetic axis peaks at 6x10 cm" . The 
maximum ion temperature observed is 200 eV and the electron 
temperature varies from 20 to 60 eV. The flux surfaces pro
duced were highly elongated along the symmetry axis with a 
separatrix length-to-radius ratio of about L/R=6. 

Using magnetic probes consisting of three mutually 
orthogonal coils we were able to determine that the elongated 
configuration tilted in such a way that the symmetry axis 
rotated by approximately 180°. From these measurements we 
estimate the growth rate of the tilting instability as 
Y=l .OxlO^sec"1. To facilitate later comparison with theory we 
note that the growth rate normalized to an Alfvén speed on the 
symmetry axis is YR/VA0= 0 .07. 

In Fig. 1 we plot the midplane radial profile of the 
safety factor q which has been found to be an important 
parameter in MHD stability considerations . One obvious 
difference between tokamaks and spheromaks is that in the 
spheromak the q profile is a maximum near the magnetic axis 
while in the tokamak it is a minimum on the magnetic axis. In 
this particular case there is a q=l surface in the plasma and 
consequently one might suspect the analog of an n=m=l circular 
cross-section instability to develop. Using a force-free 
model, one can show that q increases with L/R alone because the 
poloidal and toroidal field ratios are fixed by the 
geometry. Our experimentally determined field profiles have a 
Bessel-function-like force-free field behavior. However, the 
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FIG.l. The safety factor q determined 
from magnetic probe measurements at 
t = 2 ¡JLS in the midplane as a function of 
radius for the L/R = 6 case. The magnetic 
axis is at 5 cm. 

FIG. 2. Contours of constant poloidal 
flux determined from magnetic probe data. 
The two external coils are at R = 14 cm, 
-15 cm <z<-7.5 cm and +7.5 cm 
< z <i + 15 cm. Flux surfaces are only 
shown for 1/4 of the cylindrical plane and 
are separated by 20 n kG-cm2. 

ratio of toroidal to poloidal field amplitudes is 25-50% 
smaller than force-free fields . Because of this the q values 
are different than force-free values. 

The theoretical results imply that for an elongated 
force-free, minimum energy configuration decreasing the L/R 
ratio (and hence the q value on axis) should have a stabilizing 
effect. To experimentally investigate this we rearranged the 
magnetic coil configuration to axially compress the plasma. 
This was accomplished by removing the center 15-cm section of 
the 30-cm 1^ coil (see Ref. 1 for notation) leaving a mirror-
coil configuration. In Fig. 2 we show an experimentally 
determined flux surface contour plot. Comparison of these 
surfaces with the earlier plots of Ref. 1 obtained with the 
full coil show that the length-to-radius ratio has been 
reduced from 6 to about 2. No tilting has been observed. 
Finally, the q value on axis has been determined from the 
field measurements. Rather than decreasing below unity, the 
central q value has increased to 2.8-3.0. While a complete q 
profile has not been obtained so far, if the profile is simi
lar to the previous one, q is probably above one throughout the 
plasma thereby avoiding a q=l resonance. The safety factor 
increased as L/R decreased because poloidal flux has been lost 
in this case. In the highly elongated case to within measure
ment error the initial flux is conserved while in this case 
the maximum poloidal flux is only about 50% of its initial 
value. The reason for this is not yet known but may be due to 
plasma cooling by wall contact early in the discharge . 
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3. THEORY 

We now turn to some theoretical aspects of the MHD sta
bility of a spheromak. Taylor formulated the hypothesis that 
during an initial turbulent phase, with possibly anomalous 
resistivity, a plasma will decay to a state having the lowest 
magnetic energy, W - 1/2 / B2 dV, compatib^e^with a given 
value of the magnetic helicity, K = 1/2 / A«B dV. This 
assumption leads to the force-free Woltjer-Taylor equilibria 
satisfying 

j « VXB » yB (1) 

with u=constant. In a simply connected geometry the energy of 
such a state is given by W=yK. [In what follows we assume 
K>0, which implies u>0] . Using the readily available force-
free states in spherical geometry, Rosenbluth and Bussac 
showed for a near-spherical spheromak that a slightly prolate 
equilibrium does not have the minimum y and is also MHD-
unstable to internal tilting. 

We will show that this result has its counterpart in a 
less special geometry by examining the stability of the axi-
symmetric equilibrium of the PS-1. To this end, we approxi
mate the PS-1 as a cylinder with conduc^içg end plates, i.e. 
the conducting wall boundary condition B#n=0 will be applied 
on the entire boundary: r=R and z= - L/2 > + L/2. The 
axisymmetric solution of (1) is then 

B - Ak J, (k r) sin k z or z 1 r z 

B , = Ay J. (k r) cos k z (2) 
o<(> o 1 r z 

B = Ak J (k r) cos k z oz r o r z 

where k R » j^ ̂  (the first zero of_J^), k2=^/L, and where the 
eigenvalue is given by y = (k + k ) . This equilibrium 
rather closely models the experimental profiles . 

As for perturbations of this equilibrium,we note that the 
eigensolutions of (1) must have azimuthal dependence exp(in<J>), 
and we denote the eigenvalue of such a state by y . Clearly, 
if yn>yQ» for all n*0, then the axisymmetric equilibrium is 
stable to all modes preserving K (e.g. ideal MHD modes and 
tearing modes). Furthermore, we have shown that if there 
exists a solution of (1) with yn<y0» for which no mode-
rational surface (q=m/n, m^integer) is present in the plasma, 
then the corresponding ideal MHD mode has 6W<0 and is 
unstable. To give a brief motivation for this result, we show 
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that if no mode-rational surface occurs in the plasma, a mar
ginally stable MHD mode with ÔB « exp (in(f>) must correspond to 
a sol^t^on of (1) with u n=U 0• At marginal s^abil^ty we 
hay.e jxB=Q, which is linearized to ôj^x B + j x «SB^O, 
(<5j - y ÔB) x B = 0 , implying that 6j = ft 6B°+ 6yB . Taking 
the divergence of this equation, we get (B#V)oy=0, in which, 
together with ôy Œ exp (in<|>), we find 5y=0 in the absence of a 
mode-rational surface, q=m/n. As will be seen later, y^<U0 
occurs before a surface on which q=l,2, ... appears in the 
plasma. Therefore the n=l mode is unstable within ideal MHD, 
and we need not in this case invoke resistive effects as in 
Taylor's general formulation. In analogy with Rosenbluth and 
Bussac's calculation, we find that the n=l mode, which cor
responds to a tilting of the magnetic dipole, becomes unstable 
when the cylinder is sufficiently elongated. However, for a 
finite cylinder (as well as for a not-nearly spherical ellip
soid), the non-axisymmetric force-free states satisfying the 
proper boundary conditions cannot be given in closed 
analytical form and we are thus led to the use of numerical 
techniques . 

• * - > • 

One way of solving Eq.̂  (1) is bv expanding A and B in a 
set which is complete for B (with V»B=0 and B#1?=0) and solving 
for the stationary points of W-yK as expressed in terms of the 
expansion coefficients . Varying W-yK with respect to the 
expansion coefficients we get an hermitian eigenvalue problem 
which, after truncation, is easily solved by standard itera
tion procedures. For a cylinder, one may use the conventional 
expansion in TE and TM modes. From this approach it can be 
easily shown that the force-free states form a complete ortho
gonal set for the magnetic field. 

An alternative approach is to use an expansion in terms 
of the separable force-free state in cylindrical 
coordinates. If the base functions are required to satisfy 
the boundary condition at z=0,L then, for each term, the boun
dary condition at r=R is not satisfied (except for the axisym-
metric solutions) . However, demanding that the sum of an 
infinite number of terms satisfy the boundary conditions, one 
obtains an eigenvalue condition of the form Det (A(y))=0 where 
the coefficients of the matrix A are expressed in terms of 
Bessel functions of the argument R(yz-(JlTr/L)z)i/z, ¿=1,2 

Both these approaches have been implemented numerically 
and the results show very good agreement. The most important 
result is that the lowest n=l state has lower energy than the 
axisymmetric state for a sufficiently prolate plasma L/R }> 
1.67. For L/R £ 4.14 the first excited n=l state also has 
lower y than the n=0 state, whereas Pn>y for n>2. 
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FIG. 3. Square of the normalized gro wth 
rate versus L/R. V^o w the Alfvén speed 
at R = 0, z = 0. The unperturbed density 
is uniform. 

Finally, we have solved the linearized ideal MHD equa
tions numerically, using a leap-frog scheme. The eigenvalue 
analysis makes it clear that only n=l perturbations should be 
unstable, and we have therefore reduced the problem to 2-D 
assuming exp(i<{>) dependence. The growth rate for the fastest-
growing mode, normalized to T ^ = R/vAo>where v A o is the Alfvén 
velocity at the center, is shown in Fig. 3. It is seen that 
two different modes are present; the first with a threshold 
at L/R = 1.68 and a second with a threshold at 
L/R - 1.80. The first mode is clearly the tilting mode con
sidered above. At L/R=l.68 the safety factor decreases mono-
tonically from 0.95 on the magnetic axis to 0.60 on the wall, 
and no rational surface for the n=l mode is present. The 
magnetic field perturbation at the marginal point of this mode 
is identical to that found from the eigenvalue calculation. 
The second mode sets in approximately when the q=l surface 
appears on the magnetic axis (L/R - 1.792). The magnetic 
field perturbation of this mode resembles that of the tilting 
mode, but the displacement shows pronounced differences. A 
small-scale vortex structure present in the tilting mode has 
now disappeared and the displacement is large outside the q=l 
surface but small inside. The second mode has the largest 
growth-rate for L/R - 3, which corresponds to the q=l surface 
approaching the wall of the container. 
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DISCUSSION 

ON PAPERS R-3-1 AND R-3-2 

R.J. TAYLOR: The theory describes the steady-state configuration. Do 
the experiments relax to steady state in terms of configuration time scales 
such as L/R for various L's and R's? 

R.K. LINFORD: We do not have experimentally measured plasma profile 
data from the spheromak configuration as yet. However, the FRC data 
indicate that the configuration reaches a steady state, from a diffusion or L/R 
viewpoint, in about 10 ¡is. Diffusion after this time would theoretically cause 
the configuration to shrink axially more than radially with a constant external 
field B0. In fact, if only heat or particles (not flux) were lost, the shrinkage 
would be purely axial and the radial profile would remain constant. Fortuitously, 
in the FRX-B experiment, the decay of the external field matches the internal 
flux loss so that this constant radial profile is observed. The axial shrinkage is 
also small (because of the decay in B0) so that even though rg is measured 
to be 31 jus in one case, the reduction in the separatrix volume is less than 
15% during that time. The radial profiles of ne and Te (Thomson scattering) 
and Ti (Doppler broadening of C V 2271 Â line) are in agreement with the 
diffuse theoretical profiles presented in the paper for t > 10 JUS. 

R.J. TAYLOR: Tokamaks operated in your regimes are cold and do not 
exhibit MHD instabilities (like disruptions) caused, for example, by viscosity. 
Has the cloud of collisionality over pinches now gone? 

R.K. LINFORD: With plasma parameters ranging from n m a x = 1 X 1015 cm -3 , 
Ti s 800 eV, Te = 150 eV, to n m a x = 4 X 1015 cm - 3 , Ti = 130 eV, Te = 110 eV 
in an external field of B = 6 kG, the majority of the relevant collision parameters 
are in the collisionless regime. The major exception is the electron mean-free 
path, which has to be compared with the separatrix size of rs = 6 cm and 
C = 50 cm. Thus collisions may still have some effect on the MHD activity, 
but I doubt that they have a dominant effect. The weather does seem to 
be clearing! 
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Abstract 

FIELD-REVERSED ION LAYERS. 
Progress achieved in the past two years towards creating a field-reversed ion ring is 

summarized. At the Naval Research Laboratory (NRL), field reversal has been achieved tran
siently by injection of a 0.7-TW peak power proton beam through a magnetic cusp into a 
uniform magnetic field. Experiments have been initiated to trap such proton beams in a magnetic 
mirror field. A ramp-shaped field is now being employed in place of the uniform field down
stream of the cusp to increase the rotational energy of the layer. A maximum diamagnetic signal 
of 2.7 kG, 50 cm from the cusp, is observed where the local applied field is 1.7 kG. The 
azimuthal current of the rotating pulse has been neutralized by injecting ~100 mtorr of N2 or 
air from two puff valves. In a complementary experiment at Cornell University (IREX), 
diamagnetic signals approaching 0.9 kG have been obtained at a diode power of 0.05 TW. 
Efficient injection of the beam through the magnetic cusp into a magnetic mirror region requires 
a few tens of mtorr of gas. This results in a very well defined annular rotating beam, with more 
than 80% of the beam energy rotational. About 50% of the beam is reflected from the 23% 
downstream mirror. In a long-pulse (S> 0.5 ¡is) experiment at 109 W (LONGSHOT) cusp injection 
is efficient in vacuum, and axial bunching in a ramped field has given reflected diamagnetism 
exceeding that of the incident beam. Some theoretical results on the stability properties of field-
reversed ion layers are also presented. 

* The experimental work and the simulation is supported by ONR and DOE. The 
theoretical work is supported by the Independent Research Fund at NSWC and by ONR. 

"*" Plasma Fusion Center, Massachusetts Institute of Technology, Cambridge, MA. 
' T Science Applications Inc., Arlington, VA. 
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INTRODUCTION 

Magnetic field configurations with closed field lines gener
ated by energetic ion rings or layers are very promising for 
thermonuclear applications because: (1) the energetic ions 
serve as an internal energy source for heating the confined 
plasma; (2) the MHD stability of the plasma is enhanced by the 
finite betatron amplitudes of the ring ion orbits; and (3) high 
plasma beta allows for a more compact fusion reactor with sig
nificant economic benefits. These potential advantages have 
motivated experimental programs at Cornell University and at 
NRL with the objective of creating fieId-reversed proton rings 
(FRPR). The progress recently achieved by these groups in this 
area is briefly summarized below. 

THE NRL ION RING PROGRAM 

Experiment : The applied magnetic field is shown in Fig. 1. 
It consists of a short uniform magnetic field, a magnetic cusp, 
a compressing magnetic field, a gate field and a magnetic mir
ror. The inverse reflex tetrode (IRT) ion source is located in 
the uniform field and its anode is powered by the upgraded Gam
ble II generator. In our best shots the total number of protons 
measured with the resonant reaction [l] C(p,y) N (3 +)^C, 
using carbon targets that are located 15 cm from the anode, is in 
excess of 6 x 10*6 per pulse. This number must be considered 
as a lower bound since protons with energy less than~470 keV do 
not activate the target and the number of counts is not corrected 
for target blowoff. The peak proton current is ~ 400 kA when 
the ramp-shaped (corrected) voltage that is applied to the anode 
of the IRT increases from 0.6 MV to 1.7 MV within ~ 50 nsec. As 
a result of the ramp-shaped voltage and the somersault effect 
[2], the ion pulse bunches axially after it exits the cusp. The 
self-magnetic field of the ion pulse is monitored with several 
magnetic probes that are located along the symmetry axis of the 
system and near the wall of the vacuum chamber. The proton 
pulse shape is inferred from the prompt Y-ray flux emitted from 
the reaction 19F(p,ay)* 0, when the protons strike a Teflon 
target. 

Initially, the compressing magnetic field was replaced with 
a 75-cm-long, 1,5-kG uniform field terminated by a single mir
ror. Transient field reversal of the applied field was achieved 
[3] with proton pulses having an axial speed approximately five 
times greater than their speed of rotation. Following the 
successful reversal of the field, recent experiments with simi
lar proton beam parameters using the magnetic field configura
tion shown in Fig. 1 have produced the following results: 
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2 3 
AXIAL DISTANCE (METERS) 

FIG.l. Applied magnetic field on-axis as a function of axial position with (solid) and without 
(dashed) gate field. 

100 ISO 

AXIAL DISTANCE (cm) 

FIG.2. Proton losses as a function of the 
axial position. The magnitude of applied 
magnetic field at z = 250 cm, i.e. where 
the dumping occurs, is 4.8 kG. 

(i) The propagating proton pulse transiently reverses the 
external field for the first 100 cm after the cusp. The maxi
mum axial self-magnetic field observed is in excess of 2.7 kG. 

(ii) The propagating proton pulse is substantially current-
neutralized along the applied magnetic field lines. 
(iii) As shown in Fig. 2, the losses of protons to the vacuum 

chamber wall increase abruptly beyond a certain axial position, 
which depends on the strength of the applied magnetic field. 

(iv) It is observed that the azimuthal current of the proton 
pulse is rapidly neutralized when the propagating pulse inter
acts with 100 mtorr nitrogen gas injected from two puff valves. 

Theory and Computer Simulation: In relation to the experimental 
program, we have carried out a variety of theoretical and com
putational studies related to the equilibrium and stability of 
FRPR. These studies have included: (a) investigation of the 
stability properties of a field-reversed ion layer for low-
frequency flute perturbations and (b) investigation of the tear
ing-mode stability properties of a field-reversed ion layer. 
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The stability properties of a field-reversed ion layer for 
eigenfrequencies near multiples of the mean rotational frequency 
of the layer were investigated within the framework of a hybrid 
(Vlasov-fluid) model in which the layer electrons and background 
plasma electrons and ions are described as macroscopic, cold 
fluids immersed in an axial magnetic field, and the layer ions 
are described by the Vlasov equation [k]. It is assumed that 
the layer is thin, with radial thickness much smaller than the 
mean radius. Electromagnetic stability properties are calcu
lated for flute perturbations (9/9z = 0) on an ion layer with 
rectangular density profile, described by the rigid-rotor 
equilibrium function 

fb CH. + V e - V " "ST sCU-T)G(vz) (i) 

where n, , to, , T are constants, G(vz) is the parallel velocity 
distribution, H is the perpendicular energy, P Q is the canoni
cal angular momentum, and U is the effective energy variable. 
Stability properties have been investigated including the im
portant effects of (a) the equilibrium magnetic depression pro
duced by the p-layer, (b) transverse magnetic perturbations 
(ÔB f 0), (c) small (but finite) transverse temperature of the 
layer ions, and (d) the dielectric properties of the background 
plasma. All of these effects are shown to have an important 
influence on stability behavior. For example, for a dense 
background plasma, the system can be easily stabilized by a suf-
ficently large transverse temperature of the layer ions. 

Tearing-mode stability properties [5] have also been inves
tigated for azimuthally symmetric perturbations about an in
tense proton layer immersed in a background plasma. 
Stability properties have been investigated for the choice of 
ion-layer distribution function in which all the layer ions 
have the same perpendicular energy in a frame rotating with an
gular velocity -o)b an^ a step-function distribution in axial 
velocity v z, i.e. 

G(vz) = (1/2A)© {(vz + A) (A - vz)} (2) 

where A is a constant and ©(x) is the Heaviside step function 
defined by © (x _> 0) = 1 and © (x < 0) = 0. 

The purely growing TE mode tearing instability has been in
vestigated and a dispersion relation has been derived including 
the important dielectric influence of the background plasma and 
background layer electrons. Introducing the electrostatic wave 
admittance h(kRo), we obtain the critical axial wavenumber for 
marginal stability (k = k ) from 
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h(kcRQ) = VCR^
2 + (A2/3)/A2 (3) 

where k is the axial wavenumber, a and RQ are the half-thickness 
and equilibrium radius, respectively, of the p-layer, uç is the 
radial-betatron-frequency-squared of the layer ions, 2A is the 
total spread in axial velocity and v is the Budker parameter. 
It is found that the system is unstable for perturbations with 
axial wavenumber k satisfying 0 <k <kc. Otherwise, the system 
is stable. 

When a « RQ, perturbations are stabilized if the axial vel
ocity spread A of the ions in the rotating layer exceeds the 
critical velocity spread given by 

A2 > crit 

2 
(R œ .) 
v O Cl 

.-Kfc*^ (4) 

where w . is the ion cyclotron frequency at the outer edge of 
the laySr, and R is the radius of conducting wall surrounding 
the layer. 

An important feature of Eq. (4) is that the critical axial 
velocity spread required for stabilization is independent of 
the background plasma and therefore should be valid even when 
the plasma density goes to zero. However, the instability 
growth rate depends on the plasma density and can be reduced 
to zero by increasing the ratio of plasma to beam density to 
arbitrarily large value (n /n, » 1). 

Simulation using 6 to 24 thousand macroparticies shows ex
cellent agreement with the predictions of Eq. (4), even when the 
inequality a « RQ is pot satisfied,provided that RQ is set 
equal to [(R? + R|)/2]^, where R̂  is the inner and R2 is the 
outer radius of tne layer. 

If the thermal spread A is less than A . , the modes grow 
with time. A comparison of the growth rafes of individual modes 
with those predicted by linear theory for n = 0 shows a dis
crepancy of about a factor of two, with the"code consistently 
giving lower growth rates. As the layer tears, the axial dis
tribution function changes from the initially square configur
ation to a more Maxwellian shape. The broader profile probably 
accounts for the discrepancy between simulation and theory. As 
shown in Fig. 3, the long layer evolves to a single ring. An 
examination of the axial velocity distribution in the ring re
veals that the particles have a spread greater than the critical 
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( a ) CONDUCTING W A L L - ^ 

(b ) 

(c) 
FIG.3. Evolution of a tearing-mode 
unstable long proton layer at (a) t = 0, 
(b)t = 6ù$(v+ I) and 
(c) T = 12 &$ (v + 1). 

FIG.4. Cross-sectional view of IREX. 
(A) Neptune output terminal; 
(B) anode structure; (C) external coils; 
(D) cathode structure with 2-\im Mylar 
foil; (E) proton orbit; (F) upstream 
mirror coil; (G) wall resistor; (H) axis 
magnetic pick-up loop assembly; 
(I) vacuum vessel: (X) magnetic pick-up 
loops. Mi and M2 are the upstream 
(0 to 20%) and downstream (23%) 
mirrors. 

r 

30 mtorr ( 0 ) 

70 cm 

1~~i—r— 

O.lmtorr 

100 mtorr H2 

«* k \ / 52cm 

- T — 1 Í C ) 

11 Y t 
incident RttKctad 

Bcom Scorn 

115 mtorr Air 
152 cm 

FIG.5. (a) Comparison of the dia-
magnetic signals for two otherwise similar 
shots 70 cm downstream from the diode 
into 30 mtorr and 0.1 mtorr air, 
showing beam loss at the lower pressure; 
(b) largest diamagnetic signal ~875 G; 
(c) beam reflection from the downstream 
mirror in the presence of ~ 115 mtorr 
of air. 
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spread required for stabilization. In addition, it was found 
that when v exceeds 1/3, a conducting wall surrounding the layer 
may have a destabilizing influence on it. 

THE CORNELL ION RING PROGRAM 

The objective of the Ion Ring Experiment (IREX) at Cornell is 
to trap a 10% diamagnetic proton ring by a scheme which is scal
able to full field-reversal or compact torus formation by mating 
it to a ~ 1-TW pulse power generator. The formation scheme is 
illustrated in Fig. 4. As in the NRL experiment, a hollow beam 
is passed through a magnetic cusp to give it rotation, and 
then it is drifted into a mirror well where trapping is to 
occur aided by the interaction with a resistive wall or plasma. 
In contrast to the NRL experiment, the source is a magneti
cally insulated diode, rather than a reflexing device. 
Closed magnetic flux surfaces around the anode and cusp
like transition to the downstream solenoidal field are 
formed by the combination of the fields produced by coils 
inside the anode and coils outside the vacuum chamber. This 
field shape has the property that protons are born on the same 
flux surface so there is little spread in their canonical angu
lar momenta and the radial magnetic force on a proton is every
where inward. 

A first run of the experiment has now been completed using 
the Neptune generator operated at 600 kV, 90 kA (0.05 TW) with 
a useful pulse duration of 60 nsec. Diagnostics of interest 
here were an array of magnetic pickup loops on axis and a set 
of Rogowski belts on some of the wires in a nichrome wire wall 
resistor structure. We now summarize the experimental obser
vations obtained from these and other diagnostics, which demon
strate all of the physics issues necessary for the success of 
the IREX trapping scheme: 

(i) Space-charge neutralization of the beam in the cusp 
requires at least a few tens of mtorr of gas. This is shown in 
Fig. 5a, in which beam dispersion is evident in the low-pressure 
case. 

(ii) Propagation experiments were performed in 15 to 400 
mtorr of neutral gas, in which a well defined, 10 cm mean radi
us, a 6-cm-thick annular proton beam is injected into the IREX 
mirror. Azimuthal plasma currents were observed in helium, 
nitrogen and air, but not in hydrogen or deuterium. 

(iii) A peak diamagnetism of 875 gauss -± 10% was observed at 
a diode power of 0.05 TW, as shown in Fig. 5b, with typical beam 
diamagnetism of 250 gauss through the entire 8-kG magnetic mir
ror portion of the system in H2-

(iv) The amplitude and duration of the diamagnetic signals 
in H2 imply 0.5 - 1.0 x 10 protons propagate past the upstream 
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mirror, and time-of-flight measurements indicate that the aver
age rotational energy of the beam particles in the mirror is as 
large as 83% +_ 5% of the total energy. 

(v) The current induced in the resistive wall (typically 
70 A/wire for 150 nsec in the 100 wire, 120-cm-long array) 
showed that up to 1% of the axial energy of the beam was coupled 
to the wall in H2. This is in agreement with calculations based 
upon an estimate of the rotating beam coupling to the resistive 
structure. In the air, 15% of the beam axial energy was coupled 
to return currents based on an estimate of the magnetic field 
energy during and after beam passage. 

(vi) About 25% of the beam has been reflected from the 23% 
downstream mirror in a hydrogen fill, and ~ 50% has been 
reflected in > 100 mtorr air fills, as shown in Fig. 5c. The 
energy coupling to return currents in air is believed to account 
for the larger reflections. 

(vii) There is a gradual loss of particles from the reflected 
beam in an air fill which is not observed in a hydrogen fill and 
is not due to classical binary collisions. 
(viii) The beam is 90-100% axially current-neutralized under 

all gas conditions. 

In order to obtain the number of ions per pulse necessary for 
full field reversal at lower (< 0.01 TW) injector power levels, 
the development and application to ion ring formation of a long-
pulse injector is also being pursued at Cornell. The LONGSHOT 
ion injector is based on work by Humphries et al. [6], The 
diode is similar in geometry to the IREX diode, but,by proper 
shaping of the radial magnetic insulating field, the confinement 
of electrons in the gap has been enhanced, increasing both pulse 
length and ion current density. Therefore, the diode is being 
driven directly by a low-inductance 200-kV open circuit.voltage 
Marx generator. The injector presently produces 2 x 10 , 80— 
150-keV protons in a 600-700 nsec pulse [7]. The extracted ion 
current of ~ 8 kA corresponds to a diode current density en
hanced by a factor of ^ 20 over Child-Langmuir flow. 

The propagation of ion current from this source through a 
half-cusp magnetic field geometry at 2 x 10~5 torr is character
ized by a loss of part of the beam head to surfaces surrounding 
the beam channel. This provides secondary electrons which are 
able to equilibrate in the beam channel and provide essentially 
complete space-charge neutralization. This process occurs on a 
Í? 100 nsec time-scale and does not occur in IREX. This may 
allow efficient ion ring formation in vacuum, eliminating the 
gas-fill requirements of the short pulse experiments. Diamag-
netic signals downstream of the cusp show that > 50% of the in
jected beam traversed the cusp, and beam radial profiles on 
damage targets indicate propagation with no significant disrup-
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tion. The increased axial length of the long-pulse beam is 
the inherent disadvantage of this scheme. Experiments are 
under way to bunch the beam axially by reflection in a ramped 
magnetic field downstream of the cusp. Diamagnetic signals show 
a reflected component of the beam of magnitude larger than the 
incoming beam diamagnetism. 
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Abstract 

EXPERIMENT ON PLASMA CONFINEMENT BY LONG-LIVED INTENSE RELATIVISTIC-
ELECTRON-BEAM RING. 

The lifetime of relativistic-electron-beam (REB) ring currents in a new device, SPAC-VI, 
reached 10 ms. The ion temperature of the plasma rapidly rose to 0.8 keV by REB-induced 
heating at injection. Apparent decay times of plasma density and ion temperature 0.5 ms 
after injection were 2 ms and 300 ¿is, respectively, and then the density became nearly 
constant for 8 ms. 

1. INTRODUCTION 

The use of pulsed injection of intense relativistic electron beams (REB) to 
generate toroidal currents will illuminate new pathways to a compact fusion 
reactor. This method is expected to produce fast heating of the plasma, and could 
thus provide both current generation and heating. In addition, strong adiabatic 
compression is applicable since much free space remains for shrinkage of the 
REB ring because no valuable space is wasted by toroidal current generation. 
Owing to its simplicity, this fundamental concept is capable of many variations 
in order to meet the requirements of reactor technology. 

To investigate the feasibility of this concept, an experimental study has 
been performed on a series of toroidal devices called SPAC [1—3]. Continuing 
previous experiments in SPAC-V, a new device, SPAC-VI, was constructed with 
the aim of plasma confinement by a REB ring of longer life and stronger major 
radial adiabatic compression. The experimental results from SPAC-VI are 
presented here. In SPAC-V the behaviour of the REB ring was strongly related 
to the time variation of the external fields [3]. To enable the problem to be 
examined in detail, SPAC-VI was designed to have longer-lasting external fields. 

511 
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IS PAC-VU 

O SO cm 

FIG. 1. Schematic structure of SPA C- VI. 

2. EXPERIMENTAL APPARATUS AND PROCEDURE 

The schematic structure of the toroidal device SPAC-VI is shown in Fig. 1. 
A toroidal field is generated by the current in a single-centre conductor set 
along the major axis of the torus. Current up to 1.2 MA is fed to the centre 
conductor, and the flat-top time of the toroidal field within 15% change is 20 ms. 
The field index of the vertical field of 12 kG maximum is less than 1.5 over the 
usable region of the vacuum chamber. The time variation of the vertical field is 
adjusted according to the purpose of the experiment, e.g. adiabatic compression. 
The vacuum chamber of the shell structure, made of thin stainless steel, has 
inner dia. 128 cm and inner height 27 cm. 

A high-voltage pulse generator Phoebus-III (445 W) is equipped with an 
oil-immersed Marx generator (70 kJ, 4.5 MV) and a 5-Í2 pulse-forming line with 
a water switch. The duration of the output pulse is 80 ns and its maximum 
voltage is 1.8 MV. The output pulse is sent on a magnetically insulated trans
mission Une (MITL) of characteristic impedance 20 £2 to a disc cathode which 
is set inside the vacuum chamber so that its face is directed parallel to the 
toroidal field. 



IAEA-CN-38/R-5 513 

For electron beam injection, the plasma anode method [2] was adopted. 
After application of the external fields, the vacuum chamber is filled with a 
hydrogen plasma by a co-axial-type plasma gun. The plasma makes contact with 
both the cathode and the chamber wall. When the cathode is pulsively biased to 
a negative high voltage, a high-density plasma is produced on the surface of the 
cathode by the bombardment of accelerated ions. A double-layer-type plasma 
sheath appears, and electrons of the cathode plasma are thus accelerated in the 
sheath and ejected into the plasma. The transmission efficiency of MITL changes 
with the cathode impedance Z D , which depends on the prepared plasma density 
and the pulse voltage VD. For the fairly low Z D case, the efficiency is more 
than 80%, but in most cases described here it was less than 60% because of higher 
ZD (10 - 15 £2). The ejected REB current ranged from 80 kA to 120 kA for 
V n ~ 0.8-1.3 MV. 

3. FORMATION OF REB RING 

As an injected REB propagates through the plasma, a REB current channel 
is formed behind the beam front. No return current can flow into the cathode 
because of the potential barrier of the sheath. It was experimentally observed 
with witness plates that the channel exists for at least one circuit of the REB 
round the major axis. Inside the plasma surrounding the beam, return currents 
are induced and mask the poloidal field of the beam current. The decay of the 
momentum of the beam electrons due to the energy transfer from the kinetic 
energy to the energy of the self-magnetic field should be so fast that the injected 
beam launches on the encircling orbit without colliding with the beam injector. 
Control of the return current therefore becomes necessary, and this can be done 
by adjusting the spatial distribution of the plasma density. In this experiment, 
the plasma is prepared by a cross-field injection from outside, as shown in Fig.l, 
so that the characteristics of the gun plasmoid, e.g. the velocity, the total particle 
number and the ionization rate, become the factors for the density control. 

Figure 2 shows typical appearance of the poloidal fields at several points of 
the inner wall (see inset) for two cases. When the plasma density and its major 
radial distribution were adjusted appropriately, the poloidal field rose 
symmetrically to the meridian plane of the torus, whence a REB ring was formed 
(Fig. 2(a)). The prepared plasma density decreased towards the major axis so 
that it was 1 X 1013 at the cathode and 5 X 1012 at R = 20 cm. The risetime of 
the field was nearly 1 jus. However, when the plasma density was increased far 
from the optimum value (Fig. 2(b)), a considerable imbalance occurred between 
the poloidal fields on the upper and the lower sides, and the field at the wall of 
the centre conductor was reversed for 200 ns, so that a REB ring was no longer 
formed. 
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I position ot magnetic probes 

FIG.2. Poloidal magnetic fields 
immediately after REB injection, measured 
at points indicated in the inset for cases 
when ring formation was well done (a) and 
missed (bj. I - U = inner-upper; 
I - L = inner-lower. 

Such a conditioning of the encirclement of the injected beam becomes 
more difficult when the vertical field is increased to give a higher REB ring current 
or when the ratio of the major radius of the REB ring to the major radial position 
of the cathode is smaller. However, the difficulty is relaxed if we inject a REB 
of higher particle energy. For example, the obtained peak current of the REB 
ring increased to 40 kA at particle energy Wb -- 1.5 MV from 30 kA at 
Wb ~ 1.3 MV for the same injection current of 80 kA. 

4. CONFINED PLASMA 

Figure 3 shows time variations of the major radius of the REB ring R, the 
net ring current IR and the line density of the confined plasma /n > d£ in a typical 
case which was easily tuned and reproducible. The cathode had 5.5 cm dia. 
The injected REB had 80 kA current, pulse width 80 ns and particle energy 
about 1.3 MV. The toroidal and vertical magnetic fields at R = 24 cm were 
4.5 kG and 300 G, respectively. In this case, the REB current density emitted 
from the cathode surface was 3.4 kA • cm -2. The prepared plasma density at 
the injection time had the density gradient and its mean value was about 
4 X 1012 cm"3. Major radius R was estimated from the distribution of the 
poloidal field measured with magnetic probes arranged on the inner surface of 
the wall. The ring current IR was measured with a Rogowski coil, and the line 
density /n • d£ with a HCN-laser interferometer. The ion temperature was 

(a) (b) 

t(ps) t (us) 
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FIG.3. Time variations of the net ring current 
IR, major radius R, and plasma line density nfi. 
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FIG.4. Time variation of temperature of 
O1"4 in the case of Fig. 3. 

deduced from the Doppler broadening of an O V line 4123.9 A, the result of 
which is shown in Fig. 4. The error of measurement was mainly due to shot-to-
shot variation in the line emission. 

The ion temperature rose very rapidly by the REB injection from a few 
tens of eV of the prepared plasma to 0.8 keV, while the electron temperature 
could be higher than that although we have not succeeded in measuring it by 
Thomson scattering. This rapid heating is probably due to the strong coupling 
between the plasma and the injected REB as well as the induced return current, 
as is observed in many linear systems. The other rapid increase was also observed 
in the plasma density. The return current was very effective in ionizing the 
neutral gas delivered by the plasma gun. At injection, there is a strong emission 
of spectral lines of hydrogen Balmar series, but it faded out 200 jus after 
injection, while impurity lines C I, ..., C IV, O I,..., O VI decreased considerably 
in intensity within 600 ¿ts. The confined plasma was therefore in a highly 
ionized state. The ion temperature became lower with the time constant 400 ¿us, 
which was shorter than the decay time of line density 2 ms in the phase. The 
ring current decayed with the decay constant 2 ms, which is comparable with 
the skin time of the vacuum chamber, but 2 ms after injection the decay became 
much slower as I R / I R ~ 32.4 ms. The line density became nearly constant 
2.5 ms after injection, probably owing to the balance of particle loss with the 
ionization of incoming neutral atoms by the REB electrons. However, the 
major radius did not change very much for 6 ms. The shape of the plasma cross-
section was directly observed by a photograph; it was nearly circular with minor 
radius 5 cm. 

Assuming that electron temperature was the same as ion temperature, 
j3t and j3p,200 /us after injection,were 5% and 2, respectively, but the values 
decreased as 0t ~ 2% and 0p ~ 0.5,400 ¿is after, during which time no great 
MHD activity was observed, so that other loss mechanisms should be taken into 
account. A waveform of IR in a well tuned condition is shown in Fig.5, where 
IR reached 43 kA. 
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Compared with results from the previous device, SPAC-V, in which strong 
disruptions occurred in the decaying phase of the external fields, the lifetime 
of the REB ring was prolonged ten-fold owing to the long-lasting external field. 
The ion temperature also became ten times as high as in SPAC-V because of 
the faster risetime of the injected REB (30 ns in this case, 50 ns in SPAC-V), 
but its decay time was nearly the same. 

5. CONCLUSIONS 

Intense REB rings were formed in the new toroidal device SPAC-VI and 
their lifetime reached 10 ms, i.e. the electrons travelled about 3000 km through 
the plasma. Gun-injected cold plasmas were instantaneously heated up to the 
ion temperature of about 0.8 keV by REB injection, and the hot plasmas thus 
created were confined by the poloidal field of the REB ring. The plasma 
parameters such as temperature and density are sufficient as an initial plasma 
for applying adiabatic compression. 
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DISCUSSION 

R.N. SUDAN: What evidence is there to suggest that the injected fast 
electrons exist in your machine for the duration of the discharge? 

A. MOHRI: In order to get experimental evidence, we puffed argon, i.e. 
high-Z, gas into the plasma 4 ms after the ring formation. If slow electrons 
carry the main part of the toroidal current a fast decrease should have been 
observed. However, there was no significant change in the current up to a fairly 
high argon pressure. We can thus conclude that the toroidal current is carried 
by energetic electrons and that the return current does not remain during the 
long-lasting period. The emission of hard X-rays from fast electron beams 
provides further evidence. 

R.J. TAYLOR: How close is your plasma equilibrium to the betatron 
mode? 

A. MOHRI: There are about two Larmor radii of the beam electrons across 
the major radius of the ring, so the equilibrium state lies between the betraton 
mode and force-free states. 

R.J. TAYLOR: How fast does the hot plasma generated by the diode 
cool in your experiment? Is it possible that you may heat the plasma by the 
diode plasmoid? 

A. MOHRI: A double-layer plasma sheath is formed on the cathode. 
Protons are accelerated towards the surface and bombard it, and sputtered 
impurities spread inside the vacuum chamber. However, the ratio of the impurity 
density to the confined plasma density is estimated to be 0.03% so that it is not 
serious at our stage of the experiment. I do not expect any plasma heating from 
such impurity ions. 
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Abstract 

NON-LINEAR ION-CYCLOTRON WAVES IN MIRROR MACHINES. 
Experimental results on ion-cyclotron waves observed in the 2XIIB mirror machine 

are reviewed, and relevant theoretical work is discussed. The work reported generally 
substantiates the quasilinear diffusion model of mirror-plasma confinement, but also 
suggests alternatives. The end-loss current required by theory of the drift-cyclotron 
loss-cone (DCLC) instability agrees with measurements of this current. The experiment 
indicates that an increased ratio of plasma radius to ion gyroradius improves plasma 
confinement. However, measurements sometimes show a second ion-cylotron mode, 
which is not the DCLC mode. Theoretical work on loss-cone instabilities has concentrated 
on linear, quasilinear and fully non-linear models of increased sophistication and 
experimental applicability. 

1. INTRODUCTION 

In this paper, we discuss experimental results on ion-
cyclotron waves observed in the 2XIIB mirror machine and 
experimentally relevant work on the linear, quasilinear and 
fully nonlinear theory of ion-cyclotron waves in mirror 
machines. The successes of early experimental work on 2XIIB 
led to much additional work, both experimental and theoret
ical, much of which has sought to test the quasilinear model 
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of mirror-plasma confinement [ 1 ] . The work repor ted here gen
e r a l l y supports the q u a s i l i n e a r model, but some experimental 
observa t ions leave unanswered ques t ions and t h e o r e t i c a l work 
suggests a l t e r n a t i v e models. 

2. 2XIIB EXPERIMENTAL RESULTS 

2XIIB experiments demonstrated t ha t plasma guns or a gas 
box could suppress ion -cyc lo t ron f l uc tua t i ons and allow the 
dens i ty of hot plasma to bui ld up [ 2 ] . The q u a s i l i n e a r model 
descr ibes these r e s u l t s we l l ; in p a r t i c u l a r , the formula for 
the end- loss cur ren t requi red to s t a b i l i z e a " los s -cone" 
i n s t a b i l i t y , 

â T 3 / 2 

J theory ( A / C » 2 ) * U6 * 1 0 ~ 1 3 ° W . ( R | - 1) ( 1 ) 

has s t rong suppor t . This equat ion , va l i d near the ax is ( r = 
0) for a deuterium plasma, i s derived by es t ima t ing the a x i a l 
v e l o c i t y of an escaping warm ion and the warm-plasma dens i ty 
necessary to f i l l the ve loc i ty - space loss r eg ion . The fac tor 
a(Rp/a*) takes in to account the d e s t a b i l i z i n g e f f ec t of the 
r a d i a l dens i ty g r a d i e n t . In Eq. (1) the c e n t r a l e l e c t r o n tem
pera tu re Te and the mean ion energy W-; are in eV; the 
c e n t r a l e l e c t r o n dens i ty iie i s in cm"3; R i s the plasma 
r ad iu s [ n e ( r , z = 0) = rie exp(- r 2 /R^)] ', a* i s the gyroradius 
of an ion with energy W¿¡¡ and R¿£ i s the mirror r a t i o , the 
a s t e r i s k denoting co r r ec t i on of a¿ and Rm for the m a g n e t i c - f i e l d -
depress ing e f f ec t of f in i t e -p lasma b e t a . 

Assuming a = 2(Rp/a*)~^' ^, we find two r e s u l t s . F i r s t , 
Eq. (1) agrees to w i th in 20% with d i r e c t measurements of the 
end- loss cur ren t dens i t y , i f the gas box was not used and the 
end- loss analyser was not on a plasma-gun flux t ube . Second, 
Eq. (1) i s s t rong ly c o r r e l a t e d with the cu r ren t dens i ty 
Jbeam trapped r e s u l t i n g from neutral -beam atoms t ha t were 
ionized and trapped in the hot plasma, as shown in F ig . 1. 
The good c o r r e l a t i o n seen in F ig . 1 does not occur i f we add 
t o Jbeam trapped t n e cu r ren t of gas-box ions t r ansmi t t ed 
through the not plasma. These r e s u l t s suggest the conclusion 
[3] t ha t ions from the guns or gas box genera l ly had l i t t l e 
e f f ec t on the i n s t a b i l i t y , presumably because those ions were 
too cold, even if the ions passed through the hot plasma. 
(See Sec. 3 for an a l t e r n a t i v e v iew.) The e f f ec t of the guns 
or gas box was simply to reduce T e , which reduces the s i z e 
of the loss region [ 1 , 2 ] . Tandem mir ror machines [4] a re 
d i f f e r e n t : f l u c t u a t i o n s are suppressed dominantly by an ion 
source other than n e u t r a l beams, namely, by c e n t r a l - c e l l ions 
t h a t pass through the plugs before being l o s t to end w a l l s . 
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FIG.l. Correlation of trapped neutral-
beam current density with end-loss 
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FIG. 2. Correlation of the quantity g, 
defined in the text and related to the 
mean pitch-angular spread <W||/W) of 
the hot-ion distribution function, with 
the product of central electron density 
ñe and incident neutral-beam current It,. 
n data taken during a scan of It,*, 
o data taken during a scan of plasma-gun 
voltages. 
The vertical lines show the variations 
during a burst of ion-cyclotron noise. 

The s c a t t e r i n a p lo t of j t h e o r y vs. Jbeam,trapped i s 
l e a s t i f the express ion a = 2(Rp/ai)*"^' •* i s used. Also , the 
inc rea se of Te and the confinement parameter nxg wi th inc reas ing 
Rp/ai shows t ha t the r a d i a l dens i ty grad ien t p lays a r o l e in 
d r iv ing the i n s t a b i l i t y and thus supports i t s i d e n t i t y as the 
DCLC mode [ 5 ] . However, no va l i d t h e o r e t i c a l model for the 
DCLC mode p r e d i c t s t h i s express ion for a. Improved conf ine 
ment with inc reas ing Rp/ai and prefer red propagation in 
the i on -d i amagne t i c -d r i f t d i r e c t i o n seem to r u l e out the 
Alfvén- ion-cyc lo t ron or a x i a l - l o s s - c o n e modes. The s t rong 
i n d i c a t i o n of 2XIIB experiments was tha t the dominant 
i n s t a b i l i t y propagated in the ion diamagnetic d i r e c t i o n and 
had perpendicular wavenumber comparable to R p / a7 . The 
DCLC mode i s the most v i r u l e n t i n s t a b i l i t y wi th these 
c h a r a c t e r i s t i c s . 

Other experimental observa t ions from 2XIIB suggest an 
i n s t a b i l i t y in add i t ion to the DCLC mode. Appearing in many 
shots were f l u c t u a t i o n spec t ra cha rac t e r i zed by very narrow 
peaks a t two f requenc ies , both near the ion-cyc lo t ron f r e 
quency w

c io a t the cen te r of the machine. Both frequencies 
were observed by two f l o a t i n g - p o t e n t i a l probes and a 2-mm 
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m i c r o w a v e - s c a t t e r i n g s y s t e m . One p r o b e , l o c a t e d a t t h e 
m i d p l a n e , had f i v e t i p s and c o u l d be o r i e n t e d t o measu re t h e 
a z i m u t h a l mode number m and t h e p r o p a g a t i o n d i r e c t i o n (we 
assume t h e s e c h a r a c t e r i s t i c s a r e t h e same w i t h i n t h e h o t 
p l a sma a s a t t h e p r o b e r a d i a l p o s i t i o n r p r o b e ~ 2 R p ) « T n e 

h i g h e r - f r e q u e n c y mode p r o p a g a t e d i n t h e i o n - d i a m a g n e t i c - d r i f t 
d i r e c t i o n w i t h 7 i m i 1 3 , c o n s i s t e n t w i t h t h e t h e o r y of t h e 
DCLC mode or of t h e i o n - b o u n c e mode, d i s c u s s e d i n S e c . 3 . The 
l o w e r - f r e q u e n c y mode had m = 0 ± 2 and i n d e t e r m i n a t e a z i m u t h a l 
p r o p a g a t i o n d i r e c t i o n . Th i s mode seems i n c o m p a t i b l e w i t h t h e 
t h e o r y of t h e DCLC or i o n - b o u n c e mode. The A l f v é n - i o n -
c y c l o t r o n mode, t h o u g h t t o be m a r g i n a l l y s t a b l e f o r 2XIIB 
b e c a u s e of f i n i t e - g e o m e t r y e f f e c t s , h a s l o n g w a v e l e n g t h 
p e r p e n d i c u l a r t o B and i s a p o s s i b l e c a n d i d a t e [ 6 , 7 ] . 

I n 2XIIB, i o n - c y c l o t r o n f l u c t u a t i o n s o f t e n accompanied 
r a p i d s p r e a d i n g of t h e p i t c h - a n g l e d i s t r i b u t i o n of i o n s . From 
e x p e r i m e n t a l d a t a , we c a l c u l a t e g = c h a r g e - e x c h a n g e f l u x p e r 
u n i t s o l i d a n g l e of atoms e m i t t e d 1 B d i v i d e d by t h e t o t a l 
f l u x . For a model h o t - i o n d i s t r i b u t i o n , we r e l a t e g to t h e 
mean p i t c h - a n g u l a r s p r e a d <W||/W> by (W||/w) » ( 2 - i ï g 2 ) - 1 . 
Th i s mean s p r e a d i s a f u n c t i o n of t h e p r o d u c t of n e and t h e 
i n c i d e n t n e u t r a l - b e a m c u r r e n t I j , , a s shown i n F i g . 2 . P l o t 
t i n g t h e mean s p r e a d a g a i n s t p a r a m e t e r s o t h e r t h a n n e I b , 
l i k e t h e p lasma b e t a , f a i l s t o br;Lng d a t a f o r d i f f e r e n t o p e r 
a t i n g c o n d i t i o n s on to a u n i v e r s a l c u r v e . We s u g g e s t t h a t t h e 
p a r a m e t e r h e I b , which i s p r o p o r t i o n a l t o jbeam, t r a p p e d » 
m e a s u r e s t h e d e s t a b i l i z i n g e f f e c t of t h e n e u t r a l beams on t h e 
ion d i s t r i b u t i o n . However, n e i t h e r a b e a m - d r i v e n i n s t a b i l i t y 
nor a mechanism f o r t h e p a r a l l e l h e a t i n g e v i d e n t i n F i g . 2 
has been i d e n t i f i e d . 

3 . THEORETICAL WORK 

Work c o n t i n u e s w i t h q u a s i l i n e a r codes t h a t e v o l v e t h e 
i o n d i s t r i b u t i o n f u n c t i o n i n t h e p r e s e n c e of c o l l i s i o n a l p r o 
c e s s e s and q u a s i l i n e a r d i f f u s i o n due t o t h e DCLC mode. The 
s o l i d symbols i n F i g . 1 show code r e s u l t s f o r p lasma p a r a m 
e t e r s s i m i l a r to t h o s e i n 2XIIB; we show r e s u l t s fo r v a r i o u s 
r a t e s of e x t e r n a l l y s u p p l i e d , warm- ion i n j e c t i o n j S £ and 
v a r i o u s e f f i c i e n c i e s of e l e c t r o n h e a t r emova l p e r e s c a p i n g 
e l e c t r o n . The code r e s u l t s g e n e r a l l y a g r e e w i t h t h e e x p e r i 
m e n t a l d a t a b u t l e a d t o a d i f f e r e n t p i c t u r e of i n s t a b i l i t y 
s u p p r e s s i o n i n 2XIIB t h a n t h a t g i v e n i n S e c . 2 . I n t h e c o d e , 
e x t e r n a l s t r e a m s h a r e s w i t h n e u t r a l beams i n p r o v i d i n g s t a b i 
l i z i n g warm i o n s and a l l o w s a t t a i n m e n t of s i g n i f i c a n t l y h i g h e r 
T e and W¿ t h a n i s p o s s i b l e w i t h o u t s t r e a m . However, t h e r o l e 
of e x t e r n a l l y s u p p l i e d j s t i n t h e e x p e r i m e n t r e m a i n s i n c o m p l e t e l y 
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u n d e r s t o o d : j S £ from t h e gas box needed fo r good mach ine p e r 
formance e x c e e d s J t h e o r y » an<* u s e of t h i s j s t i n t h e q u a s i -
l i n e a r code would r e s u l t i n d a t a l y i n g w e l l above t h e s c a t t e r 
i n F i g . 1 . 

R e c e n t work w i t h q u a s i l i n e a r codes a l s o s u g g e s t s t h e 
i m p o r t a n c e of two p r e v i o u s l y n e g l e c t e d e f f e c t s . F i r s t , 
c h a r g e - e x c h a n g e e r o s i o n of t h e p lasma s u r f a c e by c o l d gas can 
be b a l a n c e d by ou tward r a d i a l t r a n s p o r t t h a t a r i s e s from DCLC 
f l u c t u a t i o n s and from c h a r g e - e x c h a n g e r e p l a c e m e n t of p l a sma 
i o n s by n e u t r a l - b e a m - i n j e c t e d i o n s . Both t r a n s p o r t p r o c e s s e s 
a r e i m p o r t a n t i n 2XIIB b e c a u s e of i t s r a t h e r l a r g e a ^ / R p ' s . 
Second , f l u c t u a t i o n s h e a t warm plasma l o c a t e d j u s t o u t s i d e a 
m i r r o r - c o n f i n e d h o t p l a s m a , a l l o w i n g an i n c r e a s e d d e n s i t y of 
l o w - e n e r g y i o n s t o f low a l o n g f i e l d l i n e s and surmount t h e 
a m b i p o l a r - p o t e n t i a l b a r r i e r p roduced by t h e h o t p l a s m a . 
Model ing t h i s e f f e c t i n t h e codes a l l o w s m a i n t e n a n c e of 
m a r g i n a l l y s t a b l e s t a t e s i n which t h e w a r m - t o - h o t d e n s i t y 
r a t i o d e c r e a s e s s h a r p l y a s Rp/a^ i n c r e a s e s , i n ag reemen t 
w i t h l i n e a r t h e o r y . 

We h a v e r e c o n s i d e r e d t h e fundamen ta l a s s u m p t i o n of q u a s i -
l i n e a r t h e o r y t h a t i o n s d i f f u s e i n v e l o c i t y s p a c e i n t h e 
p r e s e n c e of t h e i o n - c y c l o t r o n w a v e ( s ) i n 2XI IB . R e c e n t work 
w i t h a model t h a t d e s c r i b e s a s i n g l e wave h a v i n g a n a r r o w f r e 
quency s p e c t r u m and p r o p a g a t i n g a c r o s s an a z i m u t h a l l y symme
t r i c m a g n e t i c f i e l d i n d i c a t e s t h a t m i c r o s c o p i c u n d e r s t a n d i n g 
of i o n d i f f u s i o n i n 2XIIB i s i n c o m p l e t e [ 8 ] . T h i s model i n 
c l u d e s t h e VB d r i f t and p r e d i c t s t h a t a wave of a m p l i t u d e l i k e 
t h a t o b s e r v e d i n 2XIIB c a u s e s s t o c h a s t i c m o t i o n o n l y of i o n s 
w i t h k i n e t i c e n e r g y < 8 keV, which i s l e s s t h a n t h e mean i o n 
e n e r g y . F u r t h e r m o r e , t h e s t o c h a s t i c mo t ion o f t e n i n c l u d e s 
l a r g e , r a p i d changes i n m a g n e t i c moment u , c aused by a r e s o 
n a n t a c c e l e r a t i o n p r o c e s s a f f e c t i n g i o n s w i t h a x i a l t u r n i n g 
p o i n t s n e a r t h e m i d p l a n e . A n e g l e c t e d e f f e c t t h a t would r e n 
de r m o t i o n d i f f u s i v e fo r a l a r g e r c l a s s of i o n s s t i l l must be 
i d e n t i f i e d . N e v e r t h e l e s s , i f we assume m o t i o n i s d i f f u s i v e , 
we can use t h e s i n g l e - w a v e model t o r e c o v e r t h e F o k k e r - P l a n c k 
e q u a t i o n u s e d i n q u a s i l i n e a r c o d e s . 

A n o n l i n e a r t h e o r y employ ing a v a r i a t i o n of t h e 
Bogol iubov method p r e d i c t e d t h e t i m e - a s y m p t o t i c , s e l f -
c o n s i s t e n t , s m a l l - a m p l i t u d e s a t u r a t i o n of a s i n g l e i o n -
c y c l o t r o n f l u t e mode n e a r l i n e a r m a r g i n a l s t a b i l i t y [ 9 ] . We 
a n a l y s e d m o n o e n e r g e t i c and s p r e a d l o s s - c o n e i o n d i s t r i b u t i o n s 
f (v j^ ) , n e g l e c t i n g c o l l i s i o n s , a x i a l b o u n c i n g , m i r r o r l o s s e s , 
p a r t i c l e s o u r c e s , and d i f f u s i o n . Work t o d a t e h a s emphas ized 
l o w - d e n s i t y , weak ly u n s t a b l e sys t ems l i k e t h e PR-6 e x p e r i 
m e n t . We h a v e c a l c u l a t e d t h e n o n l i n e a r l y m o d i f i e d i o n d i s t r i 
b u t i o n f u n c t i o n , t i m e - a v e r a g e d e l e c t r i c p o t e n t i a l , and a m p l i 
t u d e of t h e f l u c t u a t i n g e l e c t r i c p o t e n t i a l $ a s f u n c t i o n s of A 
= t h e f r a c t i o n a l i n c r e a s e of t h e d e n s i t y g r a d i e n t above i t s 
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Inverse scale length, /ca¡ Inverse scale length, Ka¡ 

FIG.3. (a) The variation in the most unstable mode (ka¡ = 3) saturated amplitude 
e^/Tj with the inverse density scale length «a¡ extracted from multi-mode DCLC 
simulations at intermediate times with ion velocity distribution composed of subtracted 
Maxwellians and R = T¿ hot/T¿ hole = »̂ ^pi/6 0" = 3;anc? mi/me = 1836. Electrons were 
a linearized fluid. Shown for reference are the single-mode thermal fluctuation level and 
the predictions of single-mode Bogoliubov theory [9]. (b) The total electric-field energy 
density for all modes at final saturation normalized to the initial ion kinetic energy 
density as a function c/zcaj. Instability occurs at /ca¡ > 0.245. The saturation level is 
essentially independent ofKa¡ but increases with decreasing R. 

FIG. 4. (a) Warm-ion density nw required to stabilize the ion-bounce and DCLC modes 
as a function of warm-ion temperature Tw. For the ion-bounce-mode curve, parameters 
appropriate for 2XIIB large-Rp/ai experiments at radial position r = 11 cm are chosen: 
density scale length K-1 = 5.5 cm; R = 10; hot-ion density n^ = 1013 cm'3; mean ion 
energy = 12 ke V; midplane magnetic field = 6.7 kG; axial density scale length = 25 cm. 
For the DCLC curve the parameters are similar, (b) Comparison of theoretical linear 
dispersion relation co = w/cocio versus ka¡ for DCLC and ion-bounce modes with that 
measured in particle simulations with density and axial magnetic-field scale lengths equal 
to: 5 ai,- T||/T[ = 0.1; R = 2; cOpi/ajci0 = 5; and mi/me = 3672. 

c r i t i c a l value at l inear marginal s t a b i l i t y . Saturation i s 
due to a s l i g h t f i l l i n g in of the loss cone and i s re lated to 
small nonlinear sh i f t s of the ion magnetic moments, cyclotron 
frequencies, and guiding center pos i t ions [ 9 , 1 0 ] . The satura
ted wave amplitude i s proportional to the l inear growth rate 
near marginal s t a b i l i t y , }cf>| «VÂ" for A « 1. 
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An e x t e n d e d v e r s i o n of t h e s i n g l e - m o d e Bogo l iubov t h e o r y 
i n c l u d e s m i r r o r l o s s e s and p a r t i c l e s o u r c e s , and we o b t a i n a 
r e a s o n a b l e f i t t o l i n e a r and n o n l i n e a r d a t a i n t h e PR-6 e x p e r i 
ment [ 1 1 , 1 2 ] i f we assume an i o n t e m p e r a t u r e c l o s e t o 500 eV 
i n s t e a d of t h e 150-200 eV o b s e r v e d e x p e r i m e n t a l l y . The PR-6 
o b s e r v a t i o n s admit t h e p o s s i b i l i t y of a h i g h e r i o n t e m p e r a t u r e 

[ 1 2 ] . 
P a r t i c l e - s i m u l a t i o n s t u d i e s of u n s t a b l e i o n - c y c l o t r o n 

f l u t e modes c o n f i r m e d s e v e r a l a s p e c t s of l i n e a r and n o n l i n e a r 
s t a b i l i t y t h e o r y . S e l f - c o n s i s t e n t h y b r i d s i m u l a t i o n s of a 
s i n g l e u n s t a b l e DCLC mode w i t h o u t i o n b o u n c i n g were i n e x c e l 
l e n t ag reemen t w i t h t h e s i n g l e - m o d e B o g o l i u b o v t h e o r y on ly fo r 
s p r e a d l o s s - c o n e i o n d i s t r i b u t i o n s v e r y c l o s e t o l i n e a r m a r g i 
n a l s t a b i l i t y ( F i g . 3a) [ 9 , 1 3 ] . I n c o n t r a d i c t i o n to t h e 
Bogo l iubov t h e o r y , u n s t a b l e m o n o e n e r g e t i c d i s t r i b u t i o n f u n c 
t i o n s a lways l e d t o s a t u r a t i o n by ion t r a p p i n g , w i t h a m p l i 
t u d e s <i> i n good agreement w i t h an a n a l y t i c a l c r i t e r i o n fo r 
t r a p p i n g [ 1 4 ] . S i m u l a t i o n s u s i n g s p r e a d l o s s - c o n e d i s t r i b u 
t i o n s and a s p e c t r u m of modes e x h i b i t e d s a t u r a t e d DCLC modes 
w i t h <j) << T^ /e so t h a t o n l y i o n s n e a r t h e l o s s - r e g i o n bound
a r y were t r a p p e d . The a m p l i t u d e <j> and t h e f r a c t i o n of h o t 
p l a sma t r a p p e d and d e c e l e r a t e d t o lower Vi were u l t i m a t e l y 
d e t e r m i n e d by t h e e v o l u t i o n t o a s t a b l e d i s t r i b u t i o n f u n c t i o n , 
r e m i n i s c e n t of s i m u l a t i o n s u s i n g q u a s i l i n e a r c o d e s . The 
e l e c t r i c - f i e I d a m p l i t u d e a t s a t u r a t i o n was q u i t e a d e q u a t e l y 
p r e d i c t e d by e q u a t i n g t h e wave e n e r g y to t h e k i n e t i c e n e r g y 
r e l e a s e d a s t h e v e l o c i t y d i s t r i b u t i o n f u n c t i o n r e l a x e d t o a 
s t a b l e d i s t r i b u t i o n ( f r e e - e n e r g y l i m i t i n F i g . 3 b ) . A p p l y i n g 
t h e s e r e s u l t s t o 2XIIB e x p e r i m e n t a l c o n d i t i o n s s u g g e s t s t h a t 
t r a p p i n g i s s u p p l e m e n t i n g q u a s i l i n e a r d i f f u s i o n i n a c h i e v i n g 
s a t u r a t i o n of DCLC i n s t a b i l i t y and s h o u l d be e s p e c i a l l y i n f l u 
e n t i a l d u r i n g an r f b u r s t . 

I n t h e a r e a of l i n e a r m i c r o s t a b i l i t y t h e o r y , we i n v e s t i 
g a t e d t h e i o n - b o u n c e mode, a mode t h a t depends on i o n b o u n c i n g 
f o r i t s e x i s t e n c e [ 1 5 ] , and t h a t i s u n s t a b l e i n a p lasma w i t h 
2XIIB p a r a m e t e r s . Th i s mode i s s t a b i l i z e d by a d d i n g warm 
p lasma h a v i n g a w a r m - t o - h o t d e n s i t y r a t i o of r o u g h l y 5%, a s 
shown i n F i g . 4 a . A comparab le d e n s i t y r a t i o i s r e q u i r e d to 
s t a b i l i z e t h e DCLC mode. At a l l p o i n t s a l o n g t h e s t a b i l i t y 
bounda ry i n F i g . 4 a , t h e i o n - b o u n c e mode r e q u i r i n g t h e most 
warm p la sma for s t a b i l i t y h a s f r e q u e n c y a few p e r c e n t > w c i0 
and m ~ 10; p r o p a g a t i o n i s i n t h e i o n - d i a m a g n e t i c - d r i f t d i r e c 
t i o n . These mode p r o p e r t i e s a r e c l o s e t o 2XIIB o b s e r v a t i o n s , 
and t h e i o n - b o u n c e mode t h u s seems t o be a v i a b l e a l t e r n a t i v e 
to t h e DCLC mode t o e x p l a i n t h e o b s e r v a t i o n s . 

S i m u l a t i o n s i n c l u d i n g i o n b o u n c i n g con f i rmed t h e e x i s 
t e n c e of t h e i o n - b o u n c e mode ( F i g . 4b) and a l l o w s t u d y of t h e 
c o m p e t i t i o n among t r a p p i n g , q u a s i l i n e a r d i f f u s i o n ( s t o c h a s -
t i c i t y ) , and n o n l i n e a r s h i f t of t h e i o n o r b i t s . I n t h e a b -
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s e n c e of p lasma l o s s e s and s o u r c e s , s i m u l a t i o n s c o n t i n u e t o 
i n d i c a t e t h a t more u n s t a b l e DCLC modes (Im to > 0 .2 w c i ) a r e 
s a t u r a t e d by i o n t r a p p i n g and t h a t weak ly u n s t a b l e DCLC and 
i o n - b o u n c e modes (Im co < 0 . 1 w c¿) can be s t a b i l i z e d by sma l l 
n o n l i n e a r s h i f t s of t h e i o n o r b i t s . 
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DISCUSSION 

D.D. RYUTOV (Chairman): Can you explain why the DCLC mode is so 

strongly connected to the point where B has a minimum? I am referring to 

the 2XIIB observations you mentioned, where the oscillation frequency was 

close to coBi at the minimum-B point. 

B.I. COHEN: This problem remains unresolved. It is commonly thought 

that the ions are driven into cyclotron resonance; and non-linearly, with sources 

and sinks, the mirror machine is very much like a driven, dissipative oscillator. 

The transients should damp away and an increasingly monochromatic wave 

appear. This is in fact observed in both experiment and simulations. The 

observed frequency is less than the local cyclotron frequency where the mode 
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is peaked (at r « Rp); this may be associated with the fact that the linear 
theory of DCLC asserts that, near marginal stability, the mode frequency is 
substantially below coci- My own personal feeling is that a non-local radially 
dependent numerical quasilinear calculation is needed if we are to understand 
this question. 

L. CHEN: Could you describe the experimentally observed radial profiles 
of the DCLC mode? 

B.I. COHEN: They are peaked at the plasma radius Rp but are fairly 
broad in extent and are observed to have finite amplitude at almost all 
radii r ^ R p . 
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Abstract 

THEORY AND SIMULATION OF PLASMA CONFINEMENT IN RF-PLUGGED OPEN 
SYSTEMS. 

Open-ended plasma confinement due to RF plugs is studied both theoretically and 
computationally, with attention to fusion applications as well as physical understanding. 
Self-consistent treatments of RF-plugged plasma states are developed. Characteristic properties 
such as the plasma sheet structure and the steady-state distribution of plasma and RF field 
are dealt with in some detail. The adiabaticity condition of line-cusp RF plugging is studied 
from the single-particle point of view. Plasma confinement in open-ended systems as a whole 
is investigated by a Monte-Carlo simulation model. The plugs are found to improve the 
confinement time effectively. 

1. SELF-CONSISTENT TREATMENT OF RF-PLUGGED 
SHEET PLASMA 

When the RF-plugging scheme is applied to an open-ended plasma system, 
one of the main physical problems is to find the actual profile of RF fields 
inside the plasma. If the plasma is distributed too thickly, the applied RF 
electric field will usually be shielded out and cannot penetrate deep inside the 
plasma. It is, however, expected in the case of a thin plasma sheet (as is realized 
at a line-cusp region [1 ], where the plasma thickness is comparable with local 
ion Larmor radius) that the RF field can exist well inside the plasma and form a 
ponderomotive potential to plug the plasma outflow. The problem is therefore 
very inhomogeneous both in geometry (sheet plasma) and in physical structure 
(plasma-RF interface). 

531 
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FIG.l. (a) A solution for N = 3000, Eo = 10, F2 = 1.978316, under the condition 
E (1.225) = 0 and outgoing WKB on the left side. Em a x = 3.119 and E0 is 
normalized as E0 = qe0/2cocL >/TJM, e0 being an unnormalized amplitude. 

(b) Profiles for external RF field E 0 (h = E0exp [- 16(f - l)2 ] and magnetic field 
B(f) = coc(f)/cocL = (3f/2)(l -f2 /3) . 

(c) Contours of equal-density reduction rate evaluated by exp(-^max I E|2 ), for three 
values of frequency F. 

A kinetic theory has been developed to treat these characteristics of 
RF-plugged plasmas self-consistently, where the canonical transformation method 
in terms of Lie-operator formalism has been most appropriately applied. In the 
case of line cusp with axial symmetry, we consider a sheet plasma limit, where the 
plasma density and perpendicularly excited RF field are represented by values at 
the midplane of the sheet plasma, n(f ,t) and E(f,t)exp(- icot), respectively. 
Here £ is a coordinate along the line of force. Profiles for the externally applied 
RF amplitude E0(f) and the magnetic field B(f) are shown in Fig. 1(b). We derive 
a coupled system of equations to describe the self-consistent evolution of E and n. 
In the quasistatic limit the density is given by 

n = N exp [- (E2/2)(F2 - B2)"1 ] (1) 

where 

N = COJÍ/WJL (2) 

and 

F = co/cocL (3) 

cocL being the ion-cyclotron frequency corresponding to B = 1. Hence the 



IAEA-CN-38/S-2 

( a ) ( b ) 

FIG.2. Typical solution fori* = 3000, E0 = 10, F2 = 2.00, under two boundary conditions: 
(a) outgoing WKB on the left and E (1.50) = 0, and (b) outgoing WKB on both sides. 

coupled system is decoupled to give a single non-linear Schrôdinger-type equation 
with source term, i.e. 

{ij5(3/at) + a2(d2/af2) + a1(d/dn + e}E = E0 (4) 

Here the coefficient e is a perpendicular dielectric constant which describes the 
electrostatic ion-cyclotron mode. All the coefficients appearing in (4) are 
dependent on E and f. 

Being interested in the steady-state distributions, we have made 9/31 = 0 
and integrated Eq.(4) under several different boundary conditions. In each case, 
parameters N, F and E0 characterize the profile of E(f) and n(f). 

One of the solution profiles is shown in Fig. 1 (a), in which the boundary 
condition is given,E(fm) = 0, fm = 1.225, and the outgoing WKB solution on the 
inner side. This situation is interpreted so as to set some kind of RF reflector 
at f = f m . As shown in Fig. 1 (a), this case represents the plugged state quite well, 
i.e. the profiles of E and n are smooth in structure and n is appreciably suppressed 
at the open end. The peak in E is shifted to the outer side. Parameters to give 
the same effect, say min(n)/N = 0.1, are shown in Fig. 1 (c). It is seen that the 
higher E0 is necessary to plug the plasma of higher density, and the best condition 
depends very sensitively on the frequency. Under such a boundary condition the 
best value for fm, which also depends on the plasma parameter, should be chosen 
very carefully, otherwise there would be oscillating profiles or propagating wave 
formation. Some examples are given in Fig. 2. These structured profiles will 
cause heating of plasmas inside and are not very appropriate for 'adiabatic' 
plugging (plugging not associated with heating). 
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10~4 10"3 10" 2 10"1 0.1 1 30 100 

(qEL/Mi»)
2)/a dxBj^ [mxkG] 

FIG.3. (a) Particle behaviour at an RF-applied line cusp are shown on a parameter space 
of initial particle velocity and applied RF electric field. (L: lost from cusp end; 
A: adiabatically reflected; N: non-adiabatically reflected), 

(b) Line-cusp RF-plugging parameters for various plasmas. 

2. SINGLE-PARTICLE ASPECT OF LINE-CUSP PLUGGING 

The adiabatic plugging condition of a line-cusp plasma is examined by 
calculating collisionless particle orbits. Given a cusp field B (BL is maximum 
magnetic field) and a Gaussian profile of the applied RF field E0 (EL is maximum 
RF field strength; d is halfwidth) as before, a test particle is injected from the 
inner part of the system with initial velocity V^ . The criteria for this particle to 
be lost (L), to be reflected adiabatically (A) and non-adiabatically (N) from the 
RF region,are shown in Fig.3(a) and (b), where a is the radius of the line cusp. 
It should be noted that when the applied frequency co exceeds the maximum 
cyclotron frequency cocL, the adiabatic reflection is achieved, provided that 

EL <0.37 d ( M / q M c o - W c L X w 2 - ^ ) 1 / 2 (5) 

where the numerical factor is determined empirically. The adiabatic plugging 
would be of use in fusion reactor conditions [2] if it held with a moderate EL . 
Results of calculations are shown in Fig.3(b). 

3. SIMULATION OF PLASMA CONFINEMENT IN OPEN SYSTEMS 

To obtain the confinement time of plasmas in various open-ended systems, 
we have developed a simulation model on the basis of the Monte-Carlo method 
[3]. This model follows the trajectories of test particles (ions) in the applied 
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FIG.4. (a) Loss rate from line cusp versus system size a/p¡. 
(b) Relative loss flux versus amplitude of RF field. cocp is the ion Larmor frequency, 

and B is the magnetic field at the point cusp. 

magnetic and electric fields. The test particles have three velocity components 
and three position coordinates. Collisions with background ions and electrons 
are included through a random scattering of the velocities of the test particles. 
This model includes the effects of binary Coulomb collisions and it is applicable 
to arbitrary magnetic field configurations and/or external RF fields. 

Figure 4(a) shows the loss rate from the line cusp as a function of the system 
size a/pj. Here, a is the coil radius and p¡ the ion Larmor radius at the point cusp. 
When there is no RF field the loss rate decreases with system size a/p¡. It is 
almost inversely proportional to a/pj. However, in the case with RF fields, the 
dependence on a/pj is more complex. The relative loss flux (the loss with 
RF fields / the loss without RF fields) takes a constant value (about 0.1 in this 
case) when a/p¡ exceeds a certain value (400 in this case). In Fig.4(b) is plotted 
a relative loss flux from the line cusp as a function of the amplitude EL of the 
applied RF electric field. When the size of the system is large, the loss continues 
to decrease with the amplitude. 

According to the present simulations, effective plugging is achieved if the 
following conditions are satisfied: 

(a) (qE/Mi<o2)/a ^ 2.2 X 10"2. This is quite consistent with the result of 
single-particle calculation (Fig.2(a)), and it means that the excursion length must 
be much less than the system size. 

(b) The applied frequency is to be chosen a little higher than the ion-
cyclotron frequency at the cusp. 

(c) When the ponderomotive potential is about 10 times greater than the 
ion temperature, the relative loss flux may be reduced to 0.1. 
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FIG.5. Confinement time in double cusp 
versus radial position for: (a) &¡p=2QQ.O, 
(b) a/p¡ = 600.0. Magnetic field lines in 
the central cell are straight. 
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FIG.6. Confinement time in double cusp 
versus collision time. The mirror ratio in 
the central cell is 1.5; oo = Í.2OJC; 
cE/vTiB = 2.0. 

The double cusp configuration consists of a central cell, which forms either 
a straight or a mirror field, and the two cusp fields at the ends. One of the most 
fundamental questions about confinement in the double cusp system with no 
RF field is whether the confinement time is governed mainly by collisions, as in 
the mirror system, or by particle transitas in the spindle cusp, when the particles 
are distributed in the central cylinder. Figure 5 plots the particle and energy 
confinement times (rp and rg) in the double cusp as functions of the initial 
radial position r0 of the test particles in the midplane. In this case, the magnetic 
field lines are chosen to be geometrically similar to those of the experimental 
device RFC-XX at Nagoya [ 1 ], where the field lines in the central cylinder are 
straight. The ratio of the length between the two point cusps to the radius of 
each line cusp is 4.93. As can be seen from these data, the confinement time in 
the inner region (small r0) is determined by the transit time as expected in the 
cusp confinement. In the outer region the particles are evidently mirror-confined. 
As the ratio a/pi increases, the cusp-like region becomes relatively small. 

Finally, we have examined the effect of RF field on the double cusp 
system. Figure 6 shows the particle confinement time for the double cusp as a 
function of the collision time T D . In this case the central cell is a mirror (mirror 
ratio = 1.5) and the ratio of the magnetic field strength at the point cusp to that 
at the line cusp is 5/2. When RF plugging is not applied,the confinement time r 
is determined by the transit time Tt. In the collisionless regime (rj) > r t ) , 
r increases proportionally to T D like the conventional mirror, and its value is of 
the order of r D . However, when the appropriate RF fields are applied to the cusp 
regions, the end loss can be reduced to about 0.1 compared to that without 
RF field. 

file:///rJSf
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DISCUSSION 

D.E. BALDWIN: Did your Monte-Carlo simulation follow particles in the 
actual field or in an effective potential? If the former, how much ion heating 
was observed and how much of the improvement in confinement was due to the 
E3/2 mirror confinement on adiabatic lines? 

H. OBAYASHI: The present simulation followed particle motions in the 
actual field. The RF heating effect under the plugged condition was usually 
deduced from the difference between the sum of the kinetic energies contained 
in the confinement region and carried away by the particles and the total initial 
kinetic energy given to the test particle cloud. In the case of the mirror trap, 
the simulation results agree well with the usual pitch-angle scattering loss, but it is 
not very clear from the simulation data whether the heating will help the mirror 
confinement produced by the E3/2 law, since the collision time T D in this present 
scheme is considered as a given fixed parameter through a simulation run. 

R.S. PEASE: Have you investigated whether or not these methods can be 
used to reduce the electron energy loss from the cusps? 

H. OBAYASHI: When ions are plugged by RF fields, an ambipolar potential 
is produced and this will tend to bring the escaping electrons back into the cusp 
field. This effect is taken into account in the present calculations. 

T. CONSOLI: The RF plugging is sensitive to the ion mass. What do you do 
in the case of two ions species, as for example D + T? 

H. OBAYASHI: The simulation has been carried out for a single ion species 
(usually protons). The kinematic structure of the ponderomotive potential has 
been proved by the simulation. The optimum features of the RF plugging can 
thus be predicted and have been checked experimentally. The frequency window 
required to plug a D + T mixture will be investigated through appropriate 
simulation runs. 
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Abstract 

EXPERIMENTS ON THE STABILIZATION OF A ROTATING PLASMA. 
It is observed that two regimes, a contact and a disc regime, exist in a trap with a rotating 

plasma; important properties of both regimes are established. It is shown that MHD oscillations 
are partially stabilized in the contact regime and that the character of this stabilization agrees 
with theoretical predictions. The energy time of the plasma improves when higher oscillation 
modes are stabilized. 

An alternative approach to the problem of controlled nuclear fusion is the use of open 
magnetic traps with a rotating plasma [1]. These systems are distinguished from ordinary 
magnetic traps by a number of physical and engineering features, which are very important 
for a future fusion reactor based on this principle: an axially-symmetric magnetic field, 
absence of plasma injection and heating systems, a steady-state regime, high Q-factors, etc. [2]. 
The development of this approach today depends to a great extent on ensuring the stability 
of the rotating plasma. One possible solution is to stabilize the plasma by means of contact 
with ring electrodes placed in magnetic mirrors [2,3]. 

Calculations based on the non-local methods of stability theory have shown that in such 
a trap it is possible to generate a plasma stable with respect to MHD oscillations, with parameters 
close to those of a thermonuclear plasma (cop/£2j ^> 1 ; cop is the ion-plasma, Í2¡ is the ion-
cyclotron frequency, and the ion energy > 10 keV). For this purpose, two conditions have to 
be fulfilled: first, the rates of slippage of the plasma layers (electric shear) should be sufficient 
to suppress the higher oscillation modes (m > rrr/a, a being the width of the plasma layer); 
second, the longitudinal electron conductivity should be sufficient to suppress the lower 
oscillation modes. As evaluations showed, the second condition can be satisfied only in fairly 
large experimental devices (plasma radius « 100 cm), while the first process can be studied in 
small model devices [4]. 

Below we give experimental results relating to the stabilization of a dense rotating plasma 
obtained at the Nuclear Physics Institute (Siberian Branch of the USSR Academy of Sciences) 
in the PSP-02 device, which is a scale model of the larger experimental device PSP-2. 

We should note that the stabilization conditions for a dense rotating plasma (<Op/i2j > 1) 
differ quite substantially from those studied earlier in the case of a rarefied plasma 
(C0p7ftf<l) [5,6,7]. 
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FIG. 1. Schematic section of the device: 
(1) co-axial electrodes; (2) annular pulsed 
valve; (3) outer liner; (4) inner liner; 
(5) neutral-atom sensors. 

DESCRIPTION OF THE DEVICE 

The PSP-02 experimental device is an open magnetic trap, within which a radial electric 
field is generated (Fig. 1). The radial distribution of the electric field through the plasma can 
be controlled by mean? of a system of ring electrodes placed near the magnetic mirrors (seven 
intervals); each electrode pair has an independent high-voltage supply. The plasma is generated 
by the ionization and heating the neutral gas in crossed fields. Use is made of a pulsed electro-
dynamic gas valve, which creates a hydrogen cloud near the ring electrodes within 0.1 —0.2 ms. 
The valve has the shape of a ring encircling the electrodes, thus ensuring uniform distribution 
of gas and plasma along the azimuth. 

A number of conventional methods were used for plasma diagnostics. The plasma density 
was measured at the trap centre with the help of an 8-mm Warren interferometer. Currents 
and voltages were measured independently at each of the rings. A system of wall probes was 
used to record plasma oscillations near the outer liner. The probe dimension were 1 cm along 
the magnetic field and 2 mm along the azimuth. We studied the oscillation spectra and spatial 
correlation functions along z and the azimuth. In all experiments to be described in the 
following high-frequency probes were used to record the current signal from the plasma. 
Usually, the probles protruded 0.3 mm over the liner surface. In a control experiment, the 
probe was placed 0.3 mm below the liner surface. In this case, the high-frequency signal was 
reduced by more than two orders of magnitude, i.e. the capacity current was less than 1%. 

For rough measurements of the plasma density distribution along z, we used 'neutral 
sensors' measuring streams of neutral charge-exchange atoms from the plasma collimated with 
respect to z and 6. The 'neutral' sensor records the electron current for electrons knocked 
out of the sensor collector by the neutral atoms and also by ultra-violet radiation. Both these 
processes depend linearly on the factor njno ; therefore, on the assumption that no is distributed 
uniformly over the volume, the signal from the 'neutral' sensor is proportional to the local 
density of the plasma. The control experiment showed that for W¡ > 1 keV, the contributions 
by atoms and UV quanta to this signal were approximately identical. 

The rotational velocity of the plasma was determined from the shape of the spectral 
Une Ha (Fig.2) and also from the energy spectra of the neutral charge-exchange atoms. The 
average rotational velocity of the plasma ions determined by these methods agreed with vE 

found from the expression vE = cE0/Ho, where E0 and H0 are the electric and magnetic fields 
at the trap centre; it is assumed that E0 = U/a. The maximum velocity of the ions also agreed 
with the theoretical value v = 2cE/H. The measurements were performed along and against the 
direction of motion of the plasma. 

The device had the following parameters: distance between electrodes along z 50 cm; 
electrode gap 4 mm; diameter of the outer liner at the trap centre D = 24 cm, and that of the 
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FIG.2. Doppler broadening of the Ha line fro = 6563 A). Direction of the rotational 
velocity: (I) towards the measuring instrument; (II) from the measuring instrument 
vH = cAX/X0, »H max = c^max/'Ao,' AXmax = X ^ - X0 = X0~ Xbi, Xred is the red edge of 
spectrum Hand \bl the blue edge of spectrum I. AXmax = 25 A, vH m a x = 1.14 X 108 cm- s'1; 
Vrot = vH max/2 = 5.7 X i 07 cm • s~K 

inner liner 12 cm; radial diameter of the plasma in the mid plane a = 6 cm; magnetic field at 
the centre = 9.0 kG; mirror ratio K = 2.5; electric field at the centre E0 up to 8 kV-cm-1 ; 
potential U applied to the plasma from 5 to 60 kV; residual vacuum 3 X 10~7 torr; neutral gas 
density n0 = 1012 - 1013 cm"3. 

The plasma parameters could be varied within the following limits: n¡ from 5 X 109 to 
3 X 1012 cm -3; average ion energy in the rotating system of co-ordinates, and hence the energy 
of rotation, from 100 eV to 2.5-3 keV; rotational velocity vE from 1 X 107 to 8 X 107 cm-s"1; 
degree of ionization from 1 to 10%. 

The experimental study of the oscillation spectra was carried out in a regime with 
U = 28 kV; vE s 5.0 X 107 cm-s"1, plasma density = 1 X 1011 particles-cm"3, the control 
measurements were made at ne = 1 X 1012 particles-cm-3. 

DISCHARGE REGIMES 

In the experiments two basic plasma discharge regimes were observed. One, hereafter 
called contact discharge, is created by feeding a gas pulse into the region near the electrodes a 
few milliseconds after switching on the high voltage. This regime lasted 1.5—2.0 ms after the 
gas puffing and was marked by the fact that the properties of this discharge depended 
substantially on the electric potential distribution on the ring electrodes. It follows from the 
experimental data as a whole that in this case the potential distribution in the plasma is close 
to that on the electrodes, i.e. there is contact between the plasma and the electrodes. The 
maximum plasma density for this regime is reached near the magnetic mirrors. 

The other discharge regime is observed either 1.5—2 ms after the start of the contact 
discharge or, if the gas pulse is fed in before the high-voltage pulse, immediately after the 
initiation of the discharge. This discharge regime is marked by the fact that the potential 
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FIG. 3. Oscillograms of signals from the 
neutral-atom sensors: signal from the 
sensor located near the mirror; signal from 
the sensor located at a distance of 16 cm 
from the trap centre; and signal from the 
sensor located at the trap centre. Sweep 
interval 11 ms/frame. 

distribution is independent of the ring electrodes; another distinguishing feature is a substantial 
growth of the oscillation level in the high-frequency region of the spectrum (m = 10—50, 
m being the azimuthal mode number). In this regime the plasma density distribution has its 
maximum in the central plane, and the plasma takes the shape of a disc (disc-type or compressed 
discharge). The features of the disc discharge were discussed earlier in Refs [8,9]. A discharge 
similar to the disc discharge was studied experimentally in Refs [9,10] at a somewhat higher 
plasma density. 

The transition from the contact to the disc regime is determined by the distribution of 
the neutral-gas density along the trap axis as well as by the processes of charge exchange, 
ionization and recombination of the plasma at the chamber walls. 

Figure 3 shows the signals from three 'neutral' sensors located at different points along 
the trap. We observe that the volume occupied by the plasma shifts in time from the mirror 
region to the centre of the trap. The time taken by this shift agrees in the order of magnitude 
with the time taken for levelling out of the neutral-gas density along the trap axis. The transition 
of the plasma from one discharge regime to the other is clearly seen oh the oscillograms for 
plasma oscillations obtained with the wall probes (see, e.g. Fig.5). 

PLASMA OSCILLATIONS 

The plasma oscillations were investigated with the help of the wall probes. A detailed 
study was made of the dependence of the oscillation spectra and structures on electric field 
distribution in the contact regime. The radial distribution of the electric field in the plasma was 
determined by the potentials on the ring electrodes. This distribution took the form: 

E(r) = E0 1 + a 

E(r) = E0 

- \ 2 
-r 

12-
T>¥ 

r < F 
(A) 

where r t and r2 are the inner and outer radii of the plasma; T- (ri + r2)/2. The plasma 
oscillations were studied for three values of the factor a = - 0.5, 0 and 0.5. In all three cases 
the initial conditions of the start of discharge (full voltage between the outer and inner liners 
and quantity of gas coming from the valve) were kept constant. 

The longitudinal structure of the oscillations was studied with the help of several wall 
probes located on one azimuth at different points along the field line. Typical oscillograms for 
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FIG.4. Oscillograms of signals from two 
wall probes located on the same azimuth; 
one at the trap centre and the other 
21 cm from the centre. Sweep interval 
0.5 us I frame. 

L_M' 

FIG. 5. Oscillograms for the level of 
oscillations from the band filters for 
frequencies off = 30 MHz; andf= 42 MHz; 
in addition, a signal from the neutral-atom 
sensor located near the mirror is shown. 
Sweep interval 20 ms/frame. 

FIG. 6. Oscillograms for the level of 
oscillations from the band filter at 
f= 30 MHz for electric field profiles with 
a = -0.5 and a = 0. Sweep interval 
1 ms/division. 

two similar probes located at points with z = 0 and z = 21 cm are shown in Fig.4. The 
perturbation wave is elongated along the magnetic field; the ratio of the oscillation amplitudes 
indicates a zero mode along z. The transverse structure of the oscillations was analysed by 
means of probes shifted along the azimuth. The characteristic wavelengths X$ along the 
azimuth lie in the 1—15 cm region. These data indicate the flute-like character of the 
oscillations. 

In the study of oscillation spectra, the signal from the single probe passed through a system 
of band filters connected in parallel; we used 11 channels with frequencies ranging from 1 to 
80 MHz, and with a quality factor s 15 at all frequencies. There was a linear amplitude detector 
at the output of each filter. Thus, the oscillation spectrum was fully analysed in the course 
of one shot. 

Oscillograms indicating the level of oscillations at 30 and 42 MHz in the case of a = — 0.5 
are shown in Fig. 5. For 1.5 ms, while the contact regime of the initiation of the discharge is 
operative, the higher oscillation modes are suppressed.. Thereafter, when the discharge goes 
over to the disc regime, the amplitudes of these oscillations increase sharply. 



544 ABDRASHITOV et al. 

10 20 30 40 60 60 70 80 f(MHz) 10 20 30 40 50 60 70 80 f(MHz) 

FIG. 7. Plasma oscillation spectra for 
the electric field profile with a = ~ 0.5: 
(1) 1 ms after the beginning of discharge; 
(2) 4 ms after the beginning of discharge. 

FIG.8. Plasma oscillation spectra 1 ms 
after the beginning of discharge for 
different electric field profiles: 
(l)a = -0.5; (2)a=0; (3)a =0.5. 

FIG.9. Oscillograms of signals from two wall probes located in the central plane 1 ms after 
the beginning of discharge for two electric field profiles: (a) oc = - 0.5; (b)a = 0. Sweep 
interval 0.5 ¡xs/frame. 

Oscillograms showing the level of oscillations at 30 MHz for a = - 0.5 and a = 0 are given 
in Fig.6. The oscillation level at E(r) = const (a = 0) is fairly high and does not change during 
the transition from the contact to the disc regime. 

Figure 7 shows the plasma oscillation spectra in the case of a = - 0.5 at instants of 1 and 
4 ms from the beginning of discharge. The plasma oscillation spectra 1 ms after the beginning 
of discharge in the three cases: a = - 0.5, 0 and + 0.5 are given in Fig.8. The oscillation level 
with m > 7rr/a for a = - 0.5 diminishes substantially in comparison with that for a = 0 and 
a = 0.5 (Fig.9). 
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FIG.10. Phase velocity as a function of 
oscillation frequency 1 ms after the 
beginning of discharge for two electric 
field profiles: (0)a = -0.5 and (+) a = 0. 

FIG. 11. Oscillation level as a function of 
azimuthal mode number m 1 ms after the 
beginning of discharge for different electric 
field profiles: (o) a = - 0.5; (+) a = 0; 
(&)a=0.5. 

Since in changing the electrical-field profile the amplitude of oscillations with m <$C 7rr/a 
(f < MHz) did not change, this may prove that it is a stabilization of oscillations in the high-
frequency part of the spectrum that we observe rather than a change in the conditions of 
probe-plasma contact. 

The oscillation phase velocity was studied as a function of frequency. The signals from 
two probes separated with respect to 0 by a distance from 1 to 5 cm passed through identical 
band filters and were then studied simultaneously on the oscillograph screen. The phase velocity 
for each frequency interval was determined from the mutual correlation function of these 
oscillograms. The graphs showing the phase velocity for the contact regime at a = 0 and 
a = - 0.5 are given in Fig. 10. The phase velocity for the higher frequencies is of the order 
of the particle drift velocity near the outer liner (vE = 5 X 107 cm-s"1). The phase velocity 
changes noticeably at the lower frequencies, increasing in the case of a. = - 0.5 by a factor of 
1.5—2 in comparison with a = 0. 

The graphs for the dependence of the oscillation level on the azimuthal mode number m 
agree qualitatively with the theoretical curves for y(m) at similar values of a (see Figs 11 
and 12) [4]. 

To check the radial distribution of the electric field in the plasma in the contact regime, 
we studied the energy distribution of the neutral charge-exchange atoms. The curves obtained 
for the function (3I0/3E) by the method of chord measurement at different a are shown in 
Fig. 13. As will be seen from this figure, the change in the energy spectra when going from 
a = ~ 0.5 to a = 0.5 indicates good correspondence between the electric fields in the plasma and 
the electric potentials on the electrodes. The measurements along other chords also confirm 
this correspondence. 

Thus, the stabilization of the rotating plasma in the contact regime is determined by the 
radial distribution of the electric field in the plasma. Other processes, such as shortening of the 
azimuthal component of the electric field at the ends of the plasma [11,12] and longitudinal 
plasma conductivity [4], do not affect the stabilization process in this experiment. 
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FIG. 12. Theoretical dependences of the 
growth rate of flute oscillations y on 
azimuthal mode number m for different 
electric field profiles: (1) a = - 0.5; 
(2) a = 0; (3) a = 0.5. 

FIG. 13. Flux of charge-exchange atoms 
as a function of energy 1 ms after the 
beginning of discharge for different 
electric field profiles: (o) ot = - 0.5; 
(+) a = 0; (A) a = 0.5. Target parameter 
7.5 cm. 

ENERGY LOSSES AND OSCILLATION LEVEL 

The characteristic time for energy losses from the plasma, r E , is determined in the plasma 
under investigation both by the plasma oscillations (radial shift Ar «* a during the time 7"1) 
and by the charge-exchange process (Ar = mc2E/(eH2) during the charge-exchange time TÍO). 
The following experiment was conducted in order to evaluate the role of these processes. 
Give the same external discharge parameters (current, voltage and neutral gas pressure), the 
discharge was initiated in one case by the injection of the gas before switching on the electric 
field (disc discharge) while, in the other, it was the contact discharge that was investigated 
(a = - 0.5). In the contact discharge the oscillation level was substantially lower, and the 
plasma density higher, than in the disc discharge. Since the plasma density distribution along 
z can be determined only from crude evaluations, the ratio of the energy times TE in these two 
cases can only be found approximately: 

^Ek _ n k V k (Ti + Te)kJdUd _ "kVk 

rm n d V d (Ti + T e ) d J k U k ~ n d V d 
(B) 

where V is the plasma volume and the subscripts k and d denote the contact and disc discharges. 
Taking into account that n k / n d = 3 to 5 (see Fig.14) and that V k /V d lies between 2 and 10, 
rEk/^Ed i s 5 to 50. Thus, partial stabilization of the oscillations substantially improves the 
energy time TE- The absolute values of these times are approximately equal; TEd ~ 10~6 s and 
rE k~10_ ss. 
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FIG. 14. Signal from the 8 mm interfero
meter for disc discharge (gas injection 
before the application of voltage) and 
contact discharge (gas injection after the 
application of voltage). The electric field 
profile corresponds to a = - 0.5. Sweep 
interval 1 ms/div. 

CONCLUSIONS 

1. Two regimes for discharge initiation — a contact and a disc regime — are observed in a 
trap with a rotating plasma. 

In the contact regime, there is electrical contact between the dense plasma and the end 
electrodes, and the nature of the plasma oscillations is determined by the radial distribution of 
the potentials on the electrodes. 

In the disc regime, the plasma is compressed towards the centre of the trap and takes the 
shape of a disc. The plasma oscillations are virtually independent of the distribution of the 
potentials on the electrodes. 

2. The MHD oscillations of the plasma are partially stabilized in the contact regime. The 
amplitude of the higher oscillation modes (m > m/a) decreases substantially in regimes where 
the electric field diminishes along the radius. The nature of this stabilization agrees with the 
theoretical evaluations. 

The energy time for the plasma improves appreciably when the higher oscillation modes 
are stabilized. 
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DISCUSSION 

D.E. BALDWIN: What were the two cases you described that localized the 
plasma in the trap or permitted filling of the whole trap? 

Yu.N. YUDIN: The plasma filled the whole trap volume when the neutral 
gas was fed in after the high voltage had been switched on. The plasma formation 
process in this case takes place mainly in the region near the end electrodes and 
from here the plasma fills the entire trap volume. Then, when the neutral gas 
has spread over the whole volume, what is essentially a charge-exchange process 
leads to contraction of the plasma into the mid-plane region. 

If the whole volume is first filled with neutral gas and the high voltage then 
applied to the electrode system, the plasma immediately acquires a disc shape. 

R.S. POST: Could you please give some additional details on the experiment? 
In particular, could you tell us what the length of the voltage pulse was, what 
limits this pulse length and what electron temperature was obtained? 

Yu.N. YUDIN: The experimental procedure was as follows. A voltage was 
applied to the central liner and the electrode system. After about 0.5 ms the 
valve was operated and the discharge ignited. For a period of 1—2 ms, a contact 
regime was established: as the neutral gas spread over the entire trap volume, 
this regime then transformed to a disc regime. The time for which the latter 
existed was determined by the pump-out rate and had a value of approximately 
10 ms. The voltage was then removed from the apparatus. The electron tempera
ture was not measured. It can be assumed to have been a few electron-volts. 

S. MERCURIO: Since there is a relative (drift) motion of the plasma with 
respect to the solid surfaces in your experiment, I wonder whether the E X B 
drift speed exceeded the Alfvén critical velocity. 

Yu.N. YUDIN: The rotation speed of the plasma in our experiments was 
~ 8 X 107 cm • s-1. This is more than an order of magnitude greater than the Alfvén 
limit. For each particular device the limiting plasma rotation speed is determined 
by the ratio of the ion Larmor radius to the radial size of the plasma. 

C. GORMEZANO: Did you measure the impurities in the plasma? 
Yu.N. YUDIN: No, we did not. But it should be kept in mind that all heavy 

impurities immediately leave the trap because of the rotation. 
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Abstract 

EXPERIMENTS ON THE GENERATION OF ION BEAMS FOR PLASMA HEATING IN 
SOLENOIDS. 

Experiments are performed on the generation of heavy-ion bunches enabling model 
experiments with high-density plasma heating up to temperatures of the order of 
T « 0.2 - 1 keV. The conditions in which this is feasible are described in some detail. 

Intense ion beams are a promising means of heating a dense plasma in pulsed 
open-ended magnetic traps [1]. The ion beams generated in present-day devices 
are electrically neutral, which substantially facilitates the problem of transporting 
them to the plasma volume. The ion deposition length £ in a plasma is mostly 
determined by Coulomb collisions with the plasma electrons: 

£ ~ W? me/7TZ2 e4Ne Amp AM ( 1 ) 

Here W¿ = ZeU is the ion energy after acceleration; U is the acceleration voltage; 
Ne is the plasma density; A is the atomic weight; me and mp are the electron 
and proton masses, respectively; A is the Coulomb logarithm; n = f(v¿/vTe), 
where v j e is the thermal velocity of the plasma electrons and v¿ is the velocity 
of the ions moving in the plasma. For Vj, > vTe , the value of ¡x is about 1 ; if 
vi ^ v Te> t n e n A* "̂  1- To decrease the ion relaxation length and, hence, to increase 
the efficiency of energy transfer, through an ion beam, to the plasma, one can 
use the ions of heavy elements (Z > 1), which must be accelerated in a Z = 1 
charge state up to an energy of the order of 1 MeV. After crossing the plasma 
boundary, the ion is stripped up to the charge state with an ionization potential 
of the order of a few electron temperatures, Te . This effect compensates, to a 
large extent, the increase of the deposition length due to the rise of the electron 
temperature (because of decreasing ¡JL in expression (1)). Using the asymptotic 
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TABLE I. EQUILIBRIUM CHARGES AND DEPOSITION LENGTHS 

Te,keV 

2(Z), m 

0.2 

ÎH 

12
6c 

ÍSSÍ 

Sri 

0.2 

40(1) 

3(4) 

2(6) 

1(10) 

1.0 

200(1) 

14(6) 

5(12) 

3(18) 

5.0 

1700(1) 

150(6) 

42(14) 

22(22) 

CATHODE ANODE FOIL 

FIG.l. The principle of acceleration. 

formula for y < 1 from Ref. [2], we obtain the following expression for the ion 
deposition length in the plasma at Te > W^me/m :̂ 

£ 3(AmpW i)
1/2Tf /2/8x/7rZ2e4NeA (2) 

In a plasma with a given electron temperature, the ion charge state can be 
determined from the data on the ionization potentials of highly ionized states 
[3] and also from data characterizing the properties of the optical spectra [4]. 
The calculated values of the equilibrium charges of ions and also of the 
deposition lengths for protons and carbon, silicon and titanium ions with an 
energy of 1 MeV in a plasma of a density of 2 X 1017 cm - 3 are listed in Table I. 
Evidently, the use of heavy-ion beams greatly simplifies the problem of dense-
plasma heating in solenoidal systems. In this paper preliminary results are 
reported concerning data on the production of intense proton and carbon ion 
beams by the 'gas-dynamic' acceleration method [5], making use of a cloud of 
oscillating electrons [6]. The principle of acceleration is illustrated in Fig. 1. 
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FIG. 2. Schematic of experiment. 

The ion source is a plasma layer behind the anode foil of an accelerator. The 
electron beam current in the vacuum diode exceeds by far the space-charge 
limiting current. The virtual cathode is formed on the plasma-vacuum 
boundary, and the relativistic electrons begin to oscillate between the vacuum 
diode and the virtual cathode. In addition, a small portion of the electron beam, 
whose current of which is equal to the limiting current, flows into the vacuum 
space. The oscillating electron cloud expands into the vacuum and accelerates 
the ions extracted from the plasma layer. 

The experiments were carried out in a device designed on the basis of the 
pulsed electron accelerator 'Aquagen' (accelerating voltage up to 1 MeV, electron 
current up to 300 kA, pulse duration 80 ns, total energy per pulse up to 10 kJ) 
[7]. The experiment is shown schematically in Fig. 2. A vacuum diode ( 1) of the 
accelerator and a thin-walled (1.5 mm), stainless-steel drift chamber (2) were 
placed inside a solenoid (3). In this solenoid, a 13-kOe uniform, longitudinal, 
quasi-stationary (r ~ 10~3 s) magnetic field was generated. The diameter of the 
chamber was 13 cm and its length 185 cm. The flat surface of a 10-cm-diameter 
graphite disc was used as a field-emission cathode. The anode (4) was formed 
by an aluminized mylar film of 20 jum thickness. The cathode-anode gap was 
14 mm. The mylar and teflon films serve as an ion source located at 5 mm 
distance from the anode foil. The thin-layer plasma on the film surface was 
generated by vacuum surface breakdown because of the electron space charge [8]. 
Both the voltage U and the current I of the diode were measured by resistive 
and capacitive dividers, a Rogowski coil and shunts. The current shunt (8) was 
placed at the end of the chamber. For ion beam detection, carbon targets (6) [9] 
and special ion collectors (7) biased to a negative potential of 600 V were used. 
To increase the sensitivity, the input aperture (1) of the collector was increased 
up to 0.5 cm2 (Fig. 3). The response to the limiting current was decreased by 
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FIG.4. Accelerator diode potential and current. 

(ai shunt current 

(b) ¡on collector current for teflon foil 

b h/,-frr T» 

FIG. 5. Shunt current (a) and ion 
collector (b, c) oscilloscope traces. 

making the collecting plate (2) of a thin titanium foil ( 17 /¿m). The current 
density of both vacuum electron and ion beams was additionally decreased by a 
copper magnetic-field attenuator (3). The collectors were placed at Zi = 85 cm 
and z2 = 135 cm from the anode foil. To estimate the energy and the total 
number of the accelerated ions, an external positive pulsed voltage (+450 kV, 
30 ns) was employed, which was generated by a separate low-impedance (2.7 Í2) 
generator. This pulsed voltage was supplied to a grid electrode placed between 
two grounded grids with 4 cm gap. The grid system (9) (Fig. 2) was located at 
150 cm distance from the anode foil; its transparency was of the order of 40%. 
Variation in the delay time between the accelerator pulse and the external positive 
pulse made it possible to affect the different fractions of the ion beam. The ions 
passing through the grid system were recorded by the ion collector placed a 
20 cm distance behind the grids. 

The operation conditions of the accelerator are shown in Fig. 4. Oscilloscope 
traces of the two spatially separated ion collectors and the shunt of the vacuum 
current are shown in Fig. 5. The ion collector signals contain both the positive 
voltage and the negative small-amplitude voltage, which corresponds to the time 
interval of the limiting current. For the teflon case, the time delays of the positive 
signal with respect to the beginning of the vacuum current are 175 ns for zx and 
230 ns for z2. For the mylar case, the positive signal has the shape of two 
successive pulses with time delays of 84 ns and 180 ns for zy and 115 ns and 
210 ns for z2. In the latter case, electron current spikes are seen on the calori
meter shunt. The duration of these spikes and their period are of the order of 
5 ns. These fast 'oscillations' are observed from 100—130 ns to 200—250 ns. 
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FIG. 6. (a, b, c) Ion collector signals behind the grid system; (d) high-voltage pulse on the 
grid. 

The signals of the ion collector located behind the grids and the oscilloscope 
trace of the external high-voltage pulse are shown in Fig. 6. Switching on the 
positive pulse at the instants of time when the ion beam was passing through 
the space between grids had two effects: ( 1) a decrease in the amplitude of the 
external pulse which was approximately identical under the influence of the 
different ion beam fractions; and (2) a change in the ion collector signals 
resulting in complete (Fig. 6, (a)), partial (b) or no (c) relaxation of the ion 
current. In addition, 'splashes' of the ion current of a duration of the order of 
5 ns (arrows in Fig. 6) were observed at the front of the pulse supplied to the 
system. 

Time-of-flight and activation analyses as well as the results on the effect 
of the external positive pulse allow the conclusion that the first positive signal 
(Fig. 5, (c)) corresponds to protons with an energy from 0.47 up to 1.2 MeV; 
their number is 3 X 101S. The second positive signal of the ion collector 
corresponds to carbon ions with energies higher and to protons with energies 
lower than 0.45 MeV. The constancy in the decrease of the amplitude from 
the external generator shows that the beam electron density is approximately 
constant (at different instants of time). Taking into account this fact as well 
as the partial relaxation and the parameters of the short ion current splash 
(Fig. 6 (b)) we may attempt to estimate the total number of the fast carbon 
ions and slow protons. The number of slow protons with a mean energy of 
100 ke V is about 1016. The number of carbon ions with a peak energy of up 
to 1.5 MeV is less than or of the order of 6 X 1015 (with a rather high degree 
of uncertainty). These estimates show that the ion collector has different 
attenuation coefficients for protons and carbon ions. The proton attenuation 
coefficient is approximately three times as large as that for carbon. This fact 
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is probably due to the difference in angular divergence at the entrance to the 
ion collector — the result of a sudden decrease of the magnetic field — and 
also to the difference between the secondary-electron-emission coefficients. 
The appearance of negative spikes on the trace of the vacuum current shunt 
approximately co-incides with the arrival of the proton component and with 
the end of the accelerator pulse. After the relativistic electrons have disappeared, 
the space charge of the ion column inside the drift chamber must be neutralized 
by the cold electrons of the anode foil plasma. This process can be unstable, 
with a characteristic time of the order of the time of flight of the relativistic 
electrons from the anode to the chamber end. 

The data given above show that there is a possibility of producing accelerated 
heavy-ion bunches. The device has been created to enable model experiments on 
the dense-(Ne ~ 1017 cm"3)-plasma heating up to sufficiently high temperature 
(T «* 0.2 - 1 keV), with a total plasma energy of a few kilojoules. To provide 
this energy content in the plasma column, it is necessary to decrease the plasma 
cross-section to 5 - 7 cm2 and to ensure a sufficiently small ion deposition length 
(of the order of 1 m). Moreover, a magnetic field of the order of 100 kOe is 
needed for the hot-plasma thermo-insulation. Thus, the produced ion beam 
must be compressed in the increasing longitudinal field. 
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DISCUSSION 

B. LEHNERT: I would like to congratulate you on having passed the 
'critical-velocity limit' in your device. We have been trying to do this for many 
years in Stockholm, but without success so far. 
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Part B shows that finite ion-Larmor-radius effects can remove the shear-Alfvén continuous 
spectrum extensively discussed in ideal MHD theories. In the absence of free energy or dissipation, 
the resultant eigenmodes are discrete and neutrally stable. Toroidal difts of a (or energetic) 
particles are found to destabilize these modes. Stability studies of the parametric variations of 
the energy and density scale lengths of the energetic particles show that, even in the presence of 
electron Landau damping, modes with low radial mode numbers remain unstable in most cases. 
Since a-particles are concentrated in the centre of the plasma, this drift-type instability may imply 
anomalous He-ash removal. 

Part A 
DRIFT, TRAPPED-PARTICLE AND ALFVÉN INSTABILITIES 

AND ANOMALOUS PLASMA TRANSPORT 

A.l. Stability of drift modes in sheared-slab geometries 

Recently, stability analyses of the collisionless (uni
versal) drift mode have been generalized to the case of arbitrary 
radial wavelengths; where the eigenmodes are described by the 
following integral equation: 

f00 i _ _ 

dkx [<T + i/o) 5 ^ 0 ^ - kx) a(kx) + u - i / n ) 

1?e (kx " k x ) ] * ( kx } + * ( kx } = ° ( 1 ) 

where T = T e /T ± , ft = co/u)^, « ^ - k ^ c / e B ^ , Ï. - » / | k ¡ , x | v t j , 

k!. = k /L , Z. - Z(£ . ) , Z i s the plasma d i spe r s ion func t ion , 
Il y s j 3 

L and L a r e , r e s p e c t i v e l y , dens i ty and magnetic shear s c a l e 
n s ? ? ? 

l e n g t h s , o (In ) « I (b . ) e x p ( - b j , b . = pT(k + k ) / 2 , I i s the 
x 0 1 * i 1 í x : y o 

modified Bessel func t ion , and 

A(kx) = (1/2TT) dx A(x) exp(.-ikxx) 

Both analytical II] and numerical 12] treatments of Eq. (.1) 
have shown that, as in the differential-equation approxi
mation, the eigenmodes are stable. While Eq. (1) is widely 
accepted, a closer examination of its derivation reveals that 
it is in error due to the assumption that the spatial dependence 
due to the parallel wave number k.. is weakly varying, which is 
generally not true near the mode-rational surface. In fact, 
the correct equation has been derived by Coppi, Rosenbluth and 
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Sagdeev [3], and can be cast in the form of Eq. (1) with a re
placed by 

a(k ,kf) = I (b.) exp(-b.) (2) 
X X O 1 1 

where b . = [ (k 2 + k 2 ) ( k ' 2 + k 2 ) ] 1 / 2 p 2 / 2 and b . = (k2 + k ' 2 

2 i 9 x y x y i x x x 
+ 2 k ) pr/4. A stability proof, similar to that in Ref. [1], 

can be carried out for the correct equation to show that, again, 
the eigenmodes are always stable. The same conclusion is also 
obtained numerically [4]. 

The stability of the universal eigenmode, however,is tied 
to the even symmetry of electron velocity distribution F (v..) 

= Foe0
v|||) a n d thus, for asymmetric Foe(

v|¡)> the eigenmode 
can become unstable 15]. To illustrate this point, we consider 
the following F (v,,): 

o e II 

fcja + v 2 / v 2 ) 2 for v.. > 0 
F ( V = \ 9 9 9 
o e " \C 1/(1 + v,, R Z/v¡) n for v„ < 0 (3) 

where C, = 4/v ir[l + 2(2n - 3)!!/R(2n - 2)!!] and R = (n - 1)" 1 / 2 

I r e 
to ensure F dvM = 1 and v., F dv.. = 0. If the asym-

J oe II J II oe II J 

metry is strong (n >> 2), the eigenmode is found to be highly 
localized away from the mode-rational surface and therefore 
a parabolic approximation of the eigenmode potential can be 
made. We then derive the following instability growth ratei 

Im£î « /3 {-L /L + 2 ~ 1 / 3 Q [1 + (L /2Í2 L ) 1 / 3 ] 
n s o n o s 

[(m /m.) U / n - 1 ) 2 ] 1 / 3 } (4) 
e i o 

fi * 1/(1 + b ) , and b = k2 xp2/2. Thus the eigenmode becomes 
o s s y i 

unstable for sufficiently weak shear, in agreement with the 
numerical results. It therefore suggests that, in realistic 
situations, a detailed knowledge of F (v..) may be crucial in 
determining the stability of the universal eigenmode. 

The enhanced density fluctuations observed in the 
neutral-beam-heated PLT [6] have stimulated much interest in 
the effects of finite ion-temperature gradients 
[n. = (dlnT./dx/dlnN/dx) f 0] on drift modes [7]. To demon
strate the finite-n. effects, let us consider a sheared slab 
and assume adiabatic (Boltzmann)electrons, fluid ions, and 
the small ion-Laraor-radius approximation. For \r\ \ » 1, the 
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and 

eigenmode equation can be readily solved and, for 

¡b r),\ < T and the lowest eigenstate, we obtain the following 

two branches from the dispersion relation: 

fi- « i n. L /L T (5) 
1 x n s 
n * [i - id + n./x) L/L ]/<i + b ) (6) 

l i n s s 
fi- corresponds to the ion diamagnetic drift mode destabilized 
by positive n.; this is the usual (positive) n. instability [3], 
A threshold value, n + - 1, appears when ion kiftetic effects are 
kept [8]. fi_, on the other hand, corresponds to the electron 
drift mode. For n. = 0, fi_ reduces to the familiar Pearlstein-
Berk result [9]. Equation (6) thus indicates positive (nega
tive) n.'s enhance (reduce) the shear-damping rate and, for 
n. <, n~X - -T , a new negative n instability. These predic
tions have been verified by numerical solutions of the eigen
mode equation which includes both ion kinetic and nonadiabatic 
electron responses. 

A.2. Instabilities in the neutral-beam-heated PLT 

In order to describe the instabilities more realistically, 
we have developed a radially local code which contains the 
essential physics of the trapped-ion, the trapped-electron and 
the positive-n. drift modes and employs equilibrium profiles 
obtained from a one-dimensional radial transport code [10] 
modeling the neutral-beam-heated PLT. In particular, the 
equilibrium density and temperature for electrons, hydrogen, 
deuterium and carbon, and the safety factor q, together with 
their derivatives, were evaluated halfway between mode-rational 
surfaces at r - 22 cm., the center radius of the microwave 
scattering volume for density fluctuations. For a toroidal 
mode number L - 30 , the mode goes unstable when T^x = 0) 
- 2.3 keV (where T = T H = T = T ) . The instability has a 
characteristic frequency @.n the ion diamagnetic direction) of 
the order of the ion bounce and transit frequencies and there
fore can be regarded as a hybrid of the trapped-ion, trapped-
electron and ion-temperature-gradient modes. When compared 
with the experimentally observed threshold, T (r = 0) * 3-4 keV, 
it can be concluded that there is agreement within the accuracy 
of the input equilibrium quantities at r - 22 cm. Hence, this 
suggests the possibility that, below the threshold (which is a 
combined threshold mainly on T and n at r ~ 22 cmj), there 
is a weakly unstable (trapped-electron, drift) mode saturated 
at a low level, and that when the threshold is exceeded the 
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hybrid mode goes unstable with a much higher growth rate. If 
this stronger instability saturates at a higher level, it could 
give rise to the sudden increase in the fluctuation level 
observed in PLT. 

A.3. Drift, trapped-electron and shear-Alfvén instabilities in toroidal geometries 

Recently, the ballooning-mode formalism, first developed 
for ideal MHD ballooning modes, has been generalized to low-
frequency kinetic microinstabilities [11]. Employing this 
formalism, significant new understanding has been gained on 
the stability of drift-type modes in tokamaks. In particular, 
it is found that, due to the appearance of a new eigenmode 
branch due entirely to the finite toroidal coupling, the 
stability properties can be qualitatively different from those 
predicted using the slab model. 

Let us consider an axisymmetric tokamak with concentric, 
circular magnetic surfaces. For simplicity, we further assume 
cold ions, and suppress electron dissipation in order to 
concentrate on the shear-damping effect. In the ballooning-
mode representation, the corresponding (electrostatic) eigen
mode equation is [11, 12] 

[d2/dê2 + n2 a2 Q(n,e)] í (e) = 0; -o° < e < - (7) 

s 

where 

Q = b (1 + s2 e2) + 1 - 1/Ü + (2€ ./SI) (cose + s e sine) (8) 

2 2 2 -1 i 
n = b q / e , s = rqf/q,C = r /R, r = din N(r) /dr , and Js s^ cn ' n n ' n n ' n ' ' 
6 can be regarded as the coordinate along the magnetic field 
line. In deriving Eq. (7)> we also assume that there is no 
radial phase shift between modes located at neighboring mode-
rational surfaces. Equation (7) shows that toroidal coupling 
has the effect of modulating the otherwise "anti-well" 
potential structure and thereby introducing local potential 
wells. Numerical solutions of Eq. (7) have identified two 
eigenmode branches. One is the usual slab-like (Pearlstein-
Berk) eigenmode branch and the other is the new toroidicity-
induced branch. The slab-like branch, just as in the slab 
model, has "anti-well" potential structure. The eigenmodes, 
hence, are unbounded and experience finite shear damping. The 
toroidicity-induced branch, however, has negligible shear 
damping since its eigenmodes are quasi-bounded by the local 
wells. For the universal drift mode, we find, both analyti
cally and numerically, that the eigenmodes of the toroidicity-
induced branch can be destabilized by either collisional [13] 
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or collisionless 114] electron dissipation, contrary to slab-
model predictions; while the slab-like ones always remain 
stable. Calculations have also been done for the trapped-
electron mode [15], and the results show that the toroidicity-
induced branch is much more unstable than the slab-like branch. 
As for the positive-n drift mode, it is found that for n. > 1, 
the unstable eigenmodes are strongly ballooning and toroidal 
coupling further destabilizes the instability [16]. 

The success of the ballooning-mode formalism in treating 
tokamak microinstabilities has stimulated several extensions 
of the calculation. First, a more general ion response is 
employed which is valid for both trapped-electron and trapped-
ion regimes, and for arbitrary ratios of the perpendicular 
wavelength to the ion Larmor radius and banana width. Second, 
a fully electromagnetic analysis has been carried out by includ
ing the parallel (A..) and perpendicular components (A.) of the 
vector potential along with the electrostatic potential $ in 
the ballooning-mode formalism, so that the eigenmodes of the 
shear-Alfvén as well as the finite-3 (3 = plasma pressure/ 
magnetic pressure) modified drift branches can be investigated. 
(We note that the MHD ballooning mode belongs to the shear-
Alfvén branch.) In Figure 1 we show w = OJ + iy versus 3 for 
eigenmodes in both branches. The parameters used here are 

e = r/R = 0.1, T = 1 keV, T. = 0.5 keV, q = 2.5, q'r/q = 1, o o e £ i n » n / n » 
r /r = 1, m./m = 3672, v = 0.03, and b = 0.2 (or k p. = 0.63) 
Fxgure 1 corresponds to the lowest eigenstate of tne drift 
branch for n. = n = 0 . It can be seen that increasing 3 has 

i e 
a significant effect only for 3^1%. The eigenfunction here 
has $(e) and A1(§) even and Â (§) odd. A perturbâtive analysis, 
valid for 3 S € 2 ~ 1% reveals that the numerical results 

o presented here correspond to the toroidicity-induced eigenmode 
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branch whose stability is little affected by the finite-3 
coupling to the shear-Alfven branch. The slab-like branch, 
however, is found to be further stabilized due to enhance
ment in its shear-damping rate. Figure 1 (a) shows w versus 3 
for the shear-Alfven branch with <j>(0) odd and Â..(0) even and 
for n. = n = -1; (negative n's are destabilizing for this 
mode). Here, the growth rate increases rapidly above a critical 
3 value and then saturates. For both branches, the effect of 
including AL in the calculation is small even for 3 - 10%. How
ever, the MHD equilibrium used here is frozen, with circular 
concentric magnetic surfaces. With more realistic MHD equilibria, 
it is not expected that this will remain true for these large 3 
values. Hence, results for y and w shown in Fig. 1 are some
what artificial in this sense. 

A.4. Drift and drift-Alfvén turbulence and anomalous transport 

The linear gyrokinetic formalism has been extended to the 
nonlinear regime using the following unified ordering scheme: 

k p 
óf „ e8± „ on .. _6b_ .. _w_ ~ _J| ~ _X_ ~ i ~ ¿ << i 
F T N B n kj. k±a a 

A system of equations can then be self-consistently derived 
for the nonlinear evolution of both microscopic and macroscopic 
quantities. The formalism has the advantages of being valid for: 
(1) k±p. ~ 0(1), (2) arbitrary 3 values, (3) the strong turbu
lence regime where nonlinear time scales <- linear time scales 
* 0(a)"-'-), (4) realistic geometries and therefore is adaptable 
to the ballooning-mode representation. As a simple application 
of this formalism, we show that, for drift as well as drift-
Alfvén waves, the spectral energy transfer due to the ion-
induced scattering is from short to long perpendicular wave
lengths. Meanwhile, numerical studies of three nonlinearly 
interacting drift waves, (w.,k.)for j = 1, 2, 3, have shown that 
the nonlinear dynamics can be strongly modified by the <5E * B»V6n 
°= r(k.) nonlinearity in addition to the ion polarization drift 
nonlinearity considered by Hasegawa and Kodama [17]. Here T(k.) 
is the growth (r > 0) or damping (r < 0) rate corresponding tc? 
the nonadiabatic electron response. Specifically, for k < k 
< k3, rG^), r(k2) ¿ 0, and r(k3) <: 0, the results are: (i) for 

r(k.)=0, the ion polarization drift is the only nonlinearity and, 
as predicted(Ref. 17), more energy is transferred to the k_ mode 
than to the k mode; Cü) for r Q O , T(k ) > 0, r(k3> < 0 and 
keeping only the nonlinear ion polarization drift, no steady 
state is reached; and (iii) inclusion of the <5E x B»V6n 
nonlinearity leads to bounded solutions for the three-wave 
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interaction. However, a significant damping rate,|r(k_)/w_| 
~ 0(10 ) , is needed to achieve a steady state. 

The T). drift instability in a sheared slab and its non
linear evolution have been simulated using a two-and-half 
dimensional (2-1/2D) particle code. For n. > n , the observed 
characteristics of the linear instability agree well with those 
predicted from an eigenmode analysis. The nonlinear phase of the 
instability is accompanied by a large ion thermal transport 
which flattens the ion temperature profile and thereby leads 
to saturation. For n. á n , enhanced fluctuations due to 
marginally stable modes have also been observed. In both cases, 
fluctuation amplitudes and hence the resulting anomalous 
transport are found to depend critically on the linear eigen
mode widths. Furthermore, the observed thermal conductivi
ties are larger than those predicted from a local quasi-linear 
theory. 

A 2-1/2D simulation has also been carried out to investi
gate microscopic shear-Alfvén eigenmodes of the tearing-mode 
parity. While the eigenmodes are linearly stable, it is observed 
that fluctuations associated with the lowest eigenmode are 
enhanced over the thermal level and a quasi-linear modification 
of the zeroth-order current is observed near the mode-rational 
surface. The observed steady state is characterized by the 
nullification of the zeroth-order current and shear, as well as 
rapid electron radial energy transport near the mode-rational 
surface due to the formation of microscopic magnetic islands. 

Finally, we examine the interesting phenomenon observed 
in the shearless layer of a multipole: that while large-
amplitude low-frequency density fluctuations (ôn/N ,< 30%) can 
be completely quenched when the safety factor q is a rational 
number, the plasma confinement has actually deteriorated in 
this case by 50% [18]. It is believed that these observations 
for rational q values can be explained in terms of nonlinear 
excitation of convective cells and, consequently, enhanced 
particle diffusion by drift-wave instabilities [19]. Specifi
cally, once convective cells are nonlinearly excited to 
amplitudes comparable to drift-waves, the drift instabilities 
are quenched due to the phase-mixing of particle orbits. 
Meanwhile, since convective cells are incompressible, the 
associated density fluctuations are small [20], which is 
consistent with the observation. For irrational q values, 
however, the convective cells are strongly damped since the 
field lines are not closed. Furthermore, for kj_p. < 1, the 
mode-coupling coefficients of drift waves are small and 
hence drift modes saturate at high amplitudes. Numerical 
simulations using a three-dimensional cylindrical particle 
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code have been performed to verify the theoretical interpre
tations described. The simulation parameters are m./m = 400, 
T /T =16, Í2 /w = 4, a 64 x 64 two-dimensional spatial e i e pe r 

grid, p± = 2, 5
 B B

z fz + B (r) eQ , Lg (system length in z) = 
640 and 4 - 5 Fourier modes are employed to represent z-direction 
variations. Also, B (r) <* r, so that q = 2irr B /B (r) is constant, 
i.e. there is no shear. Runs have been made with q = 2 and /5, 
respectively, to study the q-value effects on the density 
fluctuations. Furthermore, in order to model the experiments 
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more closely, steady^-state simulations have been carried out 
with the initial density and temperature profiles more or less 
maintained. Figure 2 shows the time development of the poten
tial fluctuations for several modes when the q value is 
irrational, i.e. q = /S and, in this case, there is no convec-
tive cell. It is clearly seen that several drift modes, (m,n) 
= (-1,0), (-4,2), (-3,1), remain at large amplitudes even after 
saturation. Figure 3 shows the case of q = 2 with the other 
parameters kept fixed. Here, it is seen that the drift modes, 
(m,n) = (-1,1) and (-3,1) first grow to large amplitudes at 
t = 2400 w and then decay away to small amplitudes. Mean
while, connective cells,(m,n) = (-2,1), grow slowly and saturate 
at a level comparable to the drift waves. The saturation level 
here is quite small compared with the q = v5 case, which is 
consistent with experimental results. 

PartB 
DESTABILIZATION OF LOW-MODE-NUMBER ALFVÉN MODES 

IN TOKAMAKS 
BY ENERGETIC BEAM OR ALPHA PARTICLES 

With the inclusion of finite-Larmor-radius effects, the second-
order differential equation for the ideal MHD Alfvln wave is 
replaced by a fourth-order one [21^2]. Discrete eLgensolutions are 
possible because the Alfvén singularity is removed from the 
highest derivative. Rosenbluth and Rutherford first included 
this fourth-order finite-Larmor-radius term to investigate the 
excitation of shear Alfven waves by energetic ions in a tokamak. 
However, the fourth-order term they derived is valid only in slab 
geometry for rather short radial wavelengths. In cylindrical 
geometry, their slab fourth-order term is incompatible with the 
boundary condition at r = 0, where r is the minor radius. 
Therefore if one uses the Rosenbluth-Rutherford equation in 
cylindrical geometry, a global unstable mode can be found even 
when the energetic ion contribution is turned off — clearly a 
spurious result. 

We give the correct fourth—order eigenmode equation in 
cylindrical geometry and construct a quadratic form to show that 
the eigenmodes are always neutrally stable in the absence of free 
energy and dissipation. The effect of alpha particles manifests 
itself predominantly through the current due to their large 
toroidal drift motion. The electrons contribute a stabilizing 
Landau resonance through the charge neutrality condition. Charge 
neutrality and Ampere's law provide two equations for the scalar 
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and vec tor p o t e n t i a l s (<f> , Ay). There r e s u l t s a s i n g l e four th-
order eigenmode equat ion for c y l i n d r i c a l geometry: 

2 r 1 3 „ 3 9 1 m2 - 1 TT i , 1 3 3 m2 

1
 r 2 3r x 3 r r 2 * r 3 r 3 r 2 

r r 

where 

U0 = 03 2 /v | - k 2 - 0 a ( l - w ^ / œ ) ç a Z(Ç a ) /2R 2 (9b) 

Uj - 3w2/4V2 + xk 2 / [ 1 + ç e Z ( ç e ) ] (9c) 

kn i s the p a r a l l e l wavenumber; w i s the mode frequency; T = 
T e

/ T i ; w * = (mcT/reB)3£nN/3r; £ e = ü>/|k„ | v e î P? = T ^ ( c / e B ) 2 ; 

r a d i u s ; and 3 a = 8irNaTa/B . If the f i n i t e -La rmor - r ad iu s term i n 
the charge n e u t r a l i t y cond i t ion i s ignored, then Eq. (9a) 
reduces to the second-order eigenmode equation der ivab le from 
i d e a l magnetohydrodynamics. In Eq. (9) we have neglec ted wA. 
and o)^ compared wi th 00, bu t w ^ i s kep t . Note a l so t ha t Eq. 
(9) i s app l i cab le to modes with po lo ida l mode number m_> 2. (The 
m = 1 mode would r e q u i r e f u l l t o r o i d a l geometry in the 
equ i l ib r ium. ) 

When e l e c t r o n damping and alpha - p a r t i c l e undamping are 
ignored, we can der ive a quadra t i c form; 

M2[ J 3 dr 4 l ^ l 2 + O"2 " « Ia <* 1*1 2 / r V* o v¿ dr r o 
VA 

- 2 p 2 / a d r r V ^ | ( I l - r i - - 4 H | 2 ] 
4 x o r 3 r 3 r r 2 

- J a dr k 2 r 3 | Í - ^ | 2 + / a dr(m2 - 1) k? | f | 2 / r 
3 r r 

+ p j r d r - l | Í - r 3 f - l | ^ + ^ / - d r k z | + | z / r i 
S 0 r - 3 9 r 8 r r O " 

.a k» ,3 , 3 A . i l 2 A „ 2 fa ^ v 2 u l 2 , 2 

+ 20 2 («2 . » R [ / a
 d r k2 r3 (3_ il , ¿ * } ] (M) 

fa e o 3 r r 3 r r 3 
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FIG.4. Eigenfunctions (Re <¡>/T) of the 
unstable fundamental and first radial 
harmonics for the parameters of an ignited 
tokamak given in the text. 

FIG.5. Normalized growth rate Im £2 for 
the fundamental radial mode versus 
normalized a-particle density scale length 
La/a for Ta = 3.5, 2.5 and 1 Me V. Same 
parameters as in Fig.4. 

where a is the minor plasma radius, and p is the ion gyroradius 
with electron temperature. If PJ/E << 1> P ¿ 9A*r « 1, both 
sides of Eq. (10) are positive, w must be positive and the 
system is neutrally stable. If the finite-Larmor-radius terms 
are approximated by their slab form it is impossible to construct 
a quadratic form, however. 

Equation (9) is solved numerically using a conducting wall 
boundary condition at r = a and ¡ r = S f = 0 at r = 0. For 
tokamak geometry, ky - (m - £q)/qR, where i is the toroidal mode 
number and q is the safety factor. We assume parabolic profiles 
for q and the density N, q(r) = 1 + (q - l)(r/a), and N = N [p 
- (r/a)2] 

In this paper, we investigate the destabilization of the 
local Alfven wave w = k|| V. = w. due to fast particles by 
choosing low mode numbers such that the first mode - rational 
surface kn = 0 lies radially outside of the Alfvén resonance U = 
0 (Eq. (9b))_ U plays the role of a potential well for the 
radial eigenmpdes. For the alpha particles, we assume 
exp[ - (r/I^)2] and Na - N a o exp [ - (r/La)

2] . 
When 3 = 0, and electron Landau damping is turned off, for 

fixed I and m such that k|¡ £ 0 we find radial eigenmodes with 
purely real w. The fundamental radial mode has the smallest w 
(co/ü). ~ 1, where w» is the Alfvén frequency at the center) and 
the Alfvén resonance surface closest to r = 0. As the radial 

a ao 
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mode number increases, w increases and the Alfvén resonance 
surface moves outward. When $ jt 0, these eigenmodes are 
destabilized. Figure 4 shows the eigenfunctions of the unstable 
fundamental and first radial harmonics for the following 
parameters of an ignited tokamak: i - 3, m - 2, q = 3, T. = T = 
10 keV, B = 45kG, NQ = 10

14/cm3, 0., = 3 e = 2%, 3 a o = 3%, Ta = 3.5 
MeV, R = 4m, a = lm, L = 0.3m, and p = 1.1. 

Analysing the local dispersion relation obtained from Eq. 
(9), we see this instability is driven by w^v» This is 
numerically confirmed in Fig. 5, where the growth rate Inft (ft = 
w/tüA ) for the fundamental radial mode is plotted against L /a 
for Ta = 3.5, 2.5 and 1 MeV. From Fig. 5 we conclude that: 
i) growth rate is higher for larger T , ii) it increases with 
decreasing L and iii) for fixed T there exists a critical L 
below which the mode is unstable. 

As the quantitative results show, the conditions for 
instability are easily met since the alpha-particle pressure is 
localized in the central region. Under these circumstances, 
quasilinear theory can be expected to flatten the alpha density 
profile and to y4.eld anomalous outward diffusion of the alpha-
particle ash. 

REFERENCES 

II] LEE, Y. C , et al., Nucí. Fusion _20 (1980) 482. 
12] TANG, W. M., et al., PPPL-1627 (1980). 
13] COPPI, B., et al., Phys. Fluids .10 (1967) 582. 
¡4] LINSKER, R., in Reversed Field Pinch Theory Workshop, 

Los Alamos (1980). 
{5] KAW, P. K., and GUZDAR, P. N., Comments on Plasma Physics 

and Controlled Fusion _5 (1980) 189. 
[6] EUBANK, H., et al., in Plasma Physics and Controlled Nuclear Fusion Res. 1978 

(Proc. 7th Int. Conf. Innsbruck, 1978) Vol.1, IAEA, Vienna (1979) 167. 
[7] KADOMTSOV, B. B., and POGUTSE, 0. P., Review of Plasma 

Physics, Consultant's Bureau, Vol. 5, 249 (1970). 
[8] WALTZ, R. E., et al., General Atomic Report GA-A15147 

(1978). 
[9] PEARLSTEIN, L. D., and BERK, H. L., Phys. Rev. Lett. 23 

(1969) 2 2 0 . 
[10] POST, D.E., et al., in Plasma Physics and Controlled Nuclear Fusion Res. 1978 (Proc. 7th Int. 

Conf. Innsbruck, 1978) Vol.1, IAEA, Vienna (1979) 471. 
[11] FRIEMAN, E. A . , e t a l . , P h y s . F l u i d s ( t o b e p u b l i s h e d ) ; 

HASTIE, R. J., et al., Nucí. Fusion 19_ (1979) 1223; 
CHOI, D. I., and HORTON, W., Phys. Fluids (1980) 356. 

[12] CHEN, L., and CHENG, C. Z., PPPL-1562 (1979). 



570 CHEN et al. 

[13] CHEN, L., et al., Nucí. Fusion (to be published). 
[14] CHENG, C. Z., and CHEN L., PPPL-1579 (1979). 
[15] CHENG, C. Z., and CHEN L., PPPL-1622 (1979). 
[16] GUZDAR, P. N., et al., PPPL-1601 (1980). 
[17] HASEGAWA, A., and KODAMA, Y., Phys. Rev. Lett. 41 (1978) 

1470. 
[18] PRATER, R., et al., Phys. Fluids _21 (1978) 434. 
[19] CHENG, C. Z., and OKUDA, H., Nucl. Fusion 18_ (1978) 587. 
[20] OKUDA, H., Phys. Fluids _23 Ü-980) 498. 
[21] ROSENBLUTH, M. N., and RUTHERFORD, P. H., Phys. Rev. Lett.J34 

(1975) 1428. 
[22] HASEGAWA, A., and CHEN, L., Phys. Rev. Lett._35 (1975) 370. 



IAEA-CN-38/U-1-2 

THRESHOLDFREE RESISTIVE 
BALLOONING MODES AND 
TEMPERATURE-DRIFT INSTABILITY 

V.M. GRIBKOV, D.Kh. MOROZOV, O.P. POGUTSE, 
Eh.I. YURCHENKO 
I.V. Kurchatov Institute of Atomic Energy, 
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Abstract 

THRESHOLDFREE RESISTIVE BALLOONING MODES AND TEMPERATURE-DRIFT 
INSTABILITY. 

Part I: It is shown theoretically that resistive ballooning modes develop for arbitrary 
plasma pressure, i.e. without threshold. A rough estimate gives a value of the energy transport 
time of the order of the skin time. — Part II: The radial structure of the perturbations in the 
temperature-drift instability is analysed in detail. The instability growth rate is shown to be 
small. 

I. THRESHOLDFREE RESISTIVE BALLOONING MODES 
(O.P. Pogutse, Eh.I. Yurchenko) 

Studies on the flute instability of a plasma with dissipation were initiated 
by Furth, Killeen and Rosenbluth [1 ]. In two-dimensional geometry, simulating 
the curvature by introducing an effective gravity force, they showed that inclusion 
of finite conductivity gives rise to instability of a system, which would be stable 
under ideal hydrodynamics conditions. The stability of a toroidal plasma column 
with finite conductivity against interchange modes was studied by Johnson and 
Greene [2]. For a low-pressure plasma they obtained a necessary stability criterion 
that is analogous to the Mercier criterion for an ideal plasma [3]. The main effect 
of finite conductivity is that shear is no longer stabilizing. In a paper by Glasser, 
Greene and Johnson [4] and an independent paper by Mikhajlovskij [5], the effect 
of finite pressure on the resistive flute instability was included. It follows from 
these studies that a toroidal plasma column is stable when the pressure gradient is 
smaller than the critical value. The instability has a threshold and starts developing 
when the ballooning effect exceeds the stabilization due to a magnetic well with 
the growth rate of 7 = TJV3, where 77 is the plasma resistivity. 

Progress made in our understanding of the ballooning modes of the ideal-
plasma flute instability again aroused interest in the resistive flute instability. This 
is associated with the fact that the necessary stability criterion for ideal ballooning 
modes turned out to be stronger than the Mercier criterion,because of the new 
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unstabilizing terms due to shear [6]. A paradox appeared here: the threshold of 
the resistive flute instability [2] was higher than that of the ideal ballooning 
modes [6]. 

A first attempt to take into account dissipation in the ballooning modes has 
been made in Ref.[7], where it has been shown that, for any pressure gradient, 
there were ballooning modes with a small growth rate. This study did not resolve 
the paradox because the threshold instability had a much higher growth rate, 
7 ~ T ? 1 / 3 . 

From the equations of one-fluid hydrodynamics and following Ref.[10], we 
can obtain the following set of Fourier transforms of perturbed electrostatic 
potential and pressure at higher azimuthal wavenumbers (nq > 1): 

d y ( l + A / D d y dK ™ 

«RBg / d 1 Sy 3 1 \ 7 y/i B^P 

2 \dp BS p a y B ^ / i n q c dP/dp 

/ 1 d 2 \ inq c dP0/dp 

V 72r| ày*) 7 VF Bg 
I d 1 d 

1 72r2 dy (1 + A/r) dy 

(1.1) 

v> = o 

Here 

(1.2) 

S = ' 
q p 2PU 

a = r e = Rq/cs 

TQ = Rq/cA , cA = 
_ B | _ 

47Tpo 
r = 7r s /n

2q2
! 

,2„,2 

V-s/i P2 Vi y/ï P 

The set of equations allows us to study the ideal and resistive ballooning 
modes in a tokamak. In the case of an ideally conductive plasma (TS -»• °°, T > A), 
this set reduces to one equation for y> [8]. 

In the case of an ideally conductive plasma (7 < 1 /TQ ), in Eqs (1.1) and (1.2), 
there are two different scales: y « 1 and y > 1. This allows us to apply the 
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Van der Pol method. For circular magnetic surfaces* the averaged equations have 
the following form: 

dV 
dy2 

r2 

— (l + s2y2) 
or 

a? 

<p + av0P 

M 2 / r + ( l + s2y2) 

r(i+M2/r2) l + ( l+s 2 y 2 ) 
N2 

P = 0 (1.3) 

1 r 2 dy2 p - _ M ? _ 1 I 

r dy l + s2y2dy 
<p = 0 (1.4) 

Here M2 - {T\IT\){\¡TÍ4(\4) and N2 = (r2/Te)(l/n4q4) are parameters characterizing 
the ratio of skin time to the sound and Alfvén times, respectively, M2 = 7O0N2, 
where y0 is the adiabatic exponent in a high-temperature plasma, N > 1), and v0 

is the magnetic well in a tokamak [9]. 
The ballooning modes in a tokamak with nq > 1 are column-radius-localized 

perturbations to which large characteristic y correspond. For y2 > M2 /r2 , 
Eqs (1.3) and (1.4) reduce to one equation: 

<p " - Vy? = 0 (1.5) 

where 

v - ^ - + ¿o + .V)- l + s2y2 + M2 /r 

2r2 (i+M2/r2)[i+r(i +s2
y
2)/N2] 

It can be shown that in the opposite limiting case, y2 <̂  M2/r2, the instability 
is much weaker. The condition y2 > M2/T2, in usual terms, assumes the form 
72 > kjjc2 (k|| = (m/p)B^/B0 ~~ n/R); this means that an averaged perturbation 
of the electrostatic potential has no time to peter out along the force lines. We 
shall determine the maximum possible growth rate of the resistive ballooning 
modes from the condition of the appearance of the first level in the potential well. 

An analysis of Eq.(1.5) shows that its form essentially depends on the ratios 
s/sk (sk = a1/2/(vo/2N)), oc/ak (ak is determined from the condition a/2 = v0), 
andj8/j3k03k=a4/3/N2/3). 

From Eq.(1.5), it follows that for very small shear, s < sk, and pressure, 
j3 < /3k, — the same conditions as in Ref.[7], the small growth rate is approximately 
equal to the reverse skin time, F = a/(2v0). 

In the present work, we shall consider systems with values of shear that are of 
practical interest, s ~ 1 (of course, s > sk). 
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Let us first discuss the two limiting cases of high and low plasma pressures. 
In the high-pressure case, with j3 > j3k, when the perturbation of the magnetic 

field is important, Eq.(1.5) reduces to the oscillator equation, which allows us to 
write down immediately the expression for the growth rate: 

^ N2 / 3 / a 2 

r _ S 2 / 3 \ 2 avf 

2/3 

for a > ak ; F = 0 for a < ak (1.6) 

This growth rate corresponds to a non-potential gravity dissipative instability [4, 5], 
having a pressure gradient of threshold character. 

In the case of low plasma pressure, with j3 < /3k and a < ak, oscillations are 
purely potential ones. The growth rate is determined by the equation 

2 M 2 

r 3 +j37oN 2 r=- a¿N 
(1.7) 

From this expression, a qualitative new result follows: the growth rate of 
the resistive ballooning modes has no pressure-gradient threshold. The instabilities 
start developing at any low gradient with a growth rate of F ~ Q¡ 2 / 3 N 2 / 3 

(j ~ Tç1
 (TJTQ )2/3). So the above mentioned paradox is fully resolved. 

To obtain a result valid for any value of the parameters j3 and a, i.e. to go 
over from potential to non-potential perturbations, we shall solve Eq.(1.5) by a 
variational method. Choosing a test function in the form 

1 
</> = X2+y2 (1.8) 

where X is the variational parameter and performing the necessary integration and 
variation, we easily obtain an expression for the growth rate and the parameter X: 

(r3+7o/?N2r) 1 -
N2(<x2/2-av0) 

2s2T2X2 

<x2N2 

N 2 (a 2 /2 -avo) S3r1/2X 

r2x2 N r x4 

From these expressions, it is possible to obtain both limiting cases mentioned above. 
Figure 1 shows the dependence of the growth rate of the resistive ballooning 

modes, T/N2/3, on the plasma pressure gradient a, as calculated from exprès^ 
sions (1.9) for different values of 0. Curve 1 corresponds to j3 = 0 or a fully 
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3 

2 

i-

i 2 3 4 5 6 ' «• 

F/G. i. Growth rate F/N2/3 as a function of a for several 0 = fiy0N
2/3 (curve 1 -$=0, 

curve 2 — j3 = 1, curve 3 -|3= 200/ TTze dashed line represents the marginal growth rate. 

compressed fluid, y0 = 0; curve 2 is plotted for j8 = j370N2/3 = 1 ; curve 3 cor
responds to )3 = 10. Between curves 2 and 3, there is a range corresponding to a 
high-temperature plasma. The dotted line shows the threshold growth rate (1.6); 
in its determination, the sound velocity was assumed to be infinite. When we 
take into account the finiteness of the ion sound velocity, the picture is funda
mentally different: the perturbations of potential and pressure do not have the 
time to peter out along the force lines, and, at any pressure gradient, a ballooning 
mode instability appears, which develops from Alfvén modes. The growth rate 
of these resistive ballooning modes decreases with increasing plasma pressure, as 
is shown in the figure. 

In addition to the growth rate of this instability, the region of its localization 
is of interest. The typical region of localization in a real space, Ap, is connected 
with the typical width of localization in y-space through Ap = p/(nqs Ay). It is 
possible to calculate Ay ~ X for all the values of a and /?. 

Here, we present the results for two typical cases, j3 ~ /3k, a < ak and j3 ~ j3k, 
a > ak . In the first case, we have Ap ~ paus /nqsN2/s, and in the second case, 
Ap~pa1 / 3 / (nqsN1 / 3) . 

Using these estimates and the well-known dimensional expression for trans
port coefficients, x ~ 7/k2 we can obtain expressions for x- In the case of a low 
pressure plasma, we have x ~ (p2/rs)(a16/15/N2/15), and in the case of high pressure, 
X ~ (p2/Ts)a2. In both cases, the typical energy time is of the order of the skin time. 

Main results 

1. It is shown that resistive ballooning modes start developing from zero 
pressure gradient, i.e. they are thresholdfree. 

2. For the instability under consideration, the plasma compressibility is of 
essential importance, i.e. the result depends on the ratio of the growth rate or 
perturbation frequency to the frequency of the ion sound oscillations. 
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3. In the case of incompressible perturbations, kjfc| > y2, which has, in 
fact been studied earlier, an instability develops fora (a = -2p 'Rq2 /B2 is the 
dimensionless pressure gradient) exceeding some critical value when the magnetic 
field is strongly perturbed. 

4. When compressibility (finite sound velocity) is included, the perturba
tions have no time 'to scatter' from the region of localization, and the instability 
starts developing at any low pressure gradient. 

5. The estimate of transport coefficients from the ratio x ~ 7/k2 shows 
that over the entire range of parameter variability, these coefficients are of the 
order of x ~ aa2/rs, where a is the column radius and r s is the skin time, i.e. they 
are of the order of the pseudoclassical coefficients. 

II. TEMPERATURE-DRIFT INSTABILITY (EIGENMODES 
AND EIGENVALUES) 
(V.M. Gribkov, D.Kh. Morozov, O.P. Pogutse) 

According to the classification of Ref.[10], the temperature-drift instability 
is a large-scale drift instability in a magnetic field with shear. The typical region 
of its localization, Ax, is given by Ax ~ p-J6, where p¿ is the ion Larmor radius 
and the parameter 6 is connected with shear s through 6 = (e/q)s. (Here, e = r/R, 
q = (r/R)(Bo/B0), s = rq'/q are standard designations of tokamak theory.) 

A detailed study of this instability in local approximation is carried out in 
Ref.[10]. It has, in particular, been shown in this work that the instability can 
develop when the temperature gradient exceeds the density gradient, which may 
result in substantial transport coefficients. Furthermore, it will be shown that 
the local approximation overestimates the magnitude of the plasma instability 
to some extent. 

In this paper, by solving numerically and analytically a differential equation, 
we found the marginal stability, frequency and growth rate of the corresponding 
perturbations. Our investigation was stimulated by PLT experiments [12]. In 
these experiments, the critical level of rj = dlnTi/d Inn = 2 was probably surpassed, 
but no significant effects to be ascribed to the temperature drift instability were 
observed. Presumably, the reason for this result is the low threshold value of r?, 
following from the local theory. 

A general integral equation for the temperature drift instability is given in 
Ref.[ 10] (Eq.(3.92)). It becomes much simpler if we assume k,, P{ < 1, Ax > P{. 
It should be remembered that the typical region of localization in radial direction 
is Ax ~ p-Jd > Pj, because of 6 < 1. This result is confirmed by numerically 
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FIG.2. Marginal stability as a function ofT- T-JT^.. Curves 1 and 2 are the results of a 
numerical solution (k = 0 and k = 0.4, respectively). Curves 3 and 4 are the results of an 
analytical solution (rjct ~ 2 and r¡cr >• 1, respectively; k = 0). 

0 OM 0.8 i,2 {.6 

FIG.3. Marginal stability as a function ofpoloidal wavenumber k (T-JTe = 1, a = 10). 

solving the equation. An arbitrary ratio of px to ky = m/r was assumed. In this 

approximation, the integral equation reduces to a differential one: 

dt 2
 -U(t)(¿> = 0 (2.1) 

uct)-T 
t3ek 2( l +T) - cotlo + \\ÑWQIC 

w t ( J 0 - I i ) - i V i r W d o - I O Q - I o t 
- T . + 2 . - * ! . - § • 

(2.2) 
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FIG.4. Growth rate (solid curves) and frequency (dashed lines) as functions ofrj. 
(1 - T{/Te = 1, 2- Ti/Ts =2, 3- T-jTe = 3). 

where t = x ^ / Í P i * ) ; K = 1/0 > 1; T = Ti/Te; co = co/cof ; wf = (kyc/eB)(dTi/dr); 
Ij=Ij(k2); k = kyp i ; W = W(w/|t|); 

W(y) = e_y (1 + — / e* dt 

0 

is the plasma dispersion function, and 

Q = w t 2 - t 2 ( ) - w 2 k 2 t 2 f l - ^ -
Io 

The electron distribution was assumed to be a Boltzmann one. Equation (2.1) 
was solved numerically and r¡ = T]CX for marginal stability was found. 

r?cr as a function of T = Tj/Te at K = 10 for two values of k (k=0: curve 1, 
k = 0.4: curve 2) is shown in Fig.2. There is fast growth of i?cr with T, because 
of ion damping. In this figure, the temperature interval is marked for PLT experi
ments with neutral-beam heating. 

The dependence of 7]^ on the poloidal wavenumber is shown in Fig.3. This 
dependence is close to that following from local theory. Long-wavelength oscil
lations turn out to be more stable than those with k ~ 1. But the role of the latter 
is to be small. 

Frequency and growth rate as functions of r? are shown in Fig.4 for the several 
values of T. In spite of the absence a small parameter, frequency and growth rate 
are small. The typical value of co is 0.15, and the value of 7 does not exceed 0.05. 
Thus, even in the presence of this instability macroscopic effects may be negligible. 
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Furthermore, for such small co and 7, the instability is to be affected by toroidal 
effects, in particular, by trapped particles. 

To understand the numerical results, let us consider a simple analytical 
model. We shall, further, investigate the system near marginal stability. Hence, 
we may assume that Im co is negligible. Let us introduce a new variable 
£ = |t|/(wK). For k < 1, Eq.(1.2) becomes: 

1 
oo2/c2 d£2 U(£) «¿> = 0 (2.3) 

where 

U(È) = k2 + 
i+T-q?-ir2+j>Arr1w(r1)[i-(^)"1+(2cor1-(<o€2r1] 

(coS2)'1 - i V S F r ' W í r ^ l - f t u ) " 1 -(2CO)"1 -(co?2)-1] 

(2.4) 

For £ < 1, Re W is exponentially small, and U may be considered to be 
a real function in this region. Substitute U for constant Ui in the region 

1 
£ < 1 (Ui = / vd£). Setting co < 1 and expanding U in £ up to terms of the order 

0 

£2 we find: 

- U j = 
77 + 1 

1 +77 co T + 
I+77 

Vt 
6(77+l)2 

CO 

17(17 + 1) 
[ T ( 2 7 7 2 + 3 T 7 + 1 ) + 377 + 1 ] — isl (2.5) 

For the region £ < 1, we use an asymptotic expression for U (co < 1): 

Ua = k2 + 
77 + 2 

4T?2 

-»fe)' 
2i(l+T) 

2 
(1+T) — -

7T7? 

COT?? 

-1 

£v /* :0? + 2)2 y/ir(r¡ + 2) 
(2.6) 

With increasing T = Ti/Te, (Ux I decreases. The solution passes over the region 
£ > 1, and ion damping increases. To compensate for this effect, the potential 
barrier (the second term in expression (2.6)) must grow. Hence, for marginal 
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stability, 77 = 770- must increase strongly with T. In zero approximation, the real 
part of co is found by solving Eq.(2.3) with the potential: 

U = 
Ui for £ < 1 

(2.7) 
Re U2 for £ > 1 

The eigenvalues con found are both positive and negative. Solutions with 
negative co are, however, damped in this model and of no interest to us. Using 
perturbation theory, we have found 7. Marginal stability is given by 

87? e"2X2 

Ei(-X2) + ( 1 + T ) w n — ^ - ( 1 + 2X2) = 0 (2.8) 77 + 2 

where X2 = con/c>/Re U2 and Ei is the integral exponential function. 
Equation (2.9) is solved analytically in the limit Re U2 < |Uil, which 

corresponds to 77cr « 2. The result is shown in Fig.2 (curve 3). For the other 
limit (77cr > 1), we must use a more accurate expression for U2 near % = 1. The 
corresponding result is shown in Fig.2 (curve 4). It is found that if Ti/Te > 3.5, 
the plasma is stable for any 77. Thus, the approximate analytical model gives 
good results near marginal instability. 

Main results 

1. In spite of the absence of a small parameter, frequency and growth 
rate of the temperature-drift instability are small in comparison with the ion 
drift frequency (co < 0.15 cof, 7 < 0.05 coj), even far away from the threshold. 

2. The region close to the plasma axis is the most favourable for this 
instability. This fact complicates its experimental observation. 

3. An accurate investigation of the radial structure of the perturbations 
yields a higher threshold than local theory. The threshold grows rapidly with 
increasing Tj/Te. 

4. Since frequency and growth rate are small, toroidal effects such as 
trapping and magnetic drift must be taken into account. 
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Abstract 

RECENT DEVELOPMENTS IN NON-LINEAR THEORY OF COLLISIONLESS AND 
COLLISIONAL DRIFT WAVES; DERIVATION OF SCALING LAWS. 

Part A describes a new approach to the non-linear theory of drift waves in configurations 
with magnetic shear. A unique feature of such systems is that the parallel mode number of 
the beat wave may be larger than the sum of the parallel mode numbers of the driving waves, thus 
allowing the possibility of efficient non-linear ion Landau damping. The diffusion coefficient is 
shown to have the universal scaling D¿ ~ E|| Bfl Ln/NTe. The theoretical spectra and the overall 
turbulence level estimated to arise from the collisionless drift wave are in good agreement with 
experimental results reported from the PLT tokamak. Furthermore, there is an anomalous energy 
transfer from electrons to ions Qf11' = 3c E|| Be/l6iTLn which is comparable to the classical heat 
transfer of Braginskii. It is shown in Part B that collisional drift waves are unstable in toroidal 
geometry (in the strong coupling approximation) for reversed electron temperature and density 
profiles. A theory has been developed which describes a possible saturation mechanism under 
those circumstances. 

Part A 
NONLINEAR THEORY OF COLLISIONLESS DRIFT WAVES 

I. Introduction 

It has recently been shown, both numerically [1] and analy
tically [2], that collisionless drift waves are stable in the 
slab approximation of a plasma confined in a magnetic field 
with shear. The introduction of toroidal effects, such as the 
ion magnetic drift, can modify this situation as they may re
duce and eventually cancel the stabilizing effect associated 
with shear. One disturbing conclusion of most experimental in
vestigations by means of microwave scattering is, however, that 
fluctuations with large radial mode numbers (ka < 1, 

o r s 
as = cs^ ni' cs = Te^mi^ a r e o b s e r v e d £3> 41 • These almost 
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certainly indicate that the eigenmode solution is of the radi
ating type, i.e. that shear plays a decisive role. There is 
also experimental evidence that these fluctuations are of the 
collision!ess drift type as the fluctuation level is enhanced 
by a hollow temperature profile [4]. It has been suggested that 
although absolutely unstable modes do not exist, convective 
amplification might take place; another possibilty is that the 
mathematical model which predicts the stability of the modes is 
too idealized (e.g. it was shown that a very small fluctuation 
level would again destabilize the mode [5]). 

In this section we adopt a pragmatic point of view to attack 
the nonlinear problem and assume that instabilities of the radi
ating type do exist as suggested by the experiment. We are able 
to obtain the fluctuation spectrum which would arise from the 
universal instability; we find good quantitative agreement with 
the spectra measured e.g. in PLT (Princeton Large Torus) and 
ATC (Adiabatic Torodial Compressor) as reported by Mazzucato 
L4j. Further we show that because of the special relationship 
which exists between the effective diffusion coefficient and 
the effective electron heat conductivity, the former universally 
scales as E„ B L /NT , a mere consequence of Ohm's law in 

ohmically heated tokamaks (L is the density gradient scale 

length). This scaling is reminiscent of the Coppi-Mazzucato 
diffusion coefficient 161 and of the empirical form used in 
some numerical codes [71. 

In previous calculations Í8] we had considered the resonant 
interaction of drift modes (i.e. the beat of two natural modes 
is also a natural mode) as a possible saturation mechanism. The 
conclusions of this paper were,however, in error because of the 
implicit assumption that all the modes were localized on the 
same rational surface. If it is taken into account that the 
positions of the rational surfaces are distributed essentially 
in a random manner, the exact solution of the nonlinear equa
tion derived in [8] shows that shear damping could be reduced 
by the above resonance interaction. Hirshmann and Molvig 151 , 
on the other hand, showed that resonance broadening is a plaus
ible saturation mechanism for the instability. Here we present 
another possibility, i.e. that nonlinear ion Landau damping 
may be responsible for the saturation, the formation of the ob
served spectra, and the observed anomalous losses. 

The basic idea is that in systems with magnetic shear the 
beat of two natural modes is, in general, not a natural mode, 
but has a finite parallel mode number. Thus the two natural 
modes considered pump energy into a "quasi-mode" which may be 
strongly Landau-damped by the ions. If the natural modes are 
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described by the poloidal and toroidal mode numbers m , m' and 
1, V with m = -1 q(x_), m' = -Tq(x' ) (q is the safety 

( ') 
factor and x v ' are the positions of the corresponding ratio
nal surfaces), the parallel mode number of the beat wave 
m" = m - m', 1" = 1 - I 1 at the point of maximum interference 
of the driving modes is proportional to 

x +x ' x -x' dl nq 

m" + l"q(^_°) = (m + m') {-\—°) - ^ <*o + x o ) / 2 (1) 

The condition for Landau-damping of the beat wave, i.e. 
k" c. >, (u; ,-u ., ), leads to the inequality 

m + m' x - x' o o 

m" 2a,. s 

' N 
f 

Ls 

Ln 

1 

yr 
" k " u k ' 

"Ve 
(2) 

where z = T./T , co , = - k c a / L n is the electron diamag-i e Ke Q s s n 
netic frequency, cJ k(i) are the frequencies of the natural modes, 

and L is the shear length. If we estimate (x - x! )/2 a 

- X L /L /T,which corresponds to the distance where linear ion 
Landau damping makes the mode evanescent ( X i s a numerical fac
tor smaller than unity), we obtain m" ^ \ (m + m ' ) ; hence m 
and m' have the same sign and, further, in the nonlinear equa
tion we may expand the normalized potential as 

^k * = ^ k " ke 3 ^ k ^ k e * This P r o P e r t y wil1 enable 
0 © © o 

us to explicitly calculate the spectrum ! f k | . 
e 

I I . Turbulence Spectrum Resulting from the Nonlinear 
Ion Landau-Damping Saturation Mechanism 

I f we introduce a radial Fourier transform 

i (x-x0 , 8,-f ) = exp( lH +im8)|dkr exp [ i k r ( x - xQ)li k (3) 

the electrostatic ion d r i f t kinetic equation is 

- icogk + Vl l k,î â g k / 3 k r + i z'1 J ^ k ^ / i ^ ) ^ ( C J - c j * J ) ^ k 

- ^ J d k ' P x P . f l J ^ v . / Q ^ gk-^fk. S k . k - (4) 
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Here n is the unit vector along the field lines, v„(vx ) is the 
parallel (perpendicular) component of the velocity, J is the 
Bessel function of the first kind, k,', = (B . k /BL ), ° 

u*k = ^ k 1 1+n ^ 2 / 2 CJ " 3 / 2 ) ] » H = B InT/ainN, and 

^ k , k „ = e x p [ - i(k;x¿ + k^x» - k rx 0)J (5) 

is a phase factor which enters because the interacting modes 
are located on different rational surfaces. The gyro-averaged dis
tribution function g, is defined via 

gk = exp (- iíT± x wL . n / n ^ (ffc + t " 1 ^ F.M ); finally 

f. = eft. /T , where $ is the electrostatic potential. 

Since in linear theory the radial spectrum is only limited 
by linear Landau damping, we use the WKB ansatz: 

^ k = f k exp(i f
 r dkr Sk) with 3 S / ^ k r « S2. Expanding 

in the nonlinear term and considering the electrons as adia-
batic in lowest order, we obtain the dispersion relation: 

F>k-<k T) 2 
t*>k - v„ k„Sk 

We require u) . to be independent of the radial mode number; 
2 2 we expand the Bessel function for k , a. < 1, and impose the 

radiating boundary condition to obtain 

k lk,',l n i ^ k
 e S 

where ? = 1 + t (1 + rj.) . 

In next order the nonlinear eigenvalue equation is 

2 ? l k S l a s c s k r | i l = - f l k i l a s c s ^ f k - ï k î k 

+ <"k <Vel'A' + ?"s cs "* k f d k ' ( ^ ' • R ) 2 h> 

1 + X. = 
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<ke " k¿2) as 2 | I m í (kîî» ü k " ) ' ,¡7T-|[ " T2 
6 e s k , u , k" , l | é (k ¡ ¡ ,<¿ k l l ) r 

(3 krkr+ keke " V e " ) ^ + ^ 7 Wr + W a
S

2 1 

(8) 

N A Here Tí. is the growth rate, i\)l] ' "the nonadiabatic part of 
the electron density response, I. = i> . -p k + S(k + k+) the turbu
lent spectrum, and » 

£(k¡! , u k „ ) = (1+C) (l-'->k„f dv Ï ) (9) 
K K J cJk„ - k!!v„ 

with 

k:: = (k¡: y [ x¡ - (xo + x¿ + sk + s k , ) /2 J 

Note that we recover from Eq. (8) the linear eigenvalue 

7fk = - p Ik,9, I as cs(2n+l) if we impose <? k = + *f _k . 

In the following it will be assumed for simplicity that the 
nonadiabatic electron response is purely imaginary (retain 
only the residue of the electron Z function) and is further 
independent of k . We introduce the ansatz 

I k = exp (- k r
2 /2U r

2>) ¡Ak | 2 (10) 
9 

Expanding the integrand of Eq. (8) for k" <s. k , normalizing 

the mode number to the ion sound Larmor radius, and defining 

*k = V ? IkSI V s • Bk ñ " 1wk("k)SiA"/z« |ki|ascs 
2 

we obtain two first-order differential equations for < k > 
2 and I A. | with respect to the poloidal mode number. Because 

Ke 
of the simplification introduced in the nonadiabatic electron 
response,it is pointless to consider here the equation which 
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? 
describes the k dependence of < k > . The other equation 
reads: 

(28k - 1) ? -à ? 

< k > is taken as the linear cut-off (owing to ion Landau 
damping) and C = 8X 2|L S Ln | I Im 6 (k!¡, ĉ ,,) |/3as

2|ê(k:!,u>k") |
 2 

is evaluated at the maximum of the function |Im € i /|el2 

Further, a4 = 2 [?+ qi Ul
2/(l+^)2]and b 2 a4 = 5p+ 3n,.| 6 !

2/(l+c)2. 

The above equation for the spectrum has been obtained by requiring 
2 

that tf. = o as long as | A. | stays positive definite. We have 
e 

2 2 2 also introduced k" /k = 2<k~;>£ in accordance with Eq. (2). 

The spectrum is then given by the equation: 

k„ , 0 0 ,t ..bo-6 

\ / • C2 a (2Bk-l) k"2 
5 ? dke (12) 

C a , ( < k 2 > ) 5 / 2 

where k* is defined by 23.* = 1 and k < k with |A.„, | = 0. 
e e 

The spectrum has been calculated explicitly for the collision-
less drift mode,in which case 

3k = N/Â ( ? k2 - ̂ — ) / 2 ( l + ç k 2 ) 3 / 2 

k 9 2"He 
*ith _ 

r- .1 Ls 3/2 /m 
v/A = (l-r|e/2) 9

 1 (-¿ ) y-S- In (xs/xe) 

here x is the familiar ion sound turning point and x the posi-

tion where u. = k„ c . It is useful to introduce the variable 
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ó 5 10 is 20 25 klcrrr1] 

FIG.l. Comparison of spectral 
density fluctuation in PLT [4]; 
theoretical spectrum with 
A = 20, 7je = 0. 

s Vy- ufz 

FIG.2. Spectral function I(Vy) ~ S(k0) and 
function (2 j3 - l )~7 i (linear growth rate) for 
A = 20, r)e = 0. 

z = 1/Pk . Assuming b9 = 2 to evaluate the integral, the spec-e - - 2 
trum is given by the equation 

? 5/2 

C a, "^77^ 
7 3/2 .- _ _ Nz 
4 - VA [ 71+z + l/Jl+z î (14) 

and we assume from here on r\ = 0 for simplicity. Note that if r] = 0 
overall marginal stability (only one marginally stable mode, all 
the other modes are damped) occurs when A = 27/4. 

This spectrum is plotted on a logarithmic scale in Figure 1 
to permit comparison with experimental data obtained on the PLT 
tokamak. Figure 2 further shows both the theoretical spectrum 
and the linear growth rate (proportional to 23k - 1) in arbi
trary units. Clearly energy is transferred from "long" unstable 
wavelengths to shorter, less unstable,and damped wavelengths. 
We have also estimated the level of turbulence to be (noting 
that z*'«l): 

<(H) > 
N 

3 9 2 a s
2 16 | 

i i » « ( < k r 2 > C ) " 2 K 

8a4 |LsLn i I Ime I r 

(15a) 

with 

2Az" K = ±^- + 2(l+z*) - \{z*)2 - fk i vV \/ 1+Z* + 3 In (7z* +/I7z) ] 
l+z 

(15b) 
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This expression increases for decreasing shear; indeed a best 

fit shows that K = 2.86xl0"3 A2 for 20 «. A v< 40. Hence 

<(n/ N)2>~!LS/Lnl
5 (as/Ln)

2. We estimate ( < k2 > c ) _ 1 

^ 2 In [ IL i/2Çt I L I ] ¿ 6 and obtain for PLT parameters, 

assuming A = 20 and | Lg/Ln I =30, < (n/N)2^ % 5x 10~5, which 

is a quite reasonable figure. 

In concluding this Section, we note that obviously the same 
kind of analysis can be applied to e.g. the dissipative trapped 
electron mode. 

III. Anomalous Transport and Scaling Laws 

The continuity equation can be written in the form 

* N . i : i r D 2 N (16) 
•3t r ar M r 

where 

3 Ç 5 / 2 « £ I 2 a2 

D i = 7 r - -| |L I c ( < k / > Z ) L (17a) 
L 4a4 Hm£l L̂  " S r 

with 

L = 2 JJ + A 7Z*
 3+2 z - 3 A tan"1 /z*- i /Â (17b) 

1+z" 1+z 

We have found that this expression can be approximated by 

L = 3.2 xlO"3 A7/3 in the range 15 < A£ 50. 

It is readily shown that the electron heat transport equation 
can be described by 

N.A. 

* P e 1 3 r y
 3 P e + 2 p > * ("k>el ', + n ,2 M i n = r X + -j P O k > + n J (18) 

3t r^r e l Br d e K d t N 

The last term represents ohmic heating (n, is the resistivity), 
the second anomalous energy transfer from electrons to ions, 
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and % I Lp = 4 D /3L where L is the pressure gradient 
e ^e 

length scale. If we disregard the anomalous energy exchange between 
electrons and ions, we can integrate Eq. (18) under stationary 
conditions to obtain 

E„ Bft = - X _ ^ (19) 
4 K e 

from which the scaling 

D i = lû —S-JL (20) 
L 4 ^ NT 

e 
results. This diffusion coefficient is reminiscent of some empi
rical form used in numerical codes [71 and also of the Coppi-
Mazzucato diffusion coefficient [6] . If we now use the theoretical 
expression (17) for Di , we can estimate the theoretical value 
of A for the PLT parameters relevant to the experiment discussed 
by Mazzucato [41. We obtain A = 22,which corresponds to a turbu-

- 2 - 5 
lence level < (n/N) > = 5 X 10 ; this is in good agree
ment with the experimentally estimated value which lies between 

-5 -4 
2.5 x 10 and 10 . It is also noted by comparing the two ex
pressions for D - that the temperature should scale with the 

-0 4 
density as T ~ N * ; this is in qualitative agreement with 
the weak dépendance of the electron temperature on the density 
which is found experimentally. 

Finally it can be shown that the anomalous heat transfer from 
electrons to ions: 

• n1 

is comparable to the classical heat transfer as given by 

Braginskii [93 for N = 3xl013 cm"3 and T = 1 keV. 
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PartB 
NONLINEAR THEORY OF COLLISIONAL DRIFT WAVES 

I. Introduction 

It has recently been discovered [10]that collisional drift waves 
are stable in the slab approximation,contrary to what had been 
assumed earlier. In toroidal geometry the stability picture is 
quite different since in certain limits till the effective potential 
in the differential equation governing drift modes can be converted 
from its;"anti-well" character to that of a well by the toroidal 
terms. As a consequence the modes no longer radiate energy but 
are evanescent far away from the rational surfaces, i.e. the sta
bilizing effect of shear disappears. It has indeed been shown by 
Chen et al. [10] that,in the''strong coupling approximation" intro
duced by Taylor [11],a universal type of instability recovered. 
Here we show that antiparal!el electron temperature and density 
gradients are also destabilizing in the Pfirsch-Schlliter regime. 
This instability is of particular importance for many fusion pro
blems, such as cold plasma mantle, skin effect, and fueling of 
tokamaks by injection of cold gas. 

II. Linear theory of collisional drift waves driven by 
electron temperature gradients 

The derivation of the linear eigenvalue equation follows that 
of the papers quoted in [101, i.e. matched asymptotic expansion 
is used to solve the eigenvalue equation. The latter admits 
Kummer confluent hypergeometric functions for 
2 2 * 2 2 

x £>x R5 -Tt . cx>e J k,', c and hypergeometric functions 

2 2 
for x <r x (x is the ion sound turning point). Clearly, this 

2 2 
procedure is valid only if x » x R . It can further be shown that 

the condition that the mode be evanescent away from the rational 
surface and that the electrons be collisional (k,k c <r ji .) are 

consistent only in the Pfirsch-SchTuter regime. The dispersion 
relation is then given by -, 

1 , 2 o 4 - s 
í~(a-s + 7) j_ - V{\- s)f(f -\) i 
Til] = ~ L i J 
1 R-f) T(s-i) 

x2 xs 
"2" 

TT 1 

exp(i ?( ? - s)*J 

(22) 
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s is given by the equation 

x2 

s(s - 1 ) =-i 0.6 ne A T- (23) 

and p is a positive numerical factor of order unity which depends 
on the model used for the collision operator and D is a positive 
coefficient also of order unity which describes the combined 
effect of magnetic gradient drift and ion Larmor radius. The eigen
value a is related to the growth rate via 

1 ^ ¡Ls' 1 1 a = - —i— i — — 5 - + { (s + {) (24) 
4*yD G)e |Lni

 L ¿ 

In the limit of weak shear (or strong collisionality) we find 

1 me ,Ls' 
* = - 1.2 r)e-±z ~ — *. (25) 

e & m1 i g ei 

which shows that instability occurs for n < 0 . These results 

are more fully discussed in [121. It should,however, be stressed 
here that the effect of electron-electron collisions is taken in
to account in our model by imposing on the zero-order electron 

distribution function [C (g?) = 0 in an expansion in 
Cü/k„ c - k„c /v . ~» S < 1] the constraint 
g° = [ ak + bk(v

2/3ce
2 -1) 3 FM which arises because the electron-

electron collision operator only conserves number, momentum and 
energy. In the absence of this constraint, the stability picture 
is apparently quite different [13]. Finally,we have verified^ 
that our results do not change qualitatively whether the 1/v 
dépendance of the electron-ion pitch angle collision opera
tor is kept into account or not. 

III. Nonlinear theory 

A nonlinear theory has been developed [14 1 considering the 
resonance interaction of drift waves as defined in Section A I. The 
conclusion is that the second-order nonlinear radial eigenvalue 
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equation has the same structure as the linear equation, but the 
coefficient of the second-order derivative and hence the radial 
width of the mode increases with increasing turbulence level. 
Consequently the destabilizing effect of the electron response 
decreases while the stabilizing role of linear ion Landau damping 
increases. A stationary turbulence level is reached when the 
latter balances the residual linear growth rate. Clearly, the 
turbulence level so obtained and the related transport coeffi
cients are relatively large, which result may be consistent 
with the observed rapid disappearance of the temperature 
maximum near the plasma boundary during the current rise in 
tokamaks and the non-existence of observable density peaks during 
fuelling by injection of cold gas. 
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DISCUSSION 

ON PAPERS U-l-1 TO U-1-3 

M. MITTAL: What will be the effect of the high-frequency turbulence on the 
drift instabilities? 

L. CHEN: The effects of high-frequency (lower-hybrid, Langmuir) turbulences 
on drift and trapped-particle modes were considered by Schmidt, Kaw and some of 
us at Princeton a couple of years ago. The calculations, however, were carried out 
in the local approximation and for an infinite medium. To my knowledge, no work 
has been done with realistic geometries, which, as I pointed out in my presentation, 
are crucial to the linear stability properties. 

A. SAMAIN: In the new drift-mode branch due to the toroidal effects, what 
is the value of co, compared to co* = kg • Vdiamagnetic or k$ -voiding centre? 

L. CHEN: These new eigenmodes still correspond physically to the usual 
electron diamagnetic drift mode, i.e. we have to ~ co| » codj = k$ Vdj where 
j = e,i and Vdj is the j-th species guiding-centre curvature drift velocity. 
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Abstract 

VARIATIONAL METHOD FOR DRIFT WAVES - SATURATION OF THE TRAPPED-ION 
MODE. 

A variational method which permits the systematic improvement of the test function is 
applied to the problem of non-collisional drift waves in toroidal geometry. The strength of the 
toroidal mode coupling is described by a parameter S proportional to the inverse-aspect ratio. 
On comparison with the case S = 0 (slab limit), it is found that modes which balloon on the 
inner side of the torus do not become unstable when S "f 0. For modes which balloon on the 
outer side of the torus and which are obtained from the slab limit by continuously increasing $, 
the effect of the coupling is stabilizing. However, a second branch exists, which is found 
unstable for realistic parameters. Also given is a simple criterion for quasi-suppression of shear 
damping by toroidal coupling. 

Non-linear processes allowing saturation of trapped-ion instabilities are investigated. When 
the ion temperature gradient is larger than the density gradient (a £n N/(a £n T) <3/2), the modes 
are driven by resonance with the average magnetic curvature drift of trapped ions. In this case, 
it is shown that effective saturation occurs through a new mechanism: electrostatic trapping of 
resonant ions in the 2-D potential of the wave rather than through mode coupling. The radial 
structure is shown to strongly enhance trapping. Ion collisions partly restore the Maxwellian 
distribution. Asymptotic equilibrium is reached when this is balanced by electron collisional 
damping. Radial structure effects are shown to yield very low amplitudes at saturation. 

Parti 
VARIATIONAL METHOD FOR DRIFT WAVES IN TOKAMAKS 

1. INTRODUCTION 

The reduction of shear damping by toroidal coupling of drift modes has been 

studied by many authors. A typical early work [ 1 ] used non-periodic solutions. 

Two recent papers, in which more references can be found, were based on periodic 

solutions and used a Fourier-transform method [2,3]. 

* Part I is by Messrs Johner and Maschke; Part II is by Messrs Tagger and Pellat. 
** Ecole polytechnique, Palaiseau, France. 
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Here we employ a variational method. We consider models in which the 
equation for electrostatic drift waves can be reduced to a one-dimensional problem 
of the form ja&;0(x) = 0, where j&¿ is a linear operator depending on the mode 
frequency CJ. The variational principle is [4] 

•fea 

if=Í{<+i4.t>/<w>} « o, <*ir>s£f e*\¿>(tI") (i • i > 

The angle a is chosen in accordance with the boundary conditions, e.g. a = — ir/4 
for waves with outgoing wave energy. The eigenvalue is obtained from ^— 0. 
We use test functions with N variational parameters (3, C2/c0, c4/c0,..., 
C2(N-l)/c0 [4]: 

W.ÏS.ÏP , "¡WArH**."* a.» 
For a symmetric operator j a ^ we then obtain two equations for j3,co: 

A^f.wJ-O ; ^ 2 lp | W )xO (1-3) 

Here Ax and A2 are N X N determinants the elements of which are the matrix 
elements ( hp I ja^whjf-'). The latter have been calculated analytically in all cases 
considered here. 

2. COLLISIONLESS DRIFT WAVES IN TOROIDAL GEOMETRY 

In axisymmetric toroidal geometry the electrostatic perturbation is written 

Assuming no temperature gradients, 

» * s ^ c " t / ( e B T n ) * const, 

^n-^ /^o » S =(r/^)(cfj/<r)«const, 
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without 1 election 
with J Z-function 

r»/k*'/lO. l ' \ 

q°1.5 . T = 1 

FIG.l. Growth rate versus k^P}. 

we write 

fnty»«p(-wi*)íb-nA), ¿=^0?J 
- I 

Considering only K. - 0 (mode ballooned on outer side of torus, about 6 = 0) and 
K = IT (mode ballooned on inner side, about 6 = IT) we have the equation: 

{-AvY}f(p - ¿ÍK£L{f(H^1^4)t^[fíM-iH]) 

+« Níl)Z(Vw)$(í) =o (1.4) 

where K = 0,7r and 

T-=VT¡- i-W , ©«Si 

We have applied the variational method with N = 1 and solved Eqs (1.3) for various 
parameters. Figure 1 shows the (normalized) growth rate y = Imco for s = 1, r = 1. 
With rn/R = 0 (slab limit) we obtain curve (1) when the electron Z-function is 
omitted (pure shear damping), and curve (2) when the Z-function is included. 
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Letting (rn/R) grow from zero to (rn/R) = Vio> we obtain for K = 0 curves (3) and 
(4), respectively. For this mode (called slab-like because it is obtained by continuity 
from the case rn/R = 0) the coupling is stabilizing when s > 1I2. However, there is 
another solution of Eqs (1.3), which cannot be found by increasing rn/R continuously 
from zero. Curve (5) shows that the shear damping is suppressed for k#Pi> 0.04 
(the exponentially small damping, which theoretically exists in this case, can be 
found by including sufficiently many terms in the test function [4]). Including the 
electron Z-function, we obtain curve (6), which shows that the toroidally induced 
mode is unstable with a growth rate of order 7 « 0.15 co*. For K = IT the toroidal 
coupling does not lead to instability. 

3. STUDY OF SHEAR DAMPING IN TOROIDAL GEOMETRY 

Since in other regimes of collisionality the destabilizing effects are no longer 
described by the electron Z-function, it is interesting to study Eq.(1.4) without it. 
Introducing 

we may write Eq. (1.4) without the Z-function as follows: 

r * (-A • f'jyif; - e"'K | { r (Ht^^^[ r í^ r í í4 - o 
5 (1.5) 

For s = 0, we have applied our variational method with N up to 13, showing that the 
eigenvalue X converges rapidly and is already very well approximated with N = 1. 
For s f= 0 we have used only N = 1. For sufficiently small values of S we find only 
damped solutions (Imcj <0) . However, there is a critical value <^c(5) above which 
there is quasi-complete suppression of the shear damping. Figure 2 shows S'db) 
for K. — 0 and several values of s. The curves have a minimum for Ô « 2—3; this 
means that the toroidal mode coupling is most efficient if the distance between 
mode-rational surfaces is about twice the width n~V2 of the Fourier component <&(£)• 
For K = IT (ballooning on the inner side of the torus) the minimum of <^c(ô) is 
approximately five times larger than for K = 0. To use these results for tokamak 
plasmas, we note that for k#pi ^ 1 the criterion for quasi-suppression of the shear 
damping is simply 

? « zys > *cWn (1.6) 
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0 1 2 3 4 5 6 7 

FIG.2. Critical coupling parameter versus 5 for different s. 

where Sc mjn is the minimum of <#c(5). For typical tokamak parameters (s « I) 
we find Sc mjn « 1 so that the above condition is easily satisfied in a large part of 
the toroidal plasma. 

Part II 
SATURATION OF TRAPPED-ION MODE BY 

2-D ELECTROSTATIC TRAPPING 

Trapped-ion instabilities [5] have been shown to be very different from the 
original model of Kadomtsev and Pogutse [6]. In the real geometry of a tokamak 
they are mainly due to a resonance with the average magnetic drift of trapped ions. 
We study their non-linear evolution caused by coherent mode coupling and by 
electrostatic trapping of resonant ions, taking into account the radial structure of 
the waves. 

Mode-coupling would give low saturation levels for the dissipative instability 
of Kadomtsev [7], but is has been studied with a simple fluid model which cannot 
yield a definite conclusion on its real efficiency. We introduce a kinetic model 
which takes into account all important physical features: magnetic drifts, energy-
dependent collisions, and 2-D (longitudinal and radial) spatial structure of the modes. 
We make the assumption of weak turbulence and retain the linear structure of the 
mode, as given by 

T 
Z a0 Rjrtcoêi e 
p p p 2. 

£ ¿.pi<p-y£)-iwpfc 
(II.1) 
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where & and <p are the poloidal and toroidal angles, r is the minor radius, and p labels 
the toroidal mode number. We have computed the general expression for the non
linear contribution to the frequency and growth rate, ôwp, of mode p: 

t iíp-K)T^5^K-u^"|nn+TX2J(t»^)B¿.nS'f-"1 i (il-

M - «I T R _ elin.Ni_ 
> T" r ¿ 5 ? W3,-r"RiB > J U T 

U= r a v 1 , A - R V - U A n - ^ - ^ M * * 0 

o T ; 7 ; + - * c r i > n - : -575-

N is the equilibrium density, and other notations are the usual ones. (The detailed 
calculations will be presented elsewhere.) We thus recover, in the "fluid" 
approximation, the two distinct non-linear contributions [6,8]. However, when we 
include magnetic drifts, and if the temperature gradient is not small (K < 3 / 2) , the 
mode is resonant with ion magnetic drifts [5] and Eq. (II.2) involves the following 
integrals: 

t T - . U * ^ a ) J 1 = ) . ¿ttGfa) (II.3) 
'o ptjj , aw» ^ pcc^ "-WJ> 

Whenever p and n have opposite signs, because of the Landau prescription the 
poles lie on opposite sides of the u-integration axis, and give a pinch when the 
growth rates go to zero. Ji and J2 are then divergent and the e$/T expansion breaks 
down. To solve this difficulty we use a different mechanism, provided by trapping 
resonant ions in the electrostatic potential of the wave. We neglect the longitudinal 
dependence of the mode, but keep its radial structure: 

? = - + c o s K x coskly-ui:) 

r0 is the radius of maximum amplitude, and y = r((<¿>/q) — û). The cos Kx radial 
dependence is representative of the results of linear studies, except in a narrow layer 
close to rational surfaces [9, 10]. To simplify the algebra we study the motion of 
a "solid" banana, neglecting its width A and the finite banana frequency, o^: 

K A « 1 ; W « U b 



IAEA-CN-38/U-2 603 

In the wave frame the equations of motion are: 

Y = ^ ( t - U ^ s í a X c o s V ) 

(II.4) 
X = CJp ku 0 ¥cosX Sih.y 

£ = - u . V c o i X SLKY 

where X - K ( r - r . ) ; Y = k y - « a f c W Í X ; ^ e . 4 * ; T 6 = T f r s r ) . 

1 1 - Z T L ^ - £ j £ s s «"<.>*>« * £ Ï u„ 

b is a large parameter (b ~ 102 typically). Equations (II.4) give two constants of the 
motion: 

o = H J U _ ; T=cojX¿«y-f- £-£*_ where £0:=:£ + 2L 

We obtain electrostatic trapping at the bottom of the well (Y = 0) and also at the 
anti-well as soon as b 2 u 0 ^ > 1, which is satisfied at the amplitudes we shall obtain. 
The trapping frequency and half-width are 

Electrostatically trapped particles have | I ? | < 1 , 2 | T 7 | < | ^ | < ( 1 + rç2).Circulating 
particles have I £ I < 2 | r¡ |. As a main result, we thus find that the radial structure 
strongly enhances the trapping efficiency, (Ae)tr and cotr being multiplied by 
b v /uo^, as compared with their 1 -D values. The trapping mechanism implies 
cancellation of the resonant trapped-ion contribution by establishment of a plateau 
in X and e in the distribution function F 0 . We describe it by 

M ax it 
where FM is the linearized original Maxweílian, F& its value at (X = 0, e = 0); 
X and i"are the orbit-averaged values of X and e. In fact, ion collisions partially 
destroy this plateau, by a contribution Fi ~ Otr/^ti^Fo D 1 ]• This now provides 
the main destabilizing term and has to be balanced by linear damping effects. 
We model collisions by a Krook operator, with an effective frequency vtr=i;i/(^e)tr-
We find 

i èEL = -vCffiïi*-ff)+ î&U-ï)] (ii.5) 
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and the collisional resonant contribution to the disperson relation, proportional to 
the rate of particle energy gain, is written: 

H r = v | Tr/lJJJfilcosXs.nV ¿(td UY¿£ 

This is transformed, by Eq. (II.5), to 

^•u**4$-i#\Wit*-**Uv 

The approximation cos X «* 1-4 X2/7r2 allows the explicit calculation of the X 
integrals, and the r? and £ integrals are then performed numerically. We find 

2 VS LJ9 d r 

where NA/Â is the equilibrium density of magnetically trapped particles. 
Asymptotic equilibrium is reached when Hr is balanced by the damping contribution 
of trapped electrons: 

where vj= Ave. Using *>tr ** vi/(^u0 ^ ) 2 , we finally obtain the potential amplitude at 
saturation: 

a«.n=(4£)V3 (II.6) 

with realistic parameters; this leads to a saturation at low-amplitude level 
(i//r = e0/T ~ 10"3 for PLT high-temperature discharges). This value is much lower 
than the estimation of Kadomtsev and Pogutse: ^ K P = (Kr\/A)_1. 
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Mode-coupling can be neglected when its contribution Hc is small. In presence 
of the trapping mechanism, we may use the principal parts of Ji and J2 (Eq. (II.3)) 
and find 

The ratio 

Hc kv , 
& 

Hr COD 

is smaller than one with realistic parameters, and trapping appears as the main 
saturation mechanism. 

In conclusion, electrostatic trapping, enhanced by the radial structure, appears 
to be a powerful mechanism to saturate trapped-ion instabilities at low amplitudes. 
Future work will be devoted to the study of both trapping in the presence of many 
waves and the diffusion associated both with large radial excursions of resonant 
particles and with stochastic motion due to the overlap of resonances. 
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Abstract 

DRIFT TURBULENCE AND ITS EFFECT ON ION TRANSPORT IN TOROIDAL TRAPS. 
The influence of drift oscillations on the radial transport of resonance ions with velocities 

close to the drift-wave phase velocity is demonstrated. — It is shown that the formation of drift-
mode pockets and convective cells greatly enhances anomalous transverse plasma diffusion. An 
increase of drift oscillations above a critical value broadens the oscillation spectrum and creates 
low-frequency components corresponding to convective cell modes. 

1. The drift wave turbulance observed in most experiments on tokamaks [ 1 ] 
and stellarators [2,3] is being used more and more frequently to explain ano
malous plasma losses across the magnetic field. There appear to be three loss 
mechanisms associated with the influence of drift-wave turbulence. 

Firstly, there is quasi-linear diffusion of plasma with a diffusion coefficient 
governed by the characteristics of the drift oscillations. This has been studied 
fairly thoroughly [4—6]. 

Secondly, there is capture and transverse transport of resonance particles 
(electrons or ions) by the drift wave. The resonance particles undergo pro
longed interaction with the field of the drift wave, and their trajectories form 
so-called E-bananas which considerably exceed the Larmor radius. 

The role of resonance electrons in increasing transport coefficients has by 
now been studied quite thoroughly (see Ref. [7] and the references cited therein). 
In particular, it has been shown that the observed enhanced electron thermal 
conductivity of a currentless plasma produced by an UHF discharge in a stellara-
tor is due to capture of part of the electrons by drift waves [3]. 
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For a Maxwellian distribution, the fraction of resonance ions is exponentially 
small (Vph > vT.), which means that their contribution to energy losses is also 
small (given a low level of turbulence). However, in real experimental condi
tions the ion distribution function is often non-Maxwellian, so that the role of 
resonance ions in energy losses via the ion channel can become significant. 

The third mechanism is non-linear convective transport, associated with 
radial convection due to quasi-steady-state inhomogeneities of the plasma density 
and potential. Such inhomogeneities — convective cells — are generated by non
linear mixing and decay of drift waves [8,9]. Thus, at sufficiently high levels 
of drift turbulence, the amplitudes of the convective cells can be large and their 
contribution to particle and heat transport can acquire a decisive role. 

In this paper, we analyse certain results of a theoretical and experimental 
investigation of anomalous resonance ion transport and non-linear convective 
transport. 

2.1. We have already remarked that capture and anomalously rapid transport 
of ions are not significant where there is a Maxwellian distribution of the ions 
and where the amplitudes of the drift waves are small. However, if the drift-
wave amplitude is large it can encompass a large fraction of the ions even in 
the case of a Maxwellian distribution function, given a root dependence of the 
capture region in velocity space on the wave amplitude: 

I v i i - v f p h K - s / z ^ í / M j 

where Ze is the charge on an ion of mass M¿, v^ is its longitudinal velocity, 
and vjj h is the phase velocity of a wave with amplitude «¿>£. It is significant 
that ions of higher energies are captured into the drift wave and experience 
accelerated transport across the magnetic field — which is the reason why 
enhanced energy losses via the ion channel are possible when drift wave 
turbulence is present. 

2.2. This mechanism of fast-ion ejection through drift wave capture has been 
observed on the Saturn toroidal stellerator during investigations of a plasma 
produced by an UHF discharge [10]. Argon was the working gas in this instance 
and the plasma parameters were ne ^ 1011 cm - 3 , n0 ^ 1012 cm - 3 , Te = 6 eV 
and T¿ = 0.3 eV; a group of 'hot' ions with energies around 5—10 eV, greatly 
in excess of Ti? was observed spectroscopically and with the aid of a special 
electric probe [11]. In these conditions, low-frequency oscillations of plasma 
potential and density associated with the development of a drift-dissipative 
instability [12] are observed on the plasma column density gradient (Fig.l). 
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FIG. 1. Radial distributions: 
( ) = plasma density 
( ) = drift oscillation amplitudes 
C) = relative fraction of fast ions. 

FIG.2. Oscillograms: the upper trace 
shows electric field oscillations, the lower 
trace the ion current on the probe 
collector. 

In Fig.2 we see oscillograms of electric field fluctuations recorded by a 
double probe (upper trace) and fluctuations in the current of 'hot' ions gathered 
on the probe collector (the position of the probes in the density gradient region 
is schematically shown on the insert in this figure). One sees a very clear 
correlation between the oscillations of the wave electric field and the ion 
current. However, unlike the relatively small modulation of plasma density 
(<5 = <ñ2)1/2/ñ ^ 0.2), the modulation of the 'hot'-ion current on the collector 
reaches 100%. 

Comparing the phases of the two signals, we find that the arrival of ions 
on the collector is governed by the drift in crossed fields: the electric field of the 
wave and the confining magnetic field. Given the characteristics of the drift 
oscillation structure in the experiment we are describing [13], where in particular 
the radial length of the wave correlation coincides approximately with the 
dimension of the density gradient, we note that drift of this kind in crossed 
fields means in practice that the captured ions are removed from the confinement 
volume. 

This mechanism for the extraction of high-energy ions is also confirmed 
by other measurements. Thus when the probe is moved along the outer radius 
the relative number of 'hot' ions having energies substantially in excess of Ti 

increases continuously. In Fig. 1 the results of the measurements for ion 
energies of E-x ^ 8 eV are shown by the dark dots. 

If, however, the probe is placed on some fixed radius near the edge of the 
plasma column, then the number of 'hot' ions recorded increases as the growth 
of the oscillations. Figure 3 shows relations between the ion current on the 
probe collector and the level of drift oscillations, obtained for different values 
of the collector slowing-down potential. In this case, the probe was placed in 
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FIG.3. Ion current on the probe collector 
as a function of drift oscillation level for 
various slowing-down potentials. 

the region where the level of drift oscillations was at a maximum (r « 4.5 cm, 
see Fig. 1 ). From the data in Fig.3 it is clear that as the energy of the ions 
recorded increases, i.e. as their velocity approaches the phase velocity of the 
drift wave (vjj h = 6—8 X 105 cm-s - 1 , corresponding to an ion energy of 
Ar+ ~ 10 eV), the 1(6) relationship becomes stronger). 

2.3. The contribution of the energy loss mechanism we have been considering 
to total energy losses should increase when the fraction of fast ions increases 
by comparison with the Maxwellian distribution — for example when additional 
methods of plasma heating are used. The hot 'tails' in the ion energy distribu
tion are formed during the process of neutral beam injection and also during 
HF-heating of the plasma, as has been confirmed by numerous observations 
[14, 15]. In some experiments high-energy ion 'tails' have been observed even 
with Ohmic heating of the plasma in a stellarator [16]. One manifestation 
of this mechanism of enhanced ion losses which we have been describing is 
the observed increase of anomalous ion thermal conductivity in the TFR 
tokamak [14] during the neutral beam injection pulse, which is accompanied 
by a simultaneous enhancement of drift oscillations. 

Note that anomalously large energy losses via the ion channel can also take 
place when the drift oscillations are of small scale and the E-bananas for the 
captured ions are small. In this case radial transport of fast ions by drift waves 
will occur by diffusion. 

3.1. It is a familiar fact that the shear of the toroidal magnetic field has a 
stabilizing effect on drift waves and suppresses the large-scale convective cells. 
At the same time, however, there may exist in the toroidal magnetic field non
linear bound states of the drift waves and convective cells which are not 
sensitive to the stabilizing influence of shear [17]. The physical nature of 
this phenomenon is as follows. 
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When short-wavelength (kps ~ 1, ps = p^y/TjTj) drift waves are present, 
their mixing excites large-scale convective cells with amplitudes defined as 
follows: 

ki,k2 

where </?£ are the amplitudes of the drift waves and v1^ k are the interaction 
coefficients. The convective cells in turn affect the stability of the drift waves 
by weakening their shear stabilization. This follows, in particular, from the 
equation for drift oscillations in the presence of convective cells, which can be 
written in the following form: 

where £fl,co,k) is a linear operator after Fourier transformation, defining the 
drift-wave dispersion law. 

From expression (2) above it is apparent that drift waves with closely 
similar wave vectors are bound through the large-scale convective cells. 

In a toroidal magnetic field with shear, the drift oscillations are localized 
close to the resonance surfaces (m,n) and the convective cells produce a bond 
between modes with closely similar values of m and n. This bond, as has been 
shown by Taylor [18], can in effect switch off the stabilizing influence of shear. 

Accordingly, the convective cells destabilize drift turbulence and are 
themselves enhanced by the turbulence — see expression (1) above. The phases 
of the bound drift modes and convective cells are correlated forming a non
linear packet which for the case of the toroidal magnetic field can be written 
in the form 

^ c = b ( r ) e i ( S f i - p ^ ) ( 3 ) 

^d=ei(m0-ni//)-ia;mnt \ &1, (r) e i p ( £ 0 - p ^ ) 
(4) 

where 0 and \¡j are the poloidal and toroidal angles and r is the radius. 
The characteristic spatial dimensions of the convective cells are much 

greater than the scales of the drift waves, m, n > £, p, and the corresponding 
radii of the resonance surfaces near which the oscillations are localized do not 
coincide: rm =£r£p . 
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Inserting expression (4) into expression (2), we find (see, e.g. Ref. [17]) 
that the stabilizing action of shear on the drift waves is switched off if the 
amplitudes of the cells exceed some critical value 

Vs w m,n m r e ,p 
l b | > b C T ~ - — 7 T Z — n (5) 

D B £ ( rC,p- rm,n) 

where DB = cTe/eB, and n is the average density of the plasma. 
From expression (1 ) we derive an equation linking the amplitudes of the 

convective cells with the amplitudes of the drift waves, a^r) (which in the 
packet are approximately equal to each other, ay(r) = A): 

4 v/TrDfikyKyTe A2 ' ~ ^ 1 M 

lbl= D i 04+4)2
Ti Vc

 [~} (6) 

where 

DBk y4(rg ) P-rm n) 
M = 2 | b | = ps k v 

ÜL>r 

m 
Ky \ Ky 5 ^ X b »V ' ^ 

3b c s0 

Lm,n 
r8,p 9 x rm,nw 

and cs is the speed of sound and 6 is the shear. 
The results set out above suggest that there must be two regimes of drift 

wave turbulence. At low levels of turbulence, when the amplitudes of the 
convective cells are small (|b I < bcr), the drift waves are weakly coupled to 
each other and the main contribution to diffusion losses is made by quasi-
linear diffusion on the drift oscillations and by trapped particles. As the level 
of turbulence rises (|b| approaches bcr) a re-structuration occurs as a conse
quence of the appearance of correlations between drift waves, because of the 
interaction between the convective cells and enhancement through the switching-
off of shear stabilization. In this case, radial plasma diffusion across the magnetic 
field is enhanced, and the diffusion coefficient dependence is determined by the 
following relationship : 

cKvip
c CKy 

D , = v c X = — - — X ~ — - A2 (7) 
1 B B K X 
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since A, the correlation length of convective transport along the radius, is, by 
order of magnitude, equal to /c"1. 

3.2. The results of the experiments carried out on the Saturn stellarator to 
investigate drift oscillations in a plasma produced by an UHF discharge speak 
in favour of the re-structuration of drift wave turbulence which we have 
described above. Thus Fig.4 shows the relative width Af/f of a low-frequency 
density oscillation spectrum as a function of oscillation level (Af is the half-
width of the spectrum and f is its average frequency). An important charac
teristic of this relationship is that at low drift oscillation levels the spectrum 
width varies only slightly whereas when a certain oscillation level (ô ~ 0.15) 
is attained a sudden broadening of the spectrum is observed within a compara
tively narrow range of variation in Ô. Furthermore, the dependence of the 
relative spectrum width on turbulence amplitude is not sensitive to change over 
a broad range of ion masses (Mi = 4, 20, 40, 131), plasma densities (4 X 1010 

< n < 8 X 1011 cm - 3 ) and shear (0.008 < d < 0.1). Typical spectrum forms 
for two different values of Ô are shown on the inserts in Fig.4. Clearly to be 
seen is the appearance in the oscillation spectrum of low-frequency components 
corresponding to the excitation of a collective cell mode as ô approaches 
ô - 0 . 1 5 . 

Analysis of the relationships between drift oscillation level and shear 
obtained for various kinds of ions [19] (Fig.5) indicates that the abrupt 
broadening of the oscillation spectrum seen in Fig.4 occurs precisely at those 
values of ô at which shear stabilization of the oscillations disappears. As can 
be seen from Fig.5, in the shear range 6 < 0.035—0.06 (depending on ion 
mass) ion viscosity becomes the main factor in the stabilization of drift 
oscillations. 

The broadening of the drift oscillation spectrum in the region ô ^ 0.15 
is accompanied by a change in the relationship between charged particle life
time, rn , and the fluctuation level. Figure 6 shows spectroscopic measurements 
of Tn in a helium plasma (averaged along the central chord in the vertical plasma 
cross-section). From these data it follows that there are two regions of varia
tion in ô with quite different dependences of rn on Ô. At low oscillation levels 
(ô ^ 0.15), where shear stabilization prevails, the lifetime of the particles is 
only weakly dependent on ô. In the region of large oscillation levels, on the 
other hand, rn diminishes with increasing ô much more rapidly: rn ~ §-(2-2.8) 
This relationship is in good agreement with what was predicted for conditions 
of developed drift wave turbulence (see expression (7)) where it plays an 
important role in plasma losses. 

Thus, by comparing the data in Figs 4 to 6 we see that an increase in the 
level of drift fluctuations above some characteristic magnitude (in the condi
tions of our own experiments, ô = 0.1—0.15) is accompanied by strong 



614 BAKAJ et al. 

Af/f 

• - — 8 1 0 a • 

\ »«• * 

O 2 4 6 8 10 
f. kHz 

O 2 4 6 8 10 

f, kHz 

0.05 0.1 0.15 0.2 

FIG.4. Spectrum width as a function of 
drift oscillation level. 

5 u He 
o. o 

. Ne 

«"Aï"' 4 4 _ 
: . . Xe 

• 
. . .1 

Oo-Oft 
30 

— «... \ °\ 
* «s \ \ 
\ x \ V 

W 
\ \ 

V , 0 = a/Ls 

FIG.5. Oscillation level as a function of 
shear in various gases. 

rn>ms 
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broadening in the spectrum of observed fluctuations (Fig.4), loss of the 
stabilizing effect of shear (Fig.5) and a serious impairment of plasma confine
ment (Fig.6). 

4. The main results of our paper can be summarized as follows: 

A. We have demonstrated the influence of drift oscillations on radial 
transport of resonance ions with velocities close to the phase velocity 
of the drift wave. Given a non-Maxwellian ion distribution function 
and an enhanced fraction of fast particles, this mechanism must 
lead to an increase in energy losses via the ion channel; 

B. The formation of packets of bound drift modes and convective cells 
insensitive to shear stabilization — at a sufficiently high level of 
turbulence — greatly enhances anomalous transverse plasma diffusion. 
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We have seen experimentally that an increase in the drift oscillation 
level above some critical value leads to strong broadening of the 
oscillation spectrum and to the appearance of low-frequency com
ponents corresponding to the excitation of a convective cell mode. 
This spectral re-structuration process is accompanied by a significant 
increase in the rate of plasma losses by diffusion and by the appearance 
of a strong dependence of the diffusion coefficient on the low-
frequency oscillation level. 
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DISCUSSION 

R.S. POST: Do you have any direct indication of the existence of 
convective cells, apart from the broadening of the frequency spectrum? Have 
the wavelengths been measured so that one can be certain that these waves are, 
in fact, convective cells? 

V.P. OMELCHENKO: No information on this point is given by the 
authors. 
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Abstract 

IGNITION AND BURN CONTROL IN TOKAMAK PLASMAS. 
Different schemes for the control of the thermal instability in an ignited fusion reactor 

are analysed by zero- and one-dimensional models. Passive stabilization methods considered 
are ripple-enhanced ion heat conduction, the effect of the major-radius variation of the 
plasma column in a time-independent vertical field, and the combination of both effects, 
including the spatial variation of the toroidal-ripple amplitude. Active control methods 
analysed are high-Q-driven operation and feedback-controlled major-radius variation 
following different scenarios. One-dimensional analyses taking into account only conductive 
losses show the existence of a single unstable mode in the energy balance, justifying, under 
these assumptions, the study of only global control. 

1 . INTRODUCTION 

The need for thermal stabi l izat ion of an ignited plasma arises from 
the temperature characteristics of the thermonuclear energy production 
rate. For stable thermonuclear burn, energy losses from the plasma have 
to increase more rapidly wi th temperature than the fusion power at their 
intersection point . As presently favoured scaling laws (empirical e lec 
tron / 1 , 2 , 3 / and neoclassical ion heat conduction in axisymmetric 
geometry) predict energy confinement to be independent or even to i m 
prove wi th temperature, this cr i ter ion could be satisfied only at rather 
high operating temperatures. Reactor economy, on the other hand, urges 
operation at lower values of T where the fusion power at given plasma 
pressure has its maximum value. An improvement in fusion output at 

619 
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unstable mode 

first stable mode 

FIG. la. Temperature profiles in an 
ignited tokamak for the standard 
transport model for operation in a 
high- and a low-density regime 
(caseI: n0a = 2.97X1020m~2, 
case II: n0a = 1.8 X 1020m~2, 
parabolic density profiles). 

FIG.lb. S Ti profiles of the unstable and 
the first stable eigenmode for case I. 

given plasma pressure at higher reaction temperatures can be gained from 
the decoupling of ion and electron temperatures in the so-cal led hot- ion 
regime / 4 , 5/, but economic v iab i l i ty of this latter mode of operation 
requires addit ional assumptions concerning either anomalous slowing down 
of oC -part ic les, o r a partly stabi l iz ing influence of suprathermal par
ticles on pressure-driven modes. 

The power balance curves f o r a non-marginal, self-sustained DT 
fusion device w i l l have two intersection points, wi th most probably only 
the unstable equil ibrium point at lower temperatures in the regime of 
optimum ef f ic iency. Unchecked thermal runaway fol lowing positive 
temperature deviations would then lead to an intersection of the G-l imit , 
wh ich , depending on the unknown nature of the excited modes, may 
either provide for the desired thermal stabil ization by enhanced trans
port or for a disruptive end of the discharge. Speculations about the 
nonlinear consequences of thermal runaway can ult imately be settled 
only by an ignited DT experiment; in the meantime, however, p rac t i 
cal proposals for burn control should be developed. 

Stabil ization methods considered can be divided into passive 
methods by which the power loss or the power production curve are mo
di f ied in a time-independent way so as to move the unstable equil ibrium 
point to lower temperatures, and act ive ones which require monitoring 
of deviations from equil ibrium to feedback control the plasma energy 
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balance at the unstable ignit ion point . The thermal runaway time is 
approximately given by 

r£ /(JBn <c v>/dfri T-1+dfa re/</ék T) 

with Zg toral energy confinement time and <Gf V} the fusion reactor 
rate. This expression becomes equal to tE ' " t"he regime of maximum 
fusion power production at given plasma pressure, for a temperature-
independent confinement scal ing. 

Burn control is studied in this paper both in terms of volume 
averaged quantities as wel l as by one-dimensional analysis. In the latter 
case, equil ibrium profiles for the electron and ion temperatures 
(Te and 7} ) are obtained by a solution of the time-independent 
energy balance equation for an assumed (parabolic) density prof i le 
(Fig. l a ) , and subsequently used as input for a linear stabi l i ty analysis 
including the effect of f in i te (classical) « -pa r t i c l e slowing-down 
time / 6 / . The standard transport model used assumes neoclassical ion 
heat conduction and empirical electron energy losses similar to the 
A lca tor - ln tor model in the form of 

rFA=3.8*fÓ2\n>a2 f/r?¿s an/h] 

in volume averaged, and 

Xe - 6.5*1019/n 

in one-dimensional analyses, although the effect of a possible tempe
rature dependence of electron confinement is included in some d is 
cussions. Here f ^ e is the electron energy confinement, Xe the 
electron heat conduction coef f ic ient , a the minor plasma radius and 
n and in} the local and volume averaged electron density, respec
t i ve l y . 

A l l methods discussed in the fol lowing aim at control l ing one 
global parameter and w i l l suffice only i f but a single unstable mode 
exists. This has been shown to be the case for both the standard trans
port model, as wel l as for the scaling proposed in / 2 , 3 / predict ing 

Ag *"" / but needs st i l l to be examined in cases including radiation 
losses. Both the unstable, and the first stable mode of a low tempera
ture ignited plasma (case I of F ig . la ) are shown in F ig . l b , where 
the growth time of the unstable mode is 0.84 V£ and the decay time 
of the stable one 0.56 TE . 
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FIG.2. Ignition requirements on <n)rE)e 

for negligible ion heat conduction losses 
(dashed line), and for ion losses enhanced 
to yield thermally stable operation (two 
ion loss models, with T%¿ ~ T* ). 

2. PASSIVE CONTROL METHODS 

The conceptually simplest method for a passive stabil ization 
consists in driven operation /7 /: the (assumed) temperature-indepen
dent auxi l iary heating is superposed upon the thermonuclear power 
production, thereby reducing the effective logarithmic temperature 
derivative of the gain curve. The effort of auxi l iary heating schemes 
is conveniently measured by Q - total fusion energy re leased /aux i 
l iary heating energy into the plasma. Stabi l i ty analysis wi th the one-
dimensional code using the standard transport model showed, however, 
the need for rather low Q values ( < 6) to reduce the peak ion tempe
rature for stable operation from 50 to 40 keV. 

Enhanced ion thermal losses due to a quasi-stationary toroidal 
f ie ld ripple have been suggested to modify the power loss curve / 8 / . 
Different contributions to the neoclassical, non-axisymmetric heat con 
duction have a positive dependence A X; ~ T3/2 (ripple plateau) 

or ~ / (ripple-trapped and banana diffusion terms) and thus have 
the right characteristics for stabi l izat ion. In our standard, zero-dimen
sional , two temperature transport model the main net energy loss channel 
are the empirical electron losses, wi th ions losing energy predominantly 
through ion-electron coupling / ? / . The corresponding assumption 

^£,1 > ^ d e t e r m i n e s the curve labelled ( < / ? > Z~£tQ )/gn/fnin
 î n 

Fig. 2 as á function of peak ion temperature, for assumea parabolic 
temperature and density profi les. The enhanced ion heat conduction 
losses are described by a term T¡Et¡ ~ Te wi th s taken either - 3 /2 or 
- 7 / 2 . The necessary "ampli tude" of these losses is determined at each 
ion temperature by the requirement of thermal stabi l i ty: to compensate 
the resulting confinement reduction, the electron losses have to be re 
duced, as il lustrated by the enhancement of the <n> £ V / e curves, 
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¡a 

1 
I 

í 
FIG.3. Ignition curve (for total electron 
number N& = 3 X 1021) and equilibrium 
curves and adiabais for different starting 
temperatures for standard transport 

¡M model and nominal ZEPHYR parameters. 

labelled ign , stabl in F ig. 2 . As the required addit ional losses are 
smaller i f they have a steeper temperature dependence, £ = - 7 / 2 re 
quires less enhancement of electron confinement than £ = - 3 / 2 . 

In previous discussions of thermal stabi l i ty it has been tac i t ly 
assumed that the plasma position does not change fol lowing a temperature 
increase, actual ly requiring thereby a feedback system. In a t ime- inde
pendent applied vert ical f ie ld the plasma w i l l , however, respond wi th a 
radial outward d r i f t . If fluxes and particles are conserved, the conse
quences of this behaviour upon thermonuclear burn are illustrated in 
Fig„ 3 , for parameters of a compact ignit ion test device (ZEPHYR) 
studied at IPP Garching and MIT . Parameters used for this graph are 
(at a nominal major radius /? = 1.35 m): Q = 0.5tr? (fi) ~ 

k5*f02°m\ Bt * 3.MT, IP = 3.6 * fO A 
corresponding to the upper end of the density range considered for this 
machine. Electron and ion temperature are assumed equal , and tempe
rature and density profi les are taken to correspond to the results of t ime-
dependent simulation calculations ( /7 = const, T's 7^ (1 + fr/a) ) ' . 

Displacement under part ic le and f lux conservation implies a variat ion 
of a~R1àonà n~A'2ax\á, foi l owing our standard transport model a 

variat ion of /? f¿r , which can be used to map the /? f f - ignit ion 
curve into the R-7 p lane. Equilibrium curves, on the other hand, d e 
scribe the path taken by the plasma parameters upon variat ion of the 
temperature in a t ime-independent, but spatial ly varying equil ibr ium 
f ie ld fo l lowing Shafranov's formula 

BVCR)-BV(*0) •(£)*- f ^CenSf 
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FIG.4. Requirements on t]T = dlnR/dln T 
for stabilization by major radius expansion 
(two electron confinement models, with 
rE,e ~ Tt). 

For nominal ZEPHYR parameters (decay index n - 0.2, Pp(fto'''*5, 

i¿ ~ f.2 ) . 
Fig . 3 shows that under these conditions any overignited state w i l l 
nonlinearly dr i f t to a stable equil ibr ium provided no ft - l imits are 
crossed and sufficient space is provided for the radial excursion. 

The reactop-relevant question of the effect on l inear stabi l i ty is 
described in F ig. 4 , giv ing the results of one -dimensional, two- tem
perature studies using assumed parabolic density profi les. The 
parameter 7lr

 s dBnR/dBn T describes the equil ibrium position 
variation upon temperature changes and depends on decay index, fip , 
aspect ratio and current distr ibut ion. In the region of va l id i ty of 
Shafranov's equation and neglecting suprathermal a -par t i c le effects i t is 
given by fip 

Jr~ (2-n) (&n (8 X/a) + <?//? / fiF - 3/2)- (fip + f/2) 

which for a noncircular tokamak wi th t>/a~ f.6, fip~2f A-kt ê,'sf-2 
(requiring n ** - 1.5) would give ** 0 .18 . F ig . 4 shows results both 
for the standard transport model ( S - 0) and for the case of an add i 
tional improvement of fl proportional to J ( 6 == 1) . 

The effectiveness of radial motion for passive burn stabi l izat ion can 
be signif icantly enhanced by combining it wi th r ipple-induced ion heat 
conduction, part icular ly i f the dependence of ripple losses on plasma 
position is taken into account. The toroidal f ie ld ripple w i l l generally 
increase rapidly wi th ma{or radius, and as ripple losses are proportional 
to the 3 /2 (ripple trapping) or the second power (ripple plateau and b a 
nana diffusion terms) of the ripple ampli tude, a positive thermal excur
sion inducing a radial dr i f t can easily lead to a stabi l iz ing enhancement 
of the losses. (In this case also the effect of ripple on the fast ¿«.-par
t ic le losses, which in the usual ripple stabi l ization scenario act ing only 
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FIG. 5. Enhancement of electron confine
ment required to produce thermal stability 
by combined ripple losses and radial 
displacement. Ion confinement model: 
riy-Ti6*"71 . 

via the temperature characteristics of the induced losses, has no influence, 
w i l l give a stabi l iz ing contr ibut ion. This effect is, however, not i n c l u 
ded in the present analysis.) 

The combined influence of radial motion and ripple losses was 
studied wi th the zero-dimensional, two-temperature model. The position 
dependence of ripple losses was described by an exponent 

ft « -</£* fnC£t,)/</ân* 
which for realistic coi l geometries can become quite large as the ripple 
amplitude w i l l typ ica l ly vary wi th R to a power N approximately equal 
to the number of toroidal coi ls . Results obtained under the two different 
assumptions f; = 0 and py = 10 are shown in F ig . 5 in the form of the 
required enhancement of </7> T¿e to obtain thermal s tabi l i ty , for a 
f ixed value of ion temperature (T; 0 = 15 ke V ) as a function of nr 

For the chosen low temperatures, close to the point of optimum for 
fusion power production, stabi l ization by ripple effects without displace
ment Cvr

 =0) requires signif icantly improved electron confinement, par
t icular ly for £ = - 3 / 2 . Even modest values of 7jr ( «* 0.18) reduce 
these requirements s igni f icant ly ; for 7jr in excess of 0 . 3 , the position 
dependent effect dominates the influence of the exp l ic i t temperature 
dependence so strongly that results for £ = - 3 / 2 and £ = - 7 /2 become 
very similar. The space dependent ripple w i l l also act as a passive stabi 
l izat ion mechanism for the radial plasma posit ion, el iminat ing also their 
act ive feedback requirements during the burn phase. 

General ly , passive stabi l izat ion methods do not depend on monitoring 
plasma parameters: the amplitude of deviations from nominal equil ibrium 
values w i l l therefore not be determined by the inaccuracy of measurements, 
or the f in i te delay time in the response of act ive systems. Deviations of 
f in i te amplitude which have to be al lowed for w i l l therefore be determined 

K">V« io 

0.1 02 
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FIG. 6. Required average Q for stabiliza
tion by feedback-controlled additional 
heating (i,c and i,p designate central 
and peripheral ion heating, respectively; 
e, c and e,p refer to central and peripheral 
electron heating). 

by the dynamics of the start-up phase, and by possible fast changes (com
pared to the energy confinement time) in the plasma conditions caused by 
other effects l ike internal disruptions or the injection of large pel lets. 

3. ACTIVE BURN CONTROL 

Act ive stabi l ization of thermonuclear burn can proceed by feedback-
controlled additional energy losses or auxi l iary heat ing. General ly con 
sidered systems have only one of the two above capabil it ies and force 
therefore to operation in either an over- or an underignited state. This 
deviation from exact ignit ion determines the absolute l imi t for the con 
trol lable excursions, as additional losses cannot return the plasma to an 
equil ibrium state i f the temperatures have fal len below ign i t ion, and 
auxi l iary heating loses control in the opposite case. 

Possible physical mechanisms for inducing time dependent additional 
losses are enhancement of the toroidal f ie ld ripple / 1 0 / , act ing on the 

oc -part ic le population and ion energy losses or island generation or 
f ie ld line ergodization by applied resonant hel ical windings / l l / 
affect ing the electron heat conduction. Neither of these effects has been 
considered in the fo l lowing, as feedback-controlled ripple variat ion would 
require considerable power and interfere wi th supraconducting coi ls , where
as resonant hel ical windings seem to be a too sensitive means wi th only a 
narrow transition zone between no visible effect and the triggering of a 
major disruption. 

Feedback-control led additional heating has been studied by means of 
the one-dimensional stabi l i ty analysis / ó / , distinguishing between ion 
and electron heating and using two different heating prof i les, labelled 
central (po(/(/ (r) ~ (1- it/a)2) and peripheral (pad</ frJ = r2(<f-fr/af ) . 
The addit ional heating power requirement is again conveniently measured 
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by the time averaged value of Q : the value necessary is determined by 
the maximum allowed excursion described in the fol lowing by ST/o /7}to 
and depends on both operating conditions ( 7}o ) and nature of the 
addit ional heat ing. Results are given in F ig . 6 for an assumed allowed 
excursion of 10%: for a peak temperature around 15 keV, the required 
Q values would be ~ 17 for central ion heat ing. Peripheral ion and cen 

tral electron heating would have roughly equivalent ef f ic iencies, needing 
Q ~ 12 under these condit ions. Reduced temperature excursions would , 
of course, increase the al lowed Q , the scaling being (for small ST/Q/T/O' 
Q ~ (¿TÍO/TÍO)'*. 

Feedback-control led major radius compression constitutes an excep
t ion among act ive control methods by al lowing for both positive and nega
t ive temperature excursions around the ignit ion point . Essentially two types 
of schemes have been considered; the first,being an extension of the 
passive control scheme considered in section 2 , assumes a time variat ion 
of the vert ical f ie ld in response to the observed major radius variat ion in 
the form o f / 1 2 / . . . . . , - , « » 

where gy (ftR) - f(t) • by Cr) 

and f(t) can be viewed as the winding current in the vert ical f ie ld coi ls . This 
feedback prescription increases the variat ion of the radial plasma position 
upon changes in the plasma pressure, wi th the feedback constant g act ing l ike 
an enhancement of the effect ive decay index ^cf/'^^S* The results of sec
tion 2 remain applicable provided 7?r is computed substituting n by neff , 
thereby al lowing to decouple the burn stabi l izat ion effect of major radius com
pression from the degree of elongation of the plasma column which determines 
n . A part icular advantage of this scheme is its independence from measure

ments of internal plasma parameters; its drawback, in the pure form without 
use of the spatial ly varying r ipple, is its dependence on the temperature sca
l ing of electron energy confinement (Fig. 4 ) . 

The second type of scheme uses a faster shift of the plasma position 
by a temporal variat ion of Bv leading to a plasma temperature variation 
fol lowing approximately the adiabatic law (Fig. 3 ) . The in i t ia l lyover ign i ted 
plasma is moved by a f in i te amount into the underignited region where i t is 
left to cool down over a certain per iod, to be brought back later into the 
ignited region again approximately along an adiabat. By choosing appro
priately the amount of radial displacement and the duration of the cooling 
and heating period one has a large amount of external control on the burn. 
As a hotter plasma is let to expand during the first part of the cycle than is 
compressed during the later stage, a part of the produced fusion energy 

fpdV = 3 nkTl^X. IàZ 
- / 'Q 'C 
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is avai lable to direct conversion by the vert ical f ie ld c ircui t ry / 1 3 , 1 4 / 
( TA temperature before, Tg after expansion; Tc after cooling down 
in the expanded state). This fraction is usually small and determined by 
the allowed radial excursions,which l imit both the adiabatic decrease 

TA - Tg /Qs wel l as the cooling down in the subignited phase ( Tc 

has to remain large enough so that the plasma w i l l re- igni te after com
pression). 

Both act ive control methods based on major radius compression w i l l 
benefit from a combination wi th spatially varying ripple losses. Scenarios 
wi th an effect ive decay index enhancement w i l l require a smaller gain or 
a reduced amplitude for radial excursions, and w i l l become much less sen
sit ive to temperature scaling of the electron energy confinement. Ad iaba
t ic compression-decompression cycles w i l l also require less space for radial 
excursion (as the ignit ion curve in F ig . 3 w i l l steepen). For a f ixed amount 
of radial excursion, the fraction of fusion power available to direct energy 
conversion w i l l increase as larger thermal excursions 71-71 can be to le 
rated in the sub- and overignited phases. 

4 . CONCLUSIONS 

Several viable solutions with reactor potential have been offered for 
the problem of thermal control of an ignited plasma. Although based on 
physical principles w h i c h , isolated, have been tested previously (adia
batic compression, additional heating) or can be examined in the near 
future in unignited devices (ripple enhancement of ionic heat conduction), 
their interaction with the nonlinear dynamics of alpha part ic le heating 
is l iable to produce unexpected results and urges their test in a physics 
oriented, ignited fusion dev ice. The present discussion is also l imited 
by the assumption that global control of the energy balance w i l l suffice 
for complete stabi l izat ion: this has been veri f ied for purely conductive 
losses but may not be ¡ustified i f impurity radiation becomes important. 
Regard w i l l be given in the future also to the related questions of equ i 
l ibrium and fusion power contro l , considering that reactor size and power 
output w i l l be determined by factors other than the ignit ion con
d i t i on , and large additional (radiative?) losses may be needed to balance 
the oc -part ic le heat ing. 
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Abstract 

TOROIDAL RIPPLE EFFECTS ON FAST-ION BEHAVIOUR AND BURN CONTROL 
IN TOKAMAKS. 

Computational studies have been made of suprathermal fast-ion behaviour and burn 
control of fusion-reacting plasmas in large tokamaks with toroidal field ripple. The recently 
developed orbit-following Monte-Carlo simulation code has revealed some typical features of 
suprathermal-ion behavior in ripple: collisionless ripple-trapping, collisionless detrapping and 
banana drift. Ripple-associated loss of fast ions by neutral-beam injection and by a-particles is 
given quantitatively. Ripple diffusion of plasma particles is also studied by this code, and 
burn-temperature control by ripple is considered for stabilizing the thermal instability of 
D-T-burning plasmas. 

1. INTRODUCTION 

Toroidal field ripple has unfavourable effects on a plasma, namely enhanced 
thermal transport in collisionless plasma and reduced confinement of 
perpendicularly injected beam ions or banana-trapped a-particles. Nevertheless, 
ripple may serve some useful purposes such as thermal stability of a burning 
plasma and ejection of quasi-thermalized a-particles from the plasma hot core. 
The behaviour of collisionless plasma or suprathermal particles in the ripple field 
is not yet well understood, and an orbit-following Monte-Carlo code has therefore 
been developed [ 1 ] and applied to ripple problems. 

2. COLLISIONLESS BEHAVIOUR OF SUPRATHERMAL PARTICLES 
IN RIPPLE 

Suprathermal particle behaviour in the ripple field has become important in 
large tokamaks such as JT-60 and for future reactor-relevant devices. 

631 
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FIG. 1. Collisionless ripple-trapping zone (a) and radial banana drift step (b) for fast ions at 
initial position ofr/a -0.9 in JT-60 neutral-beam injection. 

Collisionless drift orbit seriously influences the behaviour of fast ions in ripple, 
and one important example of this is collisionless ripple-trapping. The ripple* 
trapping zones are illustrated in Fig. 1(a) for JT-60 with a scheme of quasi-
perpendicular neutral-beam injection. The major parameters of JT-60 are: 
R = 3.0 m; a = 0.95 m; B = 4.5 T; Ip = 2.7 MA; toroidal coil number Nt = 18; 
and Ô (ripple size) = 0.5% at the plasma edge. The injected beam is composed of 
75-keV hydrogen atoms. The central zone corresponds to the direct ripple-
trapping region defined by (v||/v)2 < S eíf, where Ôeff is the ripple well depth and 
V|| the longitudinal component of the ion velocity v. Sidebands appear on both 
sides of the direct trapping region, owing to the finite banana size effect associated 
with the ripple well inhomogeneity. Meanwhile, collisionless ripple detrapping can 
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FIG.2. Collisionless loss region of fast ions in velocity space. 

occur when the ripple-trapped ions move along the toroidal drift orbit into the 
region of shallow well depth. 

The existence of ripple significantly enhances banana drift, which is much 
larger for fast ions than was predicted by earlier investigations [2]. The radial 
excursion of the guiding centre for a half bounce time is shown in Fig. 1(b) against 
the fast-ion initial pitch angle. The radial excursion discontinuity occurs at the 
fast-ion pitch angles of ripple trapped-untrapped boundary. The banana orbit 
moves radially inward or outward according to the sign of the pitch angle. 
The radial drift step of the banana is approximately given by 

Ar = 
2^/2 R vd sing 

Nt vi y o irp 

for small value of the ripple well parameter a = r sin0/Nt Rqô (a ^ 0.5). Here 
tjp is a numerical factor (about 10), vi the transverse component of the ion velocity, 
Vd the toroidal drift velocity, Nt the number of the toroidal coils, 0 the poloidal 
angle and q the safety factor at the minor radius r, respectively. 

The collisionless behaviour of fast ions described above produces new regions 
of collisionless particle loss associated with ripple. Loss regions of protons in 
velocity space are illustrated in Fig. 2, where the proton orbits are followed in the 
computation for five-bounce time. In addition to the well-known loss cones due 
to banana orbit and direct ripple-trapping, many loss bands appear on both sides 
of the direct ripple-trapping loss cone. These loss bands come from the 
collisionless ripple-trapping and ripple-enhanced banana drift. 
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3. LOSS OF FAST IONS 

Fast ions are lost out of the plasma region by ripple through the cooperative 
process of the collisionless behaviour described in Section 2 and the Coulomb 
interaction with plasma particles. As a typical example, loss of fast ions produced 
by neutral-beam injection is shown in Fig. 3 for JT-60 and a reactor-relevant device. 
INTOR-J design parameters are taken for the latter: R = 5.0m; a = 1.2 m; 
B = 5 T; Ip = 4.7 MA; Nt = 12; 5= 0.75%; and the injection of a 200-keV 
deuterium beam [3]. It becomes evident that the principal process of fast-ion loss 
is the ripple-trapped loss in JT-60 and the ripple-enhanced banana drift loss in 
INTOR-J. This difference can be understood in terms of the banana drift step Ar. 
The banana drift step in INTOR-J is several times larger than that in JT-60. 

For a-particles produced in D-T-burning plasmas, ripple-enhanced banana 
drift loss becomes dominant and the fraction of ripple-trapped loss is sufficiently 
small. The banana drift loss of a-particles is less dependent on the size of ripple 
(Aroc \/y/E)[3]. 

4. BURN CONTROL BY RIPPLE 

Burn-temperature control for achieving thermal stability of a D-T-reacting 
plasma is an important side of fusion reactors. It has been suggested that the 
temperature excursion of a burning plasma can be suppressed by the ripple-enhanced 
ion heat conduction which was assumed to be given by x^ P a T7/253/2 [4, 5]. 
We have investigated the heat conductivity of ions by using the orbit-following 
Monte-Carlo code. Some results are shown in Fig. 4. Here the neoclassical 
contribution to ion heat conduction without ripple x^ C agrees fairly well with 
the theoretical prediction [6]. Numerical results of x^ p also show good agreement 
with the theoretical results for the high collision frequency. On the other hand, 
Xi is found to decrease on the collisionless side, and the transition from the 
collisional to the collisionless regime occurs at collision frequency i^much larger than 
the prediction from the simple arguments [4]. Such behaviour of XiRP results in a 

RP 

significant reduction of the value of Xi in the collisionless regime. This is 
considered to be the reason why most of the ions are slightly trapped by the ripple 
in a collisionless plasma and are thus detrapped out of the ripple within a time 
interval much shorter than S/v\. The collisionless detrapping described in Section 2 
also contributes to a decrease of the radial excursion step. 

The self-burning condition of a D-T plasma has been investigated with the 
parameters of INTOR-J and with the numerical values of xPP . The Alcator law is 
employed for the electron heat conduction. The relation between the burning 
plasma temperature TB and the ripple size 60 at the plasma edge is given in Fig. 5. 
According to the present numerical study, rather large values of ô0 (~ 5%) are 
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required in order to achieve the appropriate burning temperature TB (~ 15 keV). 
A specific configuration of the ripple field may be profitable for an effective burn 
control, in which the well depth increases slightly along the toroidal drift trajectories 
of the ions. 

5. CONCLUSIONS 

The collisionless behaviour of suprathermal particles and of plasma particles 
plays an essential role in the effects of toroidal ripple. Collisionless ripple-trapping 
and banana drift are the major loss processes of suprathermal particles in high-
temperature plasmas with ripple. To achieve effective control of burning plasma by 
ripple, the ripple field configuration must be modified to enhance diffusion and 
conduction. 
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DISCUSSION 

ON PAPERS W-2-1 AND W-2-2 

A. BERS: I would like to mention a recent proposal for achieving a stable 
plasma burn at high Q(20—50) by using an appropriately time-tailored 
supplementary heating. The details of this technique will appear soon in a 
Nuclear Fusion paper1. It seems to me that our proposal is much simpler than 
the use of ripple losses and/or major radius changes. 

K. LACKNER: Feedback-burn control by high-Q driven operation is described 
in our paper (CN-38/W-2-1). As it is conceptually simple, I did not include it in 
my presentation. From the physics point of view it is a viable option, but reactor 
studies will have to determine whether the required Q-values are economically 
tolerable. 

J.G. CORDEY: With your ripple a-particle loss control scheme, how close to 
the optimum /? for ignition can you control the burn? 

K. LACKNER: The jS-enhancement for ignition required to obtain stable 
burn by passive stabilization with enhanced ion heat conduction alone (no radial 
displacement) has been computed in Ref. [9] of our paper (W-2-1) and amounts 
to about 35% for a T7/2 ripple-ion heat conduction law and about twice as much 
for a T^2 law. The effect of ripple-dependent a-losses, which are stabilizing for radial 
displacement in an inhomogeneous ripple or feedback-controlled time-varying ripple, 
has so far not been included in our calculations. 

HARTEN, L., FUCHS, V., BERS, A., Nucl. Fusion 20 (1980) 833. 
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Abstract 

CONSIDERATIONS ON THE APPROACH TO IGNITION IN LARGE TOKAMAKS. 
The approach to ignition in one-dimensional tokamak models is examined, first by 

mapping parameter space using a steady-state code and then by applying, to JET, a particular 
transport model justified by comparison with PLT. The appearance of a cool plasma mantle 
to limit impurity production is an important feature of this model and conditions are given 
for the mantle to exist stably. 

1 . INTRODUCTION 

To achieve ignition in a tokamak,two main conditions have to 
be satisfied. First the plasma must be sufficiently m.h.d.- stable 
in the ignited state, placing a restriction on B; and,second, 
suitable means of heating the plasma to the ignited state must be 
provided. Both of these depend crucially on the transport properties 
of the D-T plasma and on the impurity source and behaviour. These 
matters are not well enough understood for any precise calculation 
of the plasma parameters at ignition to be made. Nevertheless, 
approximate scaling laws can be derived from the present experiments 
and these may be extrapolated to reactor conditions. In section 2 
the ignition parameter space as a whole is mapped using a steady-
state code; in section 3 a particular model is compared with PLT 
and applied to JET; in section 4 existence conditions for the cool 
plasma mantle found necessary for impurity control are derived. 

2. STEADY-STATE CALCULATIONS 

2.1. Model 

At the present time there is no unique scaling law for tokamaks. 
In an attempt to cover the range of possibilities four different 
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FIG. 1. Ignition curves in ña, /3* space for 
four different scalings of the thermal 
conductivity. Curves labelled as in 
Eq. (2.1). 

scalings of the electron thermal transport coefficient are considered. Lings 
These are 

(A) Xg = Kj/n 

(B) Xg = K2/nTe 

(C) Xg = K 3T e ̂ /nqR 

(D) \ = K 4/n(l-r
2/a 2) 3- 5 (2.1) 

K x = 5xl0
19; K 2 = 4xl0

19; K3 = 1.4x1020; K 4 

Units are: m, m~3, keV 

10 19 

Scaling (A) is the one used by the INTOR study group; (B) is similar 
to the form given by Coppi and Mazzucato [l]; (C) is the one 
proposed by Ohkawa [2] and (D) is a radially dependent form. 

To determine the ignition curve and the optimum route to 
ignition for a particular form of Xe> a steady-state 1-D transport 
code has been written; an advantage of such a code is that the 
thermally unstable low-temperature side of an ignition curve (eg. Fig.l) 
can be readily determined. Since both the alpha-particle heating and 
the impurity radiation are strong functions of temperaturer an adap
tive non-uniform spatial grid technique is used so that reasonable 
numerical accuracy is achieved with an economy of grid points. 

The steady-state 1-D transport equations are taken in the form: 

_ | _ [ r ( n X e ^ + | T e ^ ) ] + E z J z + s e
f 

3 ^ n ( T e - T i > 
a i 

, _e e jme ^ - _e _ 
+ S - S =• — S . = O 

a b r m-i x e imp 

(2 .2) 

£fc«^H*]-.i-S«^*«í-o (2 .3 ) 
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TABLE I. JET PARAMETERS USED IN 
CALCULATION 

Major radius, R 2.96 m 

Effective minor radius, 5 

(to represent D-shape cross-section) 1.62 m 

Minor radius for beam penetration, a 1.25 m 

Toroidal field, B 3.45 T 

Toroidal current, I 4.8 MA 

Beam specification 

Composition: 58% at V; 23% at V/2; 19%atV/3 
(V = acceleration voltage) 

Basic performance: 17.5 MW hydrogen neutrals; 
lOMWat 80keV 

Extended performance: 45 MW deuterium neutrals; 
26MWat 160keV 

Equations (2.2)and (2.3)are the electron and ion power balance equa-
e i 

tions respectively. The terms are as follows: S , S i s the 

alpha-particle heating (50:50 mixture) of the electrons and ions; 
e 

Sfcr i s the bremststrahlung radiation from the hydrogenic species, 
Q 

S. the impurity radiation.and here the coronal equilibrium 
imp ' 

expressions of Post et al. [3] are used; S^, S^ is the injection 

heating of ions and electrons. The ion thermal transport coeff

icient Xi i s assumed to be neoclassical and D to be 0.25X . 
1 e 

Fixed density profiles are used (the shape of the profiles has been 
varied and found to have only a small effect on the ignition con
ditions) . The impurity concentration factor f=n. /n is taken as 
constant; this simple model, which gives Z approximately constant 
across the profile, has received some support from the spectro
scopic measurements on the experiments. 

2.2. Minimum 3 for ignition1 

The dominant terms in Equations(2.2) and (2.3) are the electron 
thermal loss, the alpha-particle heating, radiation and thermal 
equilibration terms. For the forms of X given by Equation (2.1) , 

0* = 2/iO \\JrflUr Bo; T s- Te + Ti. 

file:////JrflUr
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r(m) 

FIG. 2. Co mpariso n of electro n tempera-
ture profiles with and without impurities 
at ignition. 

FIG. 3. (a) /?* and Zefíat ignition versus f the fraction of oxygen impurity, (b) The peak ion 
and electron temperature versus f (scaling, Eq. (2.1 (A)). 
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FIG. 4. Contours of injection power (160 ke VD°) in MW, in na, 0* space. 

we find that after putting the equations in non-dimensional form 
the peak temperatures T.fT are functions of na, f and P (the 
injection power) only. Thus although all of the terms are used 
in the numerical analysis with JET parameters (Table I), the 
results are given in terms of na, f, P, T , T. so that an approx
imate answer could be obtained for any device. 

In Fig.l are given the ignition curves for the four scaling 
laws as a function of na and $ . The important point here is 
that the minimum ¡3* for ignition always occurs at low densities 
for all four scaling laws (n <lO20m 3 ) . The range of 3 varies 
between 3% and 8% for the JET parameters. 

The main effect of the impurity radiation on the ignition 
conditions is to change the shape of the steady-state temperature 
profiles at ignition, flattening the edge and increasing the central 
temperature; this is shown in Fig. 2. The corresponding change in 
3 as a function of impurity concentration is shown in Fig. 3, 
where we see that ignition is possible with feasible 6* values, 
for oxygen levels of 2% or so for JET and up to 8% for a larger, 
higher-field device. Similar calculations show ignition also to be 
possible with up to 0.2% of iron impurity in JET. 

2.3. The power needed to reach ignition 

The main applied heating in (2.2) and (2.3) is neutral-injec
tion heating. In Fig. 4 a typical set of required injection power 
contours is given for the INTOR scaling (2.1A) and 160keV mono-
energetic D° injection. The interesting point here is that there 
is an optimum route to ignition in n ,T space. This 'ignition 
pass' is bounded on the high-density side by poor beam penetration 
and on the low-density side by electron thermal transport losses. 
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FIG.5. Injection power in MW versus % FIG- <$• Injection power versus %for 
for the different scalings, curves labelled different impurity concentrations and 
as in Eq. (2.1). scalings (Eq. (2.1 (A)). 

Fig. 5 shows the power required to reach given T for the four 
scaling laws, for a route through the ignition pass region; note 
that there is a substantial difference in the peak power require
ments of the four scaling laws. The addition of impurities in 
Fig. 6 also increases the power required for ignition significantly. 

3. TIME-DEPENDENT CALCULATIONS 

3.1. Model 

The previous section mapped the parameter space for ignition, 
indicating optimum routes, required B values and the effect of 
impurities. We now use the 1-D transport code ICARUS [4] to examine 
whether, for particular model assumptions and heating powers, JET 
will be able to reach ignition. In order to give some realism to 
the model we have chosen its form and normalised it by applying 
it to PLT, which because of its large dimensions and high temperatures 
is the tokamak which requires least extrapolation to JET. 

The model used follows that in [5] with the following excep
tions. The electron, fuel ion, impurity ion fluxes, and the 
electron thermal fluxes are represented by anomalous diffusion 
coefficients (Dfj-p and XNT respectively) : 

X N T = K/n2QTe for XNT
 <0'4/n2o' otherwise X O T = °-

4/n
20 

K = lxl0"5/a°*35R1,2 i"0*8; DNT = 0.15XNT 

n20 and Te are the local values respectively of the electron density 
in units of lO20m-3 and the electron temperature in keV. The 
exponents are chosen to give a fit to the data of [6], but con
strained to give XNT inversely proportional to both density and 
temperature, and consistent with [7]. The constant of proportion
ality is adjusted to fit PLT data as shown in §3.2; it is about 
half the value in [5] which was the best fit value to the data of [6]. 
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NT MODEL Ft IMPURITY 

N MOOEL Fe IMPURITY 

FIG. 7. Radial profiles for PL T simulation. 
Experiment points are indicated: x for Te, 
o for ne and 'for Tit from charge 
exchange and spectroscopy [8]. 

r 7 3 i» 
MEAN ELECTRON DENSITY (xK)19)(ni3) 

FIG. 8. Variation of peak tempera
tures with mean electron density 
for PLTsimulations. Experiment 
points are indicated: x for Te and 
m for Ti as in Fig. 7. 

All cases reported use K =0.4 (as in 2.IB) which is the value 
for PLT and for JET with I = 3MA. The temperature gradient terms 
in the impurity particle flux are assumed to correspond to those 
in the intermediate Pfirsch-Schlüter regime. The neoclassical 
Ware-pinch terms are included. Recycling coefficients for plasma 
and impurities are 0.98 for PLT, 1 for JET. Neutral beams with 
appropriate composition are introduced, a - particle orbit losses 
are included. Sputtering of iron by outgoing fluxes of charge-
exchanged neutrals and charged particles occurs;the coronal radiation 
model[3] is extrapolated to zero at low temperatures. 

The model is thus similar to the NT model of [5] (the main 
differences being the impurity transport, reduction of K and 
inclusion of VT and Ware-pinch terms) and,for JET, gives similar 
results. Results are also quoted for the N model of [5] (i.e^.lA), 
which is less favourable but gives significantly poorer agreement 
with PLT. 

3.2.Comparison with PLT 

Fig. 7 shows the NT model to give a tolerable fit to exper
imental data [8], much better than the N model. Table II shows 
the NT model also gives a fair account of the power flow, and Fig.8 
shows that it predicts a variation of temperature with density 
similar to that observed with neutral injection. 

In the simulation shown, the radiation loss arises from iron 
impurity, whereas the experimental data suggest that the edge 
radiation is mainly due to low-Z impurities. We have made other 
simulations in which the charged-particle outflux sputters carbon 
while the neutral outflux sputters iron. Surprisingly, the pro
files are relatively unchanged, although the iron concentration is 
reduced by a factor of 2. 
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TABLE II. GLOBAL POWER BALANCE (MW) IN PLT SIMULATION 
COMPARED WITH REF. [8] 

PLT 
values 

[8] 

NT 
model 

Ohmic 

0.5 

0.4 

Beam 
power to 
electrons 
(ions) 

0.3 

(a) 

0.2 
(0.8) 

Radiation 

0.6 

0.4 

Electron 
heat 
transport 

0.3 

0.3 

Ion 
heat 
transport 

a 

0.06 

Charge 
exchange 

0.3 

0.3 

Energy 
equi-
partition 

0.2 

0.3 

a Value not available. 

3.3. Predictions for JET 

Fig. 9 shows the development of density and temperature in 
JET for NT and N models with and without impurity for basic and 
extended beam heating (Table I). The approach to ignition con
ditions in the central plasma can be judged by the closeness of 
the parameter Y to 1, where Y =P /(PiOSs

+|E|) is evaluated over 
r^0,63m, E is the internal energy, P the a power, P 
the loss from the region» Escalation of the central 
temperature occurs at extended performance for the cases without 
impurity and for the NT case with impurity; it just fails to occur 
in the N case* The N case does reach high values (T = 22keV, 
Y = 0,8 at t = 4.6s); however, the window of starting densities for 
which these core ignition conditions can be obtained is much wider 
with the more favourable NT model. 

Profiles for an NT case are shown at t = 2.2s in Fig. 10. 
Note the important Cool Plasma Mantle layer in the outer 0.22m where 
the density is high (f^6xl019m 3) and the temperature low (<20eV). 
This layer is essential to limit the sputtering of impurities [9]; 
it forms spontaneously in both NT and N models. In this NT case 
the overall B is 5„2<fe (3* = 7.5%) , T = 32keV and Y = 0.8; the 
average temperature T is 9.8 keV while Y over the whole plasma is 
0o34; the total alpha-power is 26MW, while the total radiated power 
is 43MW and the total beam input is 45MW. 

If the beam is switched off at this time the central temper
ature and total plasma energy continue to increase while the cool 
edge layer slowly eats into the plasma. temoval of the beam power 
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FIG. 9. Predicted temporal relationship 
between peak ion temperature and line 
average density for JET, in basic (—j 
and extended ( ) performance. Curves 
are for N model (I pure, II impure) and 
NT model (III pure, IV impure). Y values 
are shown in brackets after time in 
seconds. 

PEAK ION TEMPERATURE (teV) 

FIG. 10. Predicted radial profiles 
after 2.2 s for JET plasma with 
mean starting density of 
4.4 X 1019 m"3 heated by 45-MW 
deuterium neutrals (26 MW at 
160 keV). 

Time : 2.22 s 20.3 
Starting Density.-0.44x10 m 

input to the mantle causes a prompt reduction of the mantle temper
ature, which,because of the assumed fall in.radiation efficiency 
with temperature,enables a new balance to be established. At 
points further into the plasma the profiles adjust to the new 
power deposition profile, resulting in a reduction of the steep 
temperature gradients leading to inward diffusion of impurities, 
so increasing the mantle thickness. Thus at 2.7s, Y and Y have 
reached 0.95 and 1, the beam input is zero and the total radiation 
loss has fallen to 17^MW. By 3.8s the mantle thickness has 
increased to 0»38m, T and T* would have reached 64 keV and 14.5 keV 
but presumably would be limited to lower values by MHD effects 
since the calculated 3 value is now 7.7% (3 = 14.3%). 
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4. FORMATION AND MAINTENANCE OF A COOL PLASMA MANTLE (CPM) 

A CPM was shown in the previous section and elsewhere [5], [9] 
to be a very important mechanism for limiting impurity influx. To 
derive conditions for its formation and maintenance we note that 
the properties of the edge plasma, where impurity radiation is a 
dominant loss, differ considerably from the core plasma. Separate 
global energy balance equations for the two regions are solved. 
The edge region is defined by T(r,t) < 0.2keV (the temperature at 
which iron radiation falls to about 10% of its maximum). Simple 
analytic forms are assumed for the temperature profile, to allow 
the different heating and loss components in the local energy 
equation to be integrated over each region. The sputtered influx 
is evaluated approximately, and a crude prescription is used for the 
impurity diffusion. 

The temperature profile in this 2-region global model is 
represented by: 

T(r,t) = (a-r)T " + (a-r)2 (PnM - P D M ) / 2 K for b < r < a 

T(r,t) = T . (l-r2/c2) for o < r < b 
o 

RM """ PBM 
unit volume over the edge region, K is the thermal conductivity, 

and b(t) is defined by T(b,t) = 0.2. The density has the fixed 

form n = nQ (l-r
2/a2) while the time evolution of the parameters 

T , T *, b and c are determined by the global energy conservation 
equations for the edge region and the whole plasma, and by continu
ity of T and dT/dr at r = b. As the impurity content increases 
with time due to sputtering, radiation cooling accounts for an in
creasing fraction of the energy loss, at the expense of heat con
duction. If the impurity density becomes sufficiently large, all 
energy input to the edge region is radiated and the edge gradient 

T = 0 . The model profile is then changed to T(r,t) = T (1-r /a ) 

and the region boundary becomes b = a [l - (5T0)""
1' ' ] \ 

The two energy-conservation equations determine the evolution of 

T (t) and y (t). 

The model yields simple analytic criteria for onset of the 

different types of profile. Thus the criterion for T&' = O is 

n - l.Bxl(T9=ü- > 0.95xlO~8 ̂ V ^ (4.1) 
zm Roa no a 

where W = T?W.A /E. ; W. is the neutral injection power (in watts) 
3 3 D 1 

in the j t h beam component with injection energy/nucleón=Ej/AjkeV, 
K = 0.8x1o1* watts/keV m (using the INTOR form 2.1A) , and n is 
the mean iron density in the edge region in units of 
lO /m . 
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When this condition becomes marginally satisfied, the edge 
region expands rapidly to form a Cool Plasma Mantle» The impur
ity density at which such a CPM forms depends on the relative rates 
of increase in T and n . The negative constant on the left of 
(4.1) gives a lower limit on n . For JET parameters (Table I)this 
is 0,35x10 3. For a mantle to form when T ̂ 2keV requires n to 

o zm 
reach about twice this threshold. 

The balance between conduction into the edge layer and radia
tion loss leads to a condition for the mantle to be stable. It is: 

T[lnT - 2] < 0.64x106 nQa
2(0.4)l/Y (1 - .92/y) nzm/y

2 (4.2) 

where T = (5TQ)
s/2Y 

When, as described above, Ta"* first becomes zero, (4.2) is not 
satisfied and the edge rapidly expands until it is. The mantle 
width may be estimated by taking the expansion to stop when (4.2) 
is satisfied and by taking the total plasma energy to be unchanged 
by the rapid expansion, i.e. TQ(t) = T Q l (0.4y + 0.6), where TQ1 

is the axial value just before mantle formation. For the JET 
values above this gives y = 1.5 and TQ = 2.5keV. The rapid increase 
in width in this case is from 0,11mwhen T„ "* first = O to 0„15m when 

a 
(4.2) is satisfied. In other cases larger increases are observed. 

5. CONCLUSIONS 

Steady-state calculations show that ignition should be 
possible in a JET-size device provided that $* values in the range 
3% -*• 10% can be obtained without serious loss of confinement, and 
provided high-Z impurities (e.g. iron) can be limited to one or two 
tenths of a percent while low-Z impurities (e.g. oxygen) are limited 
to a few percent. Significant reductions in the power required to 
reach ignition are to be had if navigation in n, T space is possible. 

A particular 1-D transport model has been shown reasonable by 
comparison with PLT; this NT model permits central region ignition 
in JET for a wider range of starting conditions than a previously 
used N model (INTOR type). For the impurity model used,26MW of 
injected power at 160keV is required to achieve global ignition 
on a time-scale of 2.2s. Previous calculations [5] show that 
this power requirement would be much reduced if the power could be 
deposited more centrally. 

The formation of a cool plasma mantle to limit impurity pro
duction is essential to achieve this performance. Conditions for 
the stable existence of such a mantle have been derived. 
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DISCUSSION 

CM. BRAAMS: What is the time-scale for the development of the cool 
plasma blanket? Will it develop within the projected pulse-time for JET? 

A. GIBSON: The cool plasma mantle in these simulations develops very 
quickly, certainly in less than half a second — which is much shorter than the 
intended heating pulse duration in JET. 

G.H. WOLF: What are the most important transport features which lead 
to the impurity concentration in the boundary being responsible for the reported 
edge radiative cooling? 

A. GIBSON: The present impurity model uses temperature gradient terms 
appropriate to the intermediate Pfirsch-Schlüter regime, together with the 
anomalous impurity transport scheme given in Section 3.1 of the paper. The 
effect of the strong temperature gradient which develops about 0.3 metres from 
the plasma edge is then to inhibit transport of impurities to the plasma interior. 
Similar behaviour occurs in a model in which both VT and anomalous impurity 
transport terms are set to zero, but in this case it is the occurrence of a local 
maximum in the hydrogen density which inhibits the inward impurity transport. 
A transport model which encouraged peaking of impurities on the discharge 
axis would make ignition more difficult. 

B. COPPI: When making the comparison with diffusion in PLT, which is 
run at relatively constant currents, you should multiply the diffusion coefficient 
by the ratio of the poloidal fields. Moreover, the existence of a density inflow 
should produce more peaked density profiles. Do you still get an effective 
"mantle" in this case? 

A. GIBSON: The expression used for the electron thermal transport 
coefficient in the time-dependent simulation is given in Section 3.1 of our paper. 
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You will note that in addition to the (nT)"1 dependence there is a dependence 
on dimensions and plasma current, chosen to fit the data of Refs [6] and [7] in 
the paper and bearing some resemblance to the Bp o l dependence which you 
advocate. The values given by this expression for PLT at 0.5 MA and for JET 
at 3 MA happen to be the same ; they are also the same as the value given in 
our Eq. (2.1 (B)), which is obtained from your expression in Ref. [1 ] after roughly 
normalizing to PLT data and scaling to JET. 

The time-dependent model includes Ware pinch terms and, as you can see 
from Fig. 7, when applied to PLT it gives relatively peaked density profiles; the 
same model when applied to JET produces the profile in Fig. 10. In the outer 
one third of the radius, the density changes progressively by a factor of four or 
so and only in the central two thirds is the profile relatively flat; this region is 
well inside the cool plasma mantle. 
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Abstract 

EFFECT OF NON-IDEAL ALPHA-PARTICLE CONFINEMENT ON LONGITUDINAL 
CURRENT AND PLASMA EQUILIBRIUM IN TOKAMAKS. 

The excitation of a plasma current in tokamak reactors by products of the thermonuclear 
reaction (a-particles) is discussed. Such a current is due to the anisotropy of the distribution 
function for the reaction products, which is caused by the rapid drifting out, towards the tokamak 
chamber walls, of some group of the high-energy ions that are produced. A connection between 
the a-particle current and the plasma parameters is established, and its radial distribution in 
tokamaks with rather high currents (I > 5.4/VA MA, where A is the aspect ratio of the torus) is 
examined. Taking toroidal effects into account, the authors obtain an expression for an electron 
current excited by fast ions. The poloidal electric field which results from the non-equilibrium 
in the distribution of a current of a-particles over the magnetic surfaces is determined, and the 
diffusion flow of the plasma across the magnetic field due to the a-particles is evaluated. It is 
shown that if a large part of the current of thermonuclear reaction products is localized in the 
region of the plasma near the axis there may be a substantial drop in the total current in tokamaks. 

1. INTRODUCTION 

It is well known that thermonuclear a-particles can escape from the plasma in a 
non-collisional manner. The probability of such an escape depends on the orientation, 
with respect to the magnetic field, of the vector representing the velocity of the 
a-particles at their moment of origin. In the plasma region from which a-particles 
escape, therefore, the velocity distribution function of the confined a-particles is 
anisotropic, and their mean velocity along the magnetic field is non-zero. This region 
occupies a substantial portion of the plasma column if the current in the tokamak is 
not too high, in particular if the current does not exceed several mega-amperes. 
It may, therefore, be expected that effects due to the anisotropy of the a-particles 
will appear in the tokamaks going into operation in the 1980s. 

It has been shown [ 1 ] that anisotropy may appreciably affect collective 
processes in the plasma and the confinement of a-particles, leading to the excitation 
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of so-called thermonuclear cone instabilities in tokamaks. More recently, a classical 
effect due to the anisotropy of the velocity distribution function of the a-particles 
has been discussed: the generation of a longitudinal current in the plasma [2]. 
In Ref. [2], however, important questions about the electron current excited by the 
a-particles and about the influence of the generated current on the equilibrium of 
the plasma and on the diffusion flows within it are left unanswered. These questions 
are discussed in the present paper, which also briefly summarizes the main results 
of the work described in Ref. [2]. 

2. THE ALPHA-PARTICLE CURRENT 

If effects due to spatial inhomogeneity are ignored the distribution function of 
the high-energy ions formed as a result of the nuclear reaction may be approximated 
as follows [11: 

5 (v-vq) T?[(X—Xi)(X-X2)3 .,.,. 
2TT va

2 2 + X1-X2 

where va =* / — ~ > ea = 3.5 MeV, 1} (x) = / ô (y) dy, x = vy/v is the pitch angle 
«¿» 

of the particles, x.1,2 (P> 0) are the boundaries of the loss region in velocity space of 
a-particles with energies E = E a , and p and 6 are the radial and poloidal co-ordinates. 
Under the influence of Coulomb collisions the a-particle distribution spreads out 
towards lower velocities and its own isotropization. However, the process of 
isotropization is significant only when v < vc ~ (me/mi)1/3 vxe, where vxe

 =v /2T e /m e , 
and me and Te are the electron mass and temperature. For this reason, the 
a-particle current is non-zero in the steady state. For the component of this current 
along the magnetic field (j||a) the calculations lead to the following expression: 

where TS and T{ = 4/(n <a v)) are the characteristic times for slowing-down and 
production of high-energy a-particles. The sign of the difference x? ~~ XÍ, which 
determines the sign of j | | a , depends on the relative orientation of the total current 
in the plasma (I) and the toroidal magnetic field Bt. Therefore, the direction of 
the a-particle current j a is uniquely linked with the direction of the total current 
in the plasma. A more detailed analysis shows that if there are no limiters, and 
if the gap between the plasma and the chamber walls is small, the total current of 
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a-particles flows in the same direction as the current I. But on the inner periphery 
of the torus the a-particle current flows in the opposite direction, i.e. 
s g n J | | a (0=7r )=-sgnI . 

It is of interest to know the average a-particle current over the magnetic 
surfaces; to obtain this we must calculate the mean value of the difference 
Xi ~~xl- Let us perform the calculations making the assumption that the total 
current in the plasma is sufficiently great for a-particles escaping from the plasma 
to satisfy the inequality A p / p « 1 (Ap being the characteristic radial displacement 
of the particles). In addition, we shall consider the total current to be spatially 
homogeneous, and we shall take the magnetic field in the form B = (B/h) (0, 0 , 1), 
where B0 is the field on the magnetic axis, h = 1 + ecosf?, 0 = e/q, e = x/A, X = p/a, 
a is the minor radius of the torus, A the aspect ratio, and q the safety factor of the 
tokamak (the usual system of co-ordinates p,Q,<p being used). The equations for 
the guiding centres of the particles then give us: 

7T A <X? - xl> = r? (2A,-A) r? (A-A,) 3 M 
8 A2 

^¡%-mi-^^-p 
3 A2 A2' 

7 r + l l ~ 8 A^"Âl. ,S in 

A2' 
A2 cos"11 f - 1 

A + 3 (iA^A) I 
Al

 + 4 \2 A A,/ V 

+ 17 (A, - A ) r ? ( A - A ~ 1 ) 

(3) 

A 2 ' 

+ 7? ( A - 1 - A ) 7? (A) {cos-1 (1 - 2AA) -y/\ - ( 1 - 2 A A ) 2 } 

2TT 

where <-> = ( 1/27T) / ( - ) d0, A = 2 T (I - x),T= I(MA)/2.7, A^y/Ï/X. 

o 

To take the current inhomogeneity into eccount approximately, if j(a) = 0, it is 
sufficient to replace I by I + 0.7'/y/K [3]. 

The dependence of the function A <xf ~ xl^ on the ratio A/A! for A = 3 is 
shown in Fig. 1. Note that only the position of the maximum and the section of the 
curve lying to the left of it, which is determined by particles in transit, depend on 
the aspect ratio of the torus. The main part of the function A <x? — XP ('main' in 
the sense of its contribution to the current), which is determined by trapped particles, 
does not depend on A. 

Equations (2) and (3) enable us to construct radial profiles of the average 
a-particle current over the magnetic surfaces. Such profiles are given in Fig.2 for the 
case where the total current is homogeneous and amounts to 5 MA, and 
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1.0 

0.5 

1 

A/A, 

FIG.l. Dependence ofA{y\ — xl> on 
A/Ai for A =3. 

FIG.2. Radial a-particle current density 
profiles. 

n ~ T ~ (1—x2) , k = 1 and 0.5. Spatial inhomogeneity of the current leads to some 
narrowing of the region of localization of the a-particle current as a result of the 
preferential shift to the right of the section of the curve j | | a (p) with a positive 
derivative. 

Let us now look for the total a-particle current (Ia), assuming that 
(o v) ~ T2 and 

n = n 0 ( l - x 2 r , T = T 0 ( l - x 2 ) 2\T (4) 

where v and r are constants. For this purpose, let us insert expressions (4) and (3) 
into formula (2). Then, taking the current in the plasma to be spatially homogeneous, 
we arrive, after integration, at the following expression: 

i a = i o - 1 6 i 
16 11 _ IL ) no rso £ Í (2.7 Ax 

va / Tfo A V I 

X+l 
Qx (5). 

Here Â = C + » T , the currents I a and I are expressed in mega-amperes, and Qx is 
given by the formula: 

QX = 
r(^) 

(X- l ) (X+l) 2 ( l+3) 2
 r ( X ± l ) 

S^/TT (X+2) 
3 ( 2 X - 1 ) C X - I + 17XCi 

- 3 (9X+1) Cx+i + 22 (X+2) C\+2 - 2 (3X+13) Cx+3 

7T/4 
>X-2 

(6) 

2 x-2 r x 
where Cx = N / cos2A xdx. 
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In particular, Q0 = 4, Q2 = 2.5, Q9/2= 3.95. Spatial inhomogeneity of the current 
reduces the a-particle current. This effect may be described, at least for low values 
of X, by supplementing the right-hand part of equality (5) by the factor 
( l -2/(v£l))X + 1 . 

Let us make a numerical evaluation of I a using parameters similar to those of 
the T-20 tokamak. We shall assume that a = 200 cm, A = 2.5,1 = 5 MA, 
n0 = 2 X 1014 cm -3 , T0 = 20 keV. Then for a current homogeneous over the plasma 
column cross-section and for X = 9/2, which corresponds, for example, to a 
parabolic distribution of temperature and density over the column cross-section, 
we obtain I a = 140 kA; for X = 2, which corresponds to a flatter distribution of the 
parameters, e.g. r = 1/2 and v- 1/2, we obtain I a = 610 kA. Inhomogeneity of 
current distribution reduces these values of I a to 380 kA for X = 2. 

3. EXCITATION OF AN ELECTRON CURRENT BY ALPHA PARTICLES 

A secondary electron current arises in the plasma as a result of the anisotropy 
of the a-particle distribution function. An analogous effect occurs when high-
energy neutrals are injected into the plasma [4—8]. 

To determine the electron current generated by the a-particles we must first 
find the electron distribution function (fe). Since the a-particle density is low in 
comparison with the plasma density, fe may be taken to differ only slightly from 
the Maxwellian function (f0): 

fe = f 0 + f , f « f o (7) 

In this case the following drift kinetic equation holds for the correction f: 

3L © | £ = cee(f) + Cei(f) + Ced(fo) (8) 

where Cej are collisional terms. 

The sum Cei + Cea c a n be represented, with an accuracy of terms of the order 
of me/mi, in the form: 

a 
Cei + C e a ~ *>oZeff

 v | | T~ 
MVII 9f , 2u* „ 

B 9M v r e
2 (9) 
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yjl 7T A e4 n i 
"o - 2 »M > v | | = V 2 ( & - M B ) , B = B0/h 

me & 

u* - (? Zf ni UÍ + Za na va)/n Zeff, m UÍ = /v||i f*i d3 v, 

na va = /v||tt fa d3v, M = vf/2B, & = v2/2 

A is the Coulomb logarithm of the plasma, and vj_ and v are the transverse and total 
velocities of the electrons. Expression (9) is obtained on the assumption that 
V T e » v a , VTr 

Let us examine electron-electron collisions by means of the model integral of 
collisions proposed in Refs [9, 10]: 

„ / r v 3 ^vll df , êe v|| foKeVl|fd3v 
Cee(0 = ^ e e V , | ^ 1 - ^ + ^ ^ f o d . y 

where ^e = ^o ( v ^ / W 3 * H (y/W^), H(x) = ( l - ¿ - J V(x) + t?'(x), 

x 

T?(X) = - 7 T / v T e x p ( - t ) d t . 

(10) 

Solving Eq. (8) by the well-known method of averaging over the angle 6, we 
obtain f after some rather laborious calculations and, using f, the longitudinal 
electron current: 

S enj Zf uj + e Za na (vq) B 
Jlle = S ¥*(6'Zeff) (U ) 

where 

$ = J 1 -
2.13 

3 ^ 

H(x)ex x3'2 dx 

H(x) + Zeff 
(1-J) 

0.532 (1-J) + Zeff H(x)ex dx î 

H(x)+Zeff 

(12) 

1-e 
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<t>(ü 0.5 

FIG.3. The function 3> (e) for Zeff = 1 
and Zeff^> 1. The broken lines indicate 

to results folio wing from Ref. [8]. 

Note that iîy/ë « 1, then 

J s \-\A6y/e 

and expression (11 ) for UÍ = — ma na va/(mi n\) is identical with the corresponding 
expression in Ref. [8]. 

Expression ( 11 ) is correct for any Zeff. In particular, for Zeff = 1, we have 

- 0.913 +0.087 J 
$(e) = J 

1.593 —0.153 J 
(14) 

If Zeff ^> 1, the influence of electron-electron collisions can be ignored, and 

* ( e ) a j (15) 

Figure 3 shows a graph of the function $ (e) for Zeff = 1 and Zeff » 1. The broken 
lines indicate the results following from Ref. [8]. The graphs show that using the 
results of Ref. [8] is justified only for small e. The refion of applicability is 
particularly small if Zeff = 1, in which case it is limited by the condition e < 0.1. 

4. EFFECT OF THE ALPHA-PARTICLE CURRENT ON PLASMA 
EQUILIBRIUM 

The a-particle current distribution over the magnetic surfaces is essentially 
irregular. Equilibrium of the plasma in the magnetic field requires, therefore, the 
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flow of a secondary current of electrons distributed over the minor azimuth in such 
a way as to satisfy the equilibrium equation 

Vp = I [ Î X B ] (16) 

where p is the plasma pressure and j is the total current density. Such an electron 
current may be produced by a poloidal electric field Efl which is inhomogeneously 
distributed over 6 and which is formed after the appearance of the «-particle 
current. The reason for the formation of the field Efl is easily understood if we 
consider the poloidal projection of Ampere's equation: 

9E0 c 9 , 

The building-up process of the field E# is very rapid; as a result, the electric field 
may be considered to be potential. To find this field in an equilibrium state it is 
sufficient to know the longitudinal component of Ohm's law: 

j | | =(T|| E|| + j a e +Jo (18) 

where j a e
 = j | |a — -J||e => a | | *s t n e longitudinal conductivity of the plasma, E|| is 

the electric field component along the magnetic field, and j 0 is a current in the 
plasma not considered in the above analysis, such as a bootstrap current. For the 
case where the poloidal currents are inconsiderable, we find: 

K9=—~ [ h W - J a e ] (19) 

Equation (19) shows that, as might be expected, the field E# is non-zero because 
of the deviation of the poloidal dependence of the a-particle current from the 
law j ~ 1 + e cos0. In addition, Eq. (19) indicates that the functions E#(0) and 
jae(0) are in opposite phases. As a result, the frictional force of the electrons 
against the a-particles has the same direction as the force exerted on the electrons 
by the electric field. This ensures the equilibrium of the total current in the plasma. 

The existence of a directional motion of a-particles must lead to additional 
diffusion of the plasma. The corresponding diffusion flow is of the same order of 
magnitude as the flow produced by injected ions [8]: 

„ v/e me c Z& n a <va) r@^k^~ (20) 

where <va> = va ( 1 - ^- ) <xî - xl>, U = 3v/rñ7 T e
M / ( 4 N / 2 Ï A e4 n). 
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Let us now consider the influence of the a-particles on the total current in the 
plasma (I). This question is not trivial, since the current I must satisfy the non
linear equation 

î=îp+tae(I) (2D 

where Tp is the current in the plasma before the onset of the thermonuclear reaction. 
The character of the non-linearity in Eq. (21) is determined by the form of the 
function I a e (I)- Let us consider the practicability of Eq. (21) in the region I > I*, 
where I* is the minimum current in the plasma needed to contain a-particles 
produced on the magnetic axis of the torus. In this region the function I a e (I) is 
monotonically decreasing. Hence, it is readily understandable that a solution to 
Eq. (21) in the region I > I* does not always exist. Thus, if the currents Ip and I a e 

are opposite in direction the difference I — I a e (I) has a minimum. Therefore, if the 
initial current in the plasma is not sufficiently high, i.e. 

I p< ( I - I ae (D)min (2 2) 

then steady states are not possible in the region 1 > I*. For the case under 
consideration, this means that after the onset of the thermonuclear reaction the 
current in the plasma will drop to values I < I* at which the function Iae (I) is 
monotonically increasing. 

It follows that opposite orientation of the currents Ip and lae may have 
unfavourable consequences. It is, therefore, important to clarify the conditions 
under which this may occur. 

According to Section 2, the currentsTa and l p are oriented in the same 
direction, at least if there are no limiters. As a result, an opposite direction of the 
current I a e can be brought about only by the electron current. For this to happen, 
the condition $(e) Zo/Zeff "> 1 (see Eq. (11)) would have to be satisfied. In 
particular, for Zeff = 1, this gives us 3> > 0.5, which is equivalent to the inequality 
p/a < 0.1 A. This means that a large proportion of the a-particle current must 
flow in the plasma region near the axis, and this situation can be obtained only with 
currents not too much in excess of I*. 

Note that when Ref. [2] was prepared the function ^(e) was not yet known. 
That is why its authors, in studying the possibility of steady states with a view to 
evaluating the minimum permissible current Ip, assumed <ï> = 1, as a result of which 
the value obtained for this current was somewhat on the high side. 

If the currents Tote and I p are identical in direction, then the a-particle current 
will produce a small increase in the total current. However, local variations in 
current may be significant and lead to an increase in the MHD-activity of the plasma. 
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Abstract 

PDX EXPERIMENTAL RESULTS. 
During the initial period of operation PDX has obtained the following results: 

(a) Production of macroscopically stable poloidal divertor configurations with dee, inverse-dee 
and single null plasma shapes, (b) Determined vertical positional instability growth rates for 
passively stabilized elongated dee-shaped plasmas with surface elongations from 1 to 1.4. 
(c) Production of Z = 1 plasmas in a diverted dee configuration with confinement times 
approaching 80 ms for plasmas with Ip = 300 kA, B j = 17 kG, a = 38 cm, q = 3 and 
ñ e S 4 X 1013 cm - 3 , (d) Extended the Ohmic heating regime to q s 2 at n e R/B T =£ 1015 cm" 2 T - 1 

and q = 3 at ñ eR/Bx = 4.5 X 10 l s cm" 2 T _ 1 . Neutral beam injection has extended ñ e R / B T to 
~ 6 X 10 1 5 cm _ 2 T _ 1 . (e) Initial neutral beam injection experiments with 1—2 MW injected 
perpendicularly have been used to study ion and electron heating with divertor control of 
density and impurities, (f) Divertor physics studies indicate that the divertor captures ~ 7 0 % 
of the input power, while ~ 3 0 % of the power is radiated, (g) Particle and energy flow onto 
the divertor neutralizer plate is in qualitative agreement with a simple sheath model. 

* University of Waseda, Tokyo, Japan. 
** Japan Atomic Energy Research Institute, Tokai, Japan. 

*** Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA. 
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1. INTRODUCTION 
The main objectives of the Poloidal Divertor Experiment (PDX) are to: 
• determine the effectiveness of poloidal divertors in controlling 

impurities in high-temperature plasmas, 
• use the poloidal divertor to provide clean plasmas for confinement 

and high-beta studies and 
o investigate the effect of cross-section shaping on plasma 

confinement and MHD properties. 
In this paper, we report the results obtained during initial divertor 

operation of the PDX. 

2. DESCRIPTION OF THE PDX DEVICE 
Figure 1 shows a cross-sectional schematic of the PDX device. The main 

design parameters are: R = 130 - 150 cm, a - 40 cm, BT = 25 kG and I_ = 500 kA 
for a 1 s pulse [1,2] . During operation so far, the fields and currents have 
been run at 2/3 their design values. All surfaces in contact with the plasma 
(limiters, divertor neutralizer plates and baffles) are made from 99% pure 
titanium. The vacuum vessel is pumped by turbopumps with a speed of 3 kfc/s 
for H2« During operation, ten titanium evaporators getter half of the twenty 
divertor burial chamber cells providing a pumping speed of ~200k£/s for H2 and 
base pressures ~10 torr. 

3. MAGNETIC PROPERTIES OF PDX DISCHARGES 
3.1. Discharge Initiation and MHD Equilibrium. The magnetic system of PDX 
was designed to produce, with the divertor windings energized, an initial 
quasi-static hexapole magnetic null at a small major radius to form the 

DF H Ef D 0H D CF G3 NF 

RADIUS (METERS) 

FIG. 1. Cross-section schematic of the PDX tokamak. 
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(a) Elongated Dee (b) Standard Oee 

(c) Square (d) Inverse Dee 

FIG.2. Flux plots ofMHD equilibria that have been obtained in PDX. In addition, these 
configurations can be displaced vertically to produce configurations asymmetric about the 
midplane. 

discharge away from metallic limiters. However, it has been found that 
transient fields generated by currents induced in the toroidally continuous 
vacuum jackets of the internal divertor coils are of predominant importance 
during startup. Although, in practice, a very good octopole null can be 
created near the vacuum vessel center by cancelling the divertor and eddy 
current fields with a small applied dipole field, present indications are that 
plasma current buildup occurs more readily when the applied field is adjusted 
to produce a radially stabilizing quadrupole null at a radius of about 160 
cm. While the current buildup from 20 to 100 kA is extremely sensitive to the 
applied vertical field and its rate of rise, with careful programming of the 
field and feedback position control, discharges can be started reproducibly. 

Typical MHD equilibria obtained in PDX during the current flattop are 
shown in Fig. 2; these computed flux plots satisfy as boundary conditions the 
plasma and coil currents, and the vertical magnetic field measured at a point 
above the plasma. The plasma can be moved from one configuration to another 
continuously by varying the vertical field and thereby changing the radius of 
the magnetic axis, 1^. The calculated position of the divertor separatrix for 
the standard-Dee is in agreement with the position at which the outside 
movable limiter cuts off the flow to the divertor and the transition from Dee 
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FIG. 3. Measurements of the gro wth rate 
for vertical positional instability as a 
function of the major radius (i.e. field 
index). For these experiments, midplane 
symmetric divertor coils were connected 
in parallel to provide passive stabilization. 
•̂passive w the current induced in the passive 
stabilization circuit by vertical plasma 
motion. 

to inverse-Dee with variation of R^ has been verified experimentally with 
microwave interferometers in the divertor channels. 
3.2. Vertical Positional Stability. Pairs of divertor coils that are mirror 
symmetric about the miaplane are connected in parallel, and these parallel 
units are then connected in series to the divertor power supply. This creates 
an effective copper shell that can passively stabilize vertical plasma 
motion. In PDX, the vacuum field index (nv = -R/B(3B/3R)) is a function of 
the major radius of the plasma (Fig. 3). Thus, the plasma elongation near the 
separatrix is also a function of major radius with e = 1.0 at 1^ = 140 cm and 
e « 1.4 for a Dee at 1^ = 120 cm or an inverse-Dee at 1^ = 170 cm (e is the 
ratio of the axial to major radial diameters of the surface containing 95% of 
the total poloidal flux within the separatrix). 

The stabilizing effect of the divertor coils was estimated by assuming 
a simple rigid plasma displacement and calculating the radial field due to the 
currents induced in the passive stabilization circuit, expressing the result 
as an additional effective field index, i\>s! f°r "v > ® t*ie plasma is 
vertically (n = 0, m = 1) MHD stable, for nv + n > 0 it is passively 
stabilized and for n^ + n < 0 it is unstable. The passively stabilized case 
has a calculated growth rate as shown in Fig. 3. These criteria were tested 
by creating a stable discharge at R_ = 140 cm and then varying the plasma 
major radius to a new value during the pulse (Fig. 3). The vertical plasma 
position was measured as a function of time, and a growth rate was 
determined. The measured growth rate shows reasonable agreement with the 
predictions of the simple model. In these experiments a maximum elongation of 
e - 1.4 was obtained for a passively stabilized discharge. The difference 
between the measured and predicted growth rates may be due to differences 
between the assumed and actual current profiles or to the fact that the plasma 
may not be perfectly rigid during a vertical displacement. Only limited 
vertical stability studies of an elongated inverse-Dee were made since the 
inverse-Dee became disruptive before significant elongations were obtained. 
Whether this is a result of intrinsic plasma instability or impurity behavior 
will be the subject of future experiments. 

3.3. MHD Fluctuations. Theoretically, we expect the MHD stability to be a 
function of the external field configuration as well as the current and 
pressure profiles [3,4]. Since impurities are also dependent on the external 
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FIG. 4. Operating parameters for PDX 
divertor discharges with a = 38 cm, and 
Bj = 17 kG. q& is the safety factor 
calculated assuming an equivalent 
circular plasma. 

configuration and can influence the current profile, it is very difficult to 
draw conclusions on the correlation between MHD activity and the magnetic 
configuration. In general/ standard-Dee configurations have a relatively low 
level of impurities and are characterized by a low level of m = 2 activity and 
10% sawtooth oscillations in the electron temperature with periods of 
5 - 1 5 ms. These discharges run reproducibly and stably at qa =¡3.1 ('qa' is 
the safety factor calculated for an equivalent circular plasma); the minimum 
'qa' obtained in the Dee configuration was 2.1. Major disruptions have 
resulted in a total current decay time as short as 5 ms although typical 
disruptions are longer. Circular discharges with a titanium limiter have a 
larger impurity content and under our present conditions are more likely to 
have m = 2 activity than the divertor discharges. However, stable circular 
discharges with sawtooth activity have also been routinely produced. Slightly 
inverse-Dee configurations which are between those shown in Figs 2c and 2d 
are macroscopically stable and have MHD fluctuation levels between those of 
the Dee and circular plasmas. 

4. PROPERTIES OF OHMICALLY HEATED DISCHARGES 
4.1. Operating Parameter Range. Following the approach of Stott et al. [5], 
typical parameters for ohmically heated PDX discharges are shown in Fig. 4. 
High electron densities are usually achieved by programming the gas injection 
feedback system to produce a steady rise for 700 ms followed by a 300 ms 
flattop. The maximum density obtained with ohmic heating corresponds to a 
Murakami parameter[6] ñ R/B = 4.5 x 10'5 cm~2T . Neutral beam injection of 
1 - 2 MW permits stronger gas puffing which has produced a maximum density 
corresponding to ñ R/B = 6.5 x 10 cm T . By terminating the gas puffing 
before the end of the beam pulse, the density can be brought down rapidly in 
the divertor discharges to a level that can then be sustained without 
disruption by the ohmic heating alone. 
4.2. Confinement of Ohmically Heated Discharges. The evolutions of electron 
density, plasma current and radial position are controlled by feedback systems 
on the gas injection valves and poloidal field power supplies. These systems 
are especially useful in obtaining reproducible discharges for parameter 
studies of energy confinement and comparisons of different magnetic 
configurations. The electron temperature profile is measured primarily with a 
5-chord soft x-ray pulse height analyser system. For circular discharges, the 
electron temperature inferred from electron cyclotron emission is in agreement 
with the x-ray measurements for both magnitude and profile shape [1]. Within 
the experimental uncertainties, initial results from Thomson scattering also 
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Pt-T x ... 
Upper J** * , ï , • 
Bound " * y fa *f¡r 

, ( 1 0 cm ) 

FIG.5. Electron energy confinement 
time for Ohmic discharges in a diver tor 
configuration versus line average electron 
density. The discharge parameters were 
Ip = 300 kA,qa = 3.1, BT = 17 kG and 
a = 38 cm. The PL T upper bound line 
represents the maximum electron energy 
confinement times achieved in PLT for 
Ip = 400 kA, qe S 5 , B T = 30 kG and 
a = 40cm [8]. 

FIG. 6. Zn for Ohmic discharges in a 
divertor configuration (except where 
noted) versus line average electron 
density. The discharge parameters were 
Ip S 300 kA, qa as 3.1, Br=17kG and 
a = 38 cm. 
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support the x-ray measurements. Ion temperatures are determined from a 2-
chord 10- energy-channel charge-exchange system, Doppler broadening of impurity 
lines, and neutron emission in the case of deuterium plasmas. Electron 
density profiles are measured with a two-dimensional 9-chord 2-mm microwave 
interferometer and appear to be somewhat flatter than parabolic. An infrared 
methyl alcohol laser interferometer is used to extend the microwave density 
measurements to higher densities. 

The electron energy confinement time TEe is defined by 
E. 

4- E = — + P„„ , E = / -| n kT dV ( 1 ) 
T,, OH e ' 2 e e 
E6 

dt 

The ohmic power input is determined by solving a one dimensional magnetic 
field diffusion equation for j(r) subject to the constraints of the measured 
I and V». Neoclassical resistivity [7] is assumed; pure Spitzer resistivity 
would result in values for Z , the effective ionic charge calculated from the 
resistivity, about 40% larger. We assume that the plasma is cylindrical, 
since the plasmas analysed were not highly elongated. Uncertainties in the 
diagnostic data, especially in the profiles, introduce uncertainties of at 
least 30% in the calculated confinement times. 

Results for divertor discharges with B„ = 17 kG, a = 38 cm, 'qa'
 a 3.1 

and I = 300 kA with a flattop time of 700 ms are shown in Figs 5 and 6. The 
peak electron and ion temperatures were about 1 keV and 0.6 keV 
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FIG. 7. Total radiated power and 
volume radiation profiles determined 
from a bolometer array for diverted and 
circular plasmas with Ip = 300 kA and 
% = 3X i 013 cm'3. The volume 
radiation profiles are at 500 ms. The 
Ohmic power input was 300 and 375 kW 
for diverted and circular discharges 
respectively. 

TABLE I. CONTRIBUTION TO Zgff IN OHMICALLY HEATED DEUTERIUM 
DISCHARGES FROM SOFT X-RAY ANALYSIS 

n (1013 cm-3) 
e 

^Chlorine 

Titanium 

Oxygen 

Carbon 

Tlydrogen 

*X 
z 
n 

Divertor (Standard-Dee) 

3.4 

~.002 

~.004 

.06 

.02 

.99 

1.08 

1.06 

Circular 

4 

.02 

.02 

.19 

.07 

.96 

1.3 

1.9 

respectively. The confinement times for plasmas in the different divertor 
configurations in Fig. 2 appear to be similar but have not yet been 
extensively studied. 

The electron confinement of D and H plasmas in PDX is comparable to the 
best achieved in PLT [8] with a == 40 cm, I - 400 kA and BT = 32 kG. In 
helium discharges, confinement times are ~50% better: the electron 
temperatures are higher at the same or slightly lower loop voltages. Both the 
PDX and JT/T discharges have confinement times significantly larger than the 
INTOR ña scaling law [9]. The PDX discharges are relatively clean with 
Z * 1 for H and D even at relatively low densities, and Z - 2 for helium. 

Confinement times for circular and divertor configurations in PDX are 
very similar, but the Z for circular plasmas is higher, typically » 2. Note 
that the gettering for circular discharges in PDX is not very effective since 
the getters evaporate in the remote divertor chambers and not in the central 
confinement region. In both divertor and circular discharges, the total 
energy confinement time including the ion energy approaches 80 ms. 
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FIG. 8. Impurity line intensities for 
standard-dee and two types of circular 

loob o |(ms) mob o looo discharges in PDX. 

4.3. Energy Balance. The plasma energy balance has been studied using a 19* 
channel bolometer array and thermocouple arrays on the neutralizer plates, as 
well as thermocouples on the limiters and other surfaces exposed to the 
plasma. Generally, circular discharges have ~40% of the input power radiated 
with ~25% of the input power absorbed on the limiter; the remaining power may 
be accounted for by radiation and charge exchange localized near the 
limiter. For divertor discharges, ~70% of the input power flows to the 
divertor with ~30% being radiated. Profiles of plasma radiation are shown in 
Fig. 7 for a diverted discharge and two types of circular discharge. The 
first type is characterized by a flat radiation profile dominated by C and O 
radiation and sawtooth activity, the second by a peaked radiation profile due 
to titanium and m = 1 MHD activity without sawtooth oscillations. The power 
radiated from the central region (r < 20 cm) of the divertor plasma is ~10 kW, 
while for circular low-Z and high-Z plasmas the power is ~30 kW and ~60 kW 
respectively. 
4.4. Impurities. Impurities are monitored with ultraviolet and soft x-ray 
spectrometers. Previous comparisons of impurity concentrations in circular 
and diverted discharges were made at low electron densities, 
n " 1.5 x 10 cm , during early operation of PDX [2]. We have now 
extended the divertor/circular comparison to higher densities. All 
comparisons are made for discharges with the same I , B™, ñ" and R. The 
limiter radius was set at 42 cm for the circular discharges while the average 
separatrix radius was 38 cm for divertor discharges. The comparison of 
circular and diverted plasmas is complicated by differences in radiation 
profile and MHD activity between the two types of circular discharge as was 
discussed in Section 4.3, and by erratic bursts of Ti influx in the divertor 
discharges. The impurity contributions to the effective ionic charge 
"z determined from the soft x-ray pulse height spectrometer are given in 
Table I for divertor and circular discharges that have similar sawtooth 
activity. A complete UV spectroscopic survey of impurity concentrations was 
not available for these discharges, but rough indications of impurity behavior 
in the divertor and the two types of circular discharges can be obtained by 
comparing relative line intensities (Fig.8). In general, low-Z impurity 
emission for the two circular modes evolves roughly in the same manner until 
~300 ms, at which time, for the sawtooth-type discharge, the low-Z radiation 
in the plasma periphery (e.g. CIIK977Â) and OIIK703Â)) increases by a factor 

fr^-*-y»»AJc 
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FIG.9. (a) Typical waveforms during perpendicular injection into the standard-dee 
configuration, (b) Electron temperature variation during neutral beam heating. 

of 5 to 10, while higher ionization stages of C and O (e.g. OVK1032Â)) show 
much less, if any, change. This enhancement of low-ionization state radiation 
near the edge without significant increases in high-ionization state radiation 
from the center has been observed previously on PLT [8] . The diverted 
discharges have lower intensities than either type of circular discharge, e.g 
CIV(312Â) and CVK34Â) are ~3 times lower in the diverted plasmas than in the 
circular cases while OVI(150A) and OVIK22Â and 1623Â) are down by ~2.5. For 
the circular discharges characterized by m = 1 activity, TiXII(461A) reaches a 
steady-state level ~20 times higher than that in the diverted discharges. In 
the sawtooth circular case, TiXII(461A) reaches a value about 2/3 that of the 
m = 1 case until the low-Z impurity radiation from the outer edge jumps up, 
after which the steady-state intensity is ~3 times the level in the diverted 
discharges. Central titanium radiation (TiXIX(169Â)) during the steady-state 
portion of the discharge is a factor of 10 - 15 less in the sawtooth 
discharges than in m = 1 circular discharges. There is a further decrease by 
a factor of 5 in the diverted plasmas compared with the sawtooth discharges. 
Equivalent reductions in central Ti densities cannot be inferred from this 
data due to relatively low Te(0) = 800 eV, which causes the TiXIX radiation to 
be sensitive to small changes in the ionization distribution in the plasma 
core. In general, the diverted plasmas are cleaner than the best circular 
discharges, and the divertor seems most efficient in reducing the high-z 
impurity content while also producing a modest reduction in the low-Z 
elements. The random bursting of Ti in the divertor discharges mentioned 
earlier is not fully understood and can, at times, produce instantaneous 
levels of Ti emission from the plasma core which are comparable to typical 
clean circular discharges. 

5. PRELIMINARY NEUTRAL BEAM INJECTION RESULTS 
The first phase of the Joint ORNL/PPPL Heating Project has gone into 

operation on PDX. This initial system consists of two neutral beams, each 
with a rating of 1.5 MW at 50 keV with a 500-ms pulse length. The beams are 
oriented to inject 9° from perpendicular in the CO direction. The system has 
been operated at ~70% of full power for pulse lengths of 200 - 300 ms. 
5.1. Typical Parameters During Beam Injection. A nominal 1-MW H° beam was 
injected into a deuterium plasma with n = 3.4 x 10 cm" , I =¡ 300 kA, 
a = 38 cm, and ftj, = 17 kG for circular, standard-Dee and inverse-Dee magnetic 
configurations. Qualitatively, the plasma behavior was similar for all three 
cases. Typical waveforms for injection into the Dee configuration (Fig. 9a) 
indicate good electron heating with no significant impurity buildup as 
evidenced by the drop in loop voltage and increase in plasma current. There 
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is a tendency for the density to drop during neutral beam injection which is 
partially overcome by the gas feedback system increasing the gas feed in an 
attempt to maintain the preprogrammed n waveform. The electron temperature 
from the x-ray emission averaged over a chord through the plasma center (Fig. 
9b) indicates T increasing from 700 to 950 eV. Abel inversion of 4-chord 
measurements would give a central T of 1100 - 1300 eV during beam heating. 
Electron cyclotron emission (ECE) is not absolutely calibrated at the moment 
and is used mainly for the time evolution of Te at the plasma center 
(Fig. 9b). The decrease in electron temperature during the ohmic heating 
represents a deterioration of confinement. During injection, ECE indicates a 
central temperature increase of ~60%. The sawtooth amplitude is large and its 
period increases from 8 to 16 ms during beam heating. Very limited Thomson 
scattering data are available for these shots. However, under similar 
discharge conditions Thomson scattering has indicated that the central Te 

increases from 600 to 1100 eV. Charge exchange and neutron emission both show 
the ion temperature increasing from about 450 to 800 eV during the beam 
pulse. After injection when both the gas flow and density decrease, the 
electron and ion temperatures increase. 

The diagnostic data are somewhat preliminary, and each diagnostic is 
subject to uncertainties of at least 20%. Particular concerns are that both 
charge exchange and neutron emission are tail measurements while the x-ray-
deduced temperatures are subject to uncertainties in the Abel inversion. 
5.2, Energy Balance During Beam Injection. The neutral beam power injected 
into PDX is not measured directly: a calorimeter in the beam line ~1 m in 
front of the PDX aperture is used to measure beam power and then previously 
measured transmission efficiencies are used to calculate the injected power. 
A 20% loss is caused by beam divergence while reionization by neutral gas in 
the duct and scrape-off is estimated to contribute a less than 5% loss. About 
30% of the remaining beam power is not absorbed in the plasma at the densities 
in these experiments and is deposited on a beam dump on the inside wall of the 
vacuum vessel. Charge exchange losses of trapped beam ions are estimated to 
be between 5 and 15% of the trapped power depending on the model chosen for 
the neutral density profile. Thus, in the nominal 1MW injection experiments, 
where the calorimeter power was 1.13 MW, the power absorbed by the plasma was 
600 ± 90 kW. During the period of beam injection the ohmic power input was 
~180 kW. 

It is premature to make a definite statement on the variation of 
confinement time with beam heating since there are sizeable uncertainties in 
the density and temperature profiles as well as the input power. The present 
data suggest that the confinement time remained constant within a factor of 
roughly 2 during beam injection. 

6. ENERGY AND PARTICLE FLOW INTO THE DIVERTOR 
The energy deposition on the neutralizer plates during a standard-Dee 

discharge was measured with a thermocouple array mounted on one pair of inner 
neutralizer plates'- . The temperature profile from the thermocouples is in 
qualitative agreement with time-resolved infrared TV measurements of the 
neutralizer plate surface temperature. The energy deposition profile is 
peaked within 2 cm of the calculated separatrix location. The limiters and 
other baffles in the main plasma chamber and the outer divertor plates have 
negligible energy deposition. Assuming toroidal and vertical symmetry, these 
data indicate that 70 ± 10% of the input energy flows onto the neutralizer 
plates. Approximately 90% of the total power into the divertor flows onto the 
plate on the large major radius side. During operation with a single null 
configuration produced by moving an elongated-Dee plasma vertically, the power 
became evenly divided between the two plates. 

Langmuir probes and microwave interferometers were used to measure the 
plasma parameters Jiear the neutralizer plates. For a plasma with 
n : 3.3 x 10 cm , probe measurements gave an electron temperature of 
~10 eV and density of 4 - 7 x 10 cm near the plates. Probe measurements 
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across the field lines indicated broad density and temperature profiles with a 
line density of 2 - 4 x 10 cm" , in fair agreement with the microwave 
interferometer measurement of 4 x 10 cm- across the divertor throat. 

Measurements were also made with a single Langmuir probe in the outside 
scrape-off region on the equatorial plane. For the standard-Dee discharges, 
the density showed a plateau extending about 7 cm from the outer towards the 
inner separatrix on the large major-radius side (see Fig. 2b). The plateau 
density was in the range 4 - 15 x 10 cm"3 with the range arising from 
uncertainty in the effective probe area. Outside the plateau, the density 
decreased exponentially with a characteristic distance of 1 - 2 cm. The 
electron temperature was ~8 eV at 1 cm outside the separatrix, decreasing to 
~5 eV in about 10 cm. In the case of inverse-Dee and circular plasmas, there 
was no plateau, but the temperature and density were of the same order as in 
the standard-Dee case. 

Assuming a sheath model, energy flow to the neutralizer plates for a 
deuterium plasma is given by h = 8nkTV. sine, where V is the mass flow 
velocity parallel to B and 0 is the angle of B to the surface [10]. Using 
h = 30 Wcm" from thermocouple data and n = 7 x~10 cm and T = 10 eV from 
probe measurements, we find V. = 3 x 10 cm/s ~ Vg, where Vg = 
[(T. + T )/mJ ' . The particle flow into the divertor, <f>D,can be evaluated 
from the average power, PD, onto the neutralizer plates and the measured 
scrape-off temperature^ For ohmically heated discharges with PD ~ 260 kW, 
<j> = P /8kT ~ 2 x 10 D /s. The standard-Dee diverted discharges require an 

inflow of 5 x 10 D/s to maintain n = 3.3 x 10 cm . From the gas 
inflow, <j)G,and the divertor flow, <()D, one can roughly estimate the recycling 
coefficient to be a = 1 - (fyç/Qn) ~ 0.75, subject to the large uncertainty in 
the measurement of <j>D. 
6.1. Impurity Injection. The observed reduction of impurities in the 
presence of the divertor could be due to shielding of wall impurities by the 
divertor scrape-off or reduction of impurity generation and recycling within 
the main plasma chamber. A series of preliminary experiments on impurity 
injection has been carried out to study these effects. 

Shielding of the plasma from low-energy particles was studied by 
sequentially injecting SiH4 by gas puffing (E = 1/40 eV, 20 ms pulse) and 
atomic Si by laser ablation (E = 5 eV, 300 us pulse) into the same discharge, 
thereby minimizing uncertainties due to variations in plasma profiles and 
atomic processes. For each source, we determined the time-integrated 
SiXII signal normalized to the number of atoms injected. The ratio of these 
normalized signals for the laser ablation and gas puffing was found to be ~8 
in both divertor and circular discharges, indicating possible selective 
screening of the low-energy Si. The integrated SiXII 499Â intensity was used 
to estimate the total influx of Si into the plasma core from the laser 

17 17 
ablation source. Within a factor of three, 1 x 10' ions out of 1.6 x 10 
laser injected atoms reach the plasma core for both diverted and circular 
plasmas, indicating essentially no shielding for the energetic impurities. 

Impurity content in the discharge also depends upon whether the 
impurities recycle. This is important because impurities are observed to have 
a finite lifetime (~20 ms) in PDX for typical conditions. During these 
experiments, the SiXII intensity background increased during Si or SiH4 
injection by at least a factor of 4 more in circular plasmas than in diverted 
plasmas, indicating that Si injected from previous pulses was recycling from 
the limiter. 
6.2. Hydrogen Pellet Injection. Experiments in conjunction with the Oak 
Ridge National Laboratory Plasma Technology Group have begun, using the single-
pellet gas-driven injector previously employed on ISX [11]• The injector will 
be used to explore differences in fueling efficiency and particle confinement 
between gas puffing and pellet injection. Initial results indicate that the 
pellet penetration of divertor discharges is consistent with the ablation 
model used to interpret ISX data [12]. 
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DISCUSSION 

M. KEILHACKER: You have shown that in your standard-dee discharge 
about 80% of the power flow to the divertor goes onto the neutralizer plate on 
the large major-radius side and only 20% onto the other plate. Could this be 
because, in addition to the inner divertor, you have an outer divertor which 
forms a second separatrix? This could influence, for example, the width and 
density profile of the outer scrape-off layer. 

D. MEADE: I think that the ratio of the powers to the inner and outer 
throats of the standard-dee double-null divertor is mainly determined by the 
area of the confined plasma that is in contact with the divertor scrape-off, since 



IAEA-CN-38/X-1 677 

we can make the powers to the inner and outer throats equal by shaping the 
single-null divertor — and in both cases we have an outer separatrix due to the 
inverse-dee field (Fig. 2(d)). I agree that the outer separatrix can influence the 
density profile in the scrape-off region. 

D.R. SWEETMAN: You state that it is possible to increase the density when 
neutral injection heating is added. Is this density increase proportional to beam 
power, or do you find a new limit at higher densities? If so, do you have any 
information about the scaling of this limit with q? 

D. MEADE: In our present experiments we have not systematically 
investigated the density limit as a function of beam power and q. Another 
relevant parameter in this problem is the beam energy deposition profile; this 
needs to be optimized in order to produce maximum density for a given beam 
power. 

R.J. TAYLOR: Do you plan to make improvements in the limiter and the 
wall conditions in your main chamber? 

D. MEADE: Yes, the PDX programme has already studied both divertor 
and limiter techniques for impurity control. In particular, we have carried out 
experiments with TiC-coated graphite limiters and will continue our development 
of mechanical divertors. 
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Abstract 

POLOIDAL DIVERTOR STUDY IN A TOKAMAK. 
The poloidal divertor has been experimentally and theoretically investigated. Experimental 

results on characteristics of a scrape-off layer plasma and behaviour of impurities in a boundary 
plasma are summarized. By using a particle simulation code, the flow, potential profile and 
distribution functions were self-consistently obtained. Impurity control by the divertor is 
shown by a Monte-Carlo simulation. Ash exhaust by a simple divertor with short, wide 
throats is also described. 

1. INTRODUCTION 

Impurities from the first-wall material produce serious problems in some 
present tokamak experiments with high-power heating. For example, metal 
impurity influx increases during neutral-beam heating of 1.2 MW because 
of enhanced ion sputtering due to a higher edge temperature (Fig. 1 ). Disruptions 
are frequently observed. With intense gas puffing, the edge plasma is cooled and 
the impurity influx strongly reduced (Fig. 1 ). A high-/3 plasma with volume 
average ¡3 of 3% and peak |3 of 10% is stably obtained (Fig.2). Impurities can 
thus be controlled by a non-divertor scheme in the present tokamak even with 
heating power of 1—2 MW. The problem, however, is whether or not a 
non-divertor control can reduce the impurity level down to a reasonably low 
level in a tokamak reactor with heating power of 100 MW. It is therefore 
necessary to develop a reliable method of controlling impurities. 

To obtain a realistic and reliable scheme for controlling impurities in a 
tokamak fusion device, the poloidal divertor has been experimentally and 

* On leave from Hitachi, Ltd., Tokyo. 
** On leave from Toshiba, Ltd., Kawasaki, Kanagawa. 
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FIG.l. Impurity control with gas puffing. 
During neutral-beam heating of 1.2 MW 
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and (c). With gas puffing, impurity 
influx is strongly reduced as shown by 
thicker lines in (b) and (c). 
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FIG. 2. Time behaviour of plasma current 
Ip, loop voltage VL, central density ne0, 
ion temperature, electron temperature, 
radiation loss power PR) line intensity of 
Fe XVI 361.0 A and gas influx. Bt=l.lT 
and ap = 21 cm in JFT-2. The plasma 
radius is defined by the rail limiters. The 
intense gas puffing shown in Fig.l 
reduces impurity influx as shown in (c), 
An average Rvalue of 3% and a peak 
Rvalue of 10% are obtained with 
1.2 MW NBI. 

theoretically investigated at J AERI. From a design study of a reactor, it was 
found that the classical poloidal divertor device, in which a diverted plasma is 
almost isolated from the main plasma by long narrow throats and interior 
coils, is unrealistic, whereas a simpler one may be feasible [ 1 ]. The divertor 
functions, plasma-wall interactions and divertor configurations must therefore 
be quantitatively clarified in order to obtain a simple divertor with short, 
wide throats and without any interior coils. The divertor configuration can be 
controlled during the discharge period by only the exterior coils if the 
divertor throats are short and wide. The divertor functions (for example, sweeping 
out impurities, reducing impurity back-flow and ash exhaust, and plasma-wall 
interactions such as sputtering and arcing), are determined by characteristics 
of the scrape-off layer including impurity transport. It is therefore essential 
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to understand the characteristics of plasmas in a boundary region as well as 
the divertor functions and plasma-wall interactions. To study these problems 
in a large device, numerical codes were developed whose results agree with 
experiment. 

2. EXPERIMENTAL RESULTS IN DIVA 

Characteristics of the scrape-off layer plasma and of the plasma-wall 
interactions and divertor actions were investigated in DIVA [2—5]. The 
essential parameters of the scrape-off layer were obtained as follows: heat 
conduction rate 7 = 7—10; flow velocity Vf = 0.3 Cs; diffusion coefficient 
Di = 0.1 D B ; and pre-sheath potential AVS = Teb- These essential parameters 
give the other plasma parameters in the scrape-off layer assuming that both 
the main plasma parameters and the device parameters include the error 
field. For example, temperature is calculated by the equation: 

~ 3 TD Pin - Pcx - Pr -

where rp , rg, Pin, Pcx» Pr and T are the overall particle confinement time, 
energy confinement time, input power, CX loss power, radiation loss power 
and mean temperature, respectively. The over-all particle confinement time 7P 

was also investigated by measuring the total particle loss flux onto the first 
wall. It was shown that r"p follows the Alcator scaling for energy confinement 
time and Fp/rg ^ 1 in Diva. The value 7 P /T E becomes smaller with increasing 
machine size. Equation (1 ) was experimentally confirmed by measuring 
each parameter independently. 

For the plasma-wall interactions, multi-ionized impurity sputtering was 
shown to be the dominant process releasing the wall material in a clean and 
stable discharge in a cold boundary. In a hot boundary, other processes 
might become important. Arcing, however, was not excited in a condition 
equivalent to a 500-eV plasma. Impurity sputtering may therefore still be 
dominant in a large device with carefully controlled heat flux. 

Impurity transport near the plasma boundary was investigated by 
injecting methane gas and aluminium. Several tens per cent of the injected 
impurities from the farthest point from the divertor were guided into the 
divertor. Few of the injected impurities in the divertor flowed into the main 
plasma. This reduces the impurity level of the main plasma and consequently 
improves the confinement characteristics. 
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3. PARTICLE SIMULATION OF SCRAPE-OFF PLASMA 

To understand the characteristics of the scrape-off plasma in a large 
tokamak with a poloidal divertor, a two-dimensional electrostatic particle 
simulation code was developed. 

We considered a device with a rectangular cross-sectional metallic wall 
(Fig.3(a)). The one-component plasma is confined by the magnetic field B, 
which consists of a strong solenoidal field and a poloidal field produced by a 
line current Ip and by a divertor current Id- The particle motions parallel to 
the magnetic line of force and the electric field E = - V0 are self-consistently 
calculated by using the PIC method: 

dv„ £ i JB £ dr B 
d t " mj B ' E ' dt " Bv" (2) 

-V2* = ¿ 2 Z ej nj (3) 

where the potential 0 is set zero on the wall. Effects of the external electric 
field and of the magnetic field gradient are neglected. However, the cross-field 
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diffusion of particles is simulated by using the Monte-Carlo method: the step 
size 5 perpendicular to the magnetic field in the time interval At is 

< Ô2 > = DxAt (4) 

where D|_ is the diffusion coefficient. The particles reaching the wall are 
absorbed there, and reflection and secondary emissions are not taken into account. 

Simulation results were obtained for the system size L = 64AD 

(XD =-^/e0Te/ne2 denotes the Debye length in the main plasma, and Te = meVte 

is the electron temperature) and the mass ratio mi/me = 100. The ions are 
assumed to be cold, and the diffusion coefficient is chosen as Dx = 10"3LCS 

(Cs =>/Te/mi). Figure 3(a) shows the equipotential curves normalized by 
Te/e. The potential and the ion flow velocity Vf along a magnetic line in the 
scrape-off region are shown in Fig.3(b). It should be noticed that the 
difference between the sheath and presheath region is not clear in this case 
owing to the small mass ratio. The larger mass ratio develops a deeper sheath 
potential but produces little change in the presheath profile. The potential 
profile shown in Fig.3 is therefore still correct in a real plasma except near 
the wall. The distribution functions for electrons and ions near the stagnation 
point are illustrated in Fig.3(c), where the positive velocity is directed towards 
the wall. The electron distribution function in the regime mev] < 2e0 
is almost Maxwellian, because these electrons are trapped by the ambipolar 
potential, while the high-energy component can be lost to the wall. However, 
the ion has no negative component owing to the absence of collisions. The 
loss flux along the magnetic line in the scrape-off layer is balanced by the 
diffusion flux from the main plasma. The density profile perpendicular to 
the magnetic field is of the form exp(-r/£) with S, = 0.03 L, which agrees 
with the expected value -«/DiL/Cg. 

4. SIMULATION OF IMPURITIES AND ASH MOVEMENT 

4.1. Impurities 

A Monte-Carlo code was developed to clarify the behaviour of impurities 
in the scrape-off-layer plasma. The background scrape-off plasma was assumed 
to follow the experimental and numerical results given in Sections 2 and 3. 
Impurity behaviour, i.e. production or injection, ionization, Coulomb scattering, 
diffusion and other simple motions, were simulated by the Monte-Carlo 
method [6]. 

To understand the divertor functions, the behaviour of impurities in Diva 
was simulated. The time histories of emissivities of C II, C III, C IV and C V 
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FIG.4. Impurity behaviour in DIVA. Time 
histories of CII, C III, CIV and CVina divertor 
chamber are shown in (a) when methane gas is injected 
at the farthest point from the divertor. The results 
of the calculation (solid curve) agree well with the 
experimental results (broken curve). Impurity 
flow rate into the hot column with different 
injection points is shown in (b). 

and the energy of C IV and C V in the divertor are well described by the 
code, as shown in Fig.4(a). The result shows that the injected carbon is 
ionized, accelerated by the background plasma and guided into the divertor. 
This process explains the observed sweeping action. The small impurity 
back-flow from the divertor chamber into the main plasma, typically 0.2—0.5% 
of the back-flow (Fig.4(b)), is explained by the same process. 

The code was applied to a large device. The impurity production and 
the boundary plasma condition were investigated for JT-60. The multiplication 
ratio of molybdenum impurity production by self-sputtering is shown to be 
larger than unity with Tb <; 100 eV in a non-diverted discharge, but the 
multiplication ratio is always less than unity in a diverted discharge. 

4.2. Ash exhaust in an INTOR-size device 

The motions of D-T fuel and helium ash particles in a divertor chamber 
after they are re-injected from the divertor neutralizer plate have been studied 
using the Monte-Carlo code [7]. The parameters of the scrape-off layer were 
based on the empirical results obtained from Diva experiments described in 
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FIG. 5. Fraction of re-injected 
D-Tand He particles that flow 
back to the main plasma as a 
function of particle confinement 
time 7p. The broken curve shows 
the back-flow fraction of D-T 
particles when charge-exchange 
reactions are assumed to be 
absent. The dotted line shows 
the back-flow fraction of He 

o 0.5 i.o i.5 particles with emission energy 
Particle confinement time, Tp (s) 0.1 eV. 

Section 2. The geometrical configuration and hardware parameters were 
based on the divertor proposal [8] and the design report of an INTOR-size 
reactor [1 ]. The energy distribution function of the re-injected particles 
is given in Ref. [7]. 

Figure 5 shows the fraction of re-injected D-T and He particles that 
flow back to the main plasma as a function of particle confinement time rp . 
When Tp is 0.15 s, the back-flow fractions of D-T and He take about the 
same value of ~0.7. As rp is increased, the back-flow of He particles 
decreases rapidly; this is the effect of ionizations, not of Coulomb collisions. 
The back-flow of D-T particles does not decrease at rp more than 0.5 s. 
This difference in the back-flow of D-T and He is caused mainly by the 
charge-exchange reactions in the D-T, as is seen from the broken curve in 
Fig.5 for the back-flow fraction of D-T without charge-exchange reactions. 
From Fig. 5 it can be seen that longer rp is desirable for effective ash exhaust. 

From an extensive parametric survey of both scrape-off layer plasma 
parameters and divertor design parameters [7], the following conclusions 
have been drawn: 

(a) For a standard set of scrape-off-layer plasma parameters with 
?p = 0.5 s, the back-flow fraction of D-T particles is always greater than that 
of He particles for a wide range of divertor design parameters, although this 
difference is not very large (~20%). 

(b) A pumping speed of 6 X 10s l tr-s - 1 is estimated for TP = 0.5 s to 
obtain a constant burning operation. The pumping speed becomes less than 
1/6 for Tp = 1.5 s, taking into account the pumping efficiency proportional 
to Tp. If the energy of re-injected He particles can be reduced, the pumping 
speed can be strongly reduced, as shown by the dotted line in Fig.5. 

Standard Case 

•N. DT without CX 
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Abstract 

T-12 DIVERTOR EXPERIMENT. 
In designing tokamak devices and reactors, in the last few years, the use of elongated-

cross-section plasma discharges has been proposed to improve the economic and physical 
parameters. Application of a quadrupole poloidal magnetic field necessary for sustaining the 
elongated discharge cross-section serves, in this case, to create the magnetic configuration of 
an axisymmetric poloidal divertor. To-day, the creation of such a combination, including an 
elongated plasma cross-section and a divertor and using the outer poloidal magnetic field coils, 
seems to be the most reasonable approach, from the point of view of design and technology. 
Such a divertor was produced and studied at the T-12 tokamak. A stable equilibrium con
figuration of a finger-ring tokamak with a divertor has been produced by superposing 
the magnetic fields of the plasma current, the external quadrupole coils and the copper shell 
currents; the reactor blanket can fulfil the function of the latter. It is shown that both a 
symmetric magnetic configuration with two divertors and a droplet configuration with a single 
divertor may be realized by controlling the plasma column position with respect to the 
equatorial plane. The stability of the plasma column against vertical displacement depends on 
this position and the distance between the separatrix points. Vertical instability stabilization 
has been observed. The divertor layer efficiently screens the plasma from the impurity influx 
from the wall and unloads the wall from particle and energy fluxes. The results obtained 
from the tokamak T-l 2 experiment have demonstrated the capability of a system with outer 
poloidal field coils and a copper shell providing an elongated-cross-section plasma column 
with poloidal divertors. 

INTRODUCTION 

It is desirable that, in a tokamak reactor, the plasma column cross-section should be 
elongated along the main axis. The use of a divertor is proposed to remove the burning 
products from the plasma, in order to diminish the particle and energy fluxes at the vacuum 
chamber wall and to screen the plasma from impurities. In addition, the application of a 
quadrupole magnetic field is necessary to create an elongated plasma cross-section able to 
produce an axisymmetric-poloidal-divertor magnetic configuration. Such a configuration can be 
created either by inner poloidal-field coils (distributed inside the toroidal field) or outer 
poloidal coils. 

A configuration similar to the latter arrangement has been calculated, created and studied 
at tokamak T-12. According to the calculations, on the assumption of a fixed-size plasma-
column small semi-axis, the elongation increases non-linearly with the outer current generating 
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* h'% 

FIG.l. Plasma column elongation as 
function of relative magnitude of quadru-
pole currents. The small semi-axis a is fixed. 
The calculations are carried out for T-12 
geometry; Jp is the plasma current. 

*) 

FIG.2. Schematic of finger-ring tokamak 
with fa) two poloidal divertors fa) and 
(b) droplet configuration. 

the quadrupole magnetic field (Fig.l). It reaches its maximum when the divertor configuration 
has been formed. It follows from Fig.l that a marked elongation of the plasma column 
(K > 1.6) requires that the magnitude of the currents in the quadrupole coils be close to that 
necessary for producing the divertor configuration. 

The basic parameters of device [1] are as follows: major radius: R = 36 cm; small and 
large semi-axes: a = 8 cm and b = 17 cm; toroidal magnetic field: BT = 8 kG. 

1. Magnetic configuration 

The T-12 finger-ring magnetic configuration with a poloidal divertor is produced by the 
magnetic fields of the plasma current, the currents in the quadrupole coils and the copper 
shell (the reactor blanket may fulfil the function of the latter). The divertor configuration is 
formed by superposition of discharge and quadrupole magnetic field. A symmetric magnetic 
configuration of a finger-ring tokamak with two poloidal divertors is formed at a definite ratio 
of plasma and quadrupole magnetic field currents (Fig.2a). 

The poloidal divertor configuration is favourable to the plasma parameters ne, Te, j (a, b), 
radiation losses, etc. [2, 3]. 

It is of interest to consider the possibility of a droplet cross-section with a single poloidal 
divertor (Fig.2b) [3]. A droplet configuration is formed when the equatorial symmetry of the 
plasma current and the quadrupole currents is destroyed (for example, if the plasma column is 
displaced vertically). Evidence for a droplet configuration is the plasma outflux towards one 
divertor. The displacement of the column with respecto to the equatorial plane causes a 
re-distribution of the plasma fluxes towards the upper and the lower divertors, the upward 
displacement of the plasma column increases the plasma flux towards the upper divertor while 
the flux towards the lower divertor decreases, and vice versa (Fig.3). 

The re-distribution of the plasma fluxes in a single discharge, with forced displacement 
of the plasma column, is shown in Fig.4. As AZ > 1 cm, the fluxes differ by more than an 
order of magnitude, and, consequently, the plasma column is only connected with one 
divertor. 
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FIG.4. Plasma flux modulation in upper 
and lower divertors, depending on change 
in plasma discharge position along Z. 
Jp I'J the discharge current, AZ the vertical 
displacement, and JL P the Langmuir-probe 
saturation current in the divertors. 

2. Vertical stability 

The vertical-stability region of the plasma column is shown in Fig.5 [4], in the bs,AZ-
plane; 2bs is the distance between the separatrix points, and AZ the plasma column displace
ment from the equatorial plane. The spacing between the separatrix points (2bs) determines 
the magnitude of the quadrupole field. The magnitude of the displacement AZ characterizes 
the presence of either a symmetric or a droplet configuration. 

The plasma column speed in the vertical direction is constant in the stability region or 
varies only weakly, remaining always less than Vz < 0.2 cm - ms_1. As a result, the maximum 
vertical displacement for a discharge time of tp ~ 10 ms is less than 1 cm. 

The control of the plasma column position with respect to the equatorial plane enabled 
the formation of both the symmetric and the droplet configuration in the stable region. 
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FIG. 6. Stabilization of vertical instability. 
Jc are the control coil currents and 
B p x the horizontal magnetic field com
ponents at points x = 0, z = ± 16 cm. 

Copper-shell passive stabilization of the vertical instability permits the creation of a 
stable, symmetric divertor configuration with a minimum distance of 2b s > 25 cm. In this 
situation, the divertor layer width is about S ~ 2 cm in the equatorial plane. 

The plasma column is rapidly displaced vertically if the parameters b s and AZ are in the 
unstable region [5] (vertical instability); as a result, a disruption of the discharge current occurs. 

During the unstable motion, the speed of plasma column displacement increases up 
to V > 5 cm • ms - 1 , and the vertical displacement reaches AZ > 3—4 cm. The characteristic 
time of plasma displacement is < 0.5 — 3 ms. The maximum instability growth rate is 
7 £ 5 X 1 0 3 s - 1 . 

The instability may be stabilized by actively sustaining the plasma column in the stable 
region with respect to the parameters b s and AZ (Fig. 5). Control of AZ was realized in the 
T-12 experiments by using a feedback control system (FCS), generating a horizontal magnetic 
field of appropriate direction. FCS uses time pulse modulation [6] and permits maintaining 
the plasma column in the stable region or sustaining AZ in the given limits in the unstable 
region if the instability growth rate is less than the time of electronic-circuit operation. The 
half-duration of the sinusoidal control pulses is given by T/2 S* 0.3 ms. The skin time of the 
control fields is TS = 1.2 ms. 

Maintaining the plasma column in a definite vertical position by using FCS is shown in 
Fig.6. The pulse repetition frequency was controlled by the displacement signal amplitude. 
The variation in the control current amplitude (Fig.6) is caused by a transient process in FCS. 
Switching on FCS leads to a control of the vertical displacement and to an increase in the 
discharge time. Furthermore, a disruption in the discharge in the vertical direction 
('down' disruption) is caused by an uncontrolled decrease in the distance between the separa-
trix points down to b s < b s m¡n (AZ), due to a damping of the discharge current. 
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FIG. 7. Ion density, nj, electron temperature, Te, and probe floating-potential distributions 
across divertor layer in equatorial plane (a) and divertor channel (b) for a symmetrical 
configuration. 

3. Plasma parameters of the divertor layer 

Typical profiles of ion density (nj), electron temperature (T e) , and floating probe 
potential (Uf) across the divertor layer as measured by a Langmuir probe with a spatial 
resolution of 0.1 cm are shown in Fig.7. The divertor layer width near the equatorial plane is 
d « 1.0 cm. The ion density at the separatrix is ns = 4 X 1012 cm - 3 , with an e-folding width 
of X = 0.35 cm (Fig. 7a). The maximum ion density in the divertor channel is ni(j « 2 X 1012 cm - 3 , 
with a half-width equal to A « 1 cm (Fig. 7b). An axisymmetric plasma density distribution, 
which drops abruptly beyond the separatrix, is observed in the divertor channel. 

The ion density distributions near the separatrix point for a droplet magnetic confi
guration with the divertor at the top ('droplet down') (a), and at the bottom ('droplet up') (b) 
are presented in Fig. 8. The Langmuir probe is displaced with respect to the separatrix; 
therefore, it has crossed the separatrix twice, as can be seen from the shape of the curve, 
Fig.8a. Thus, the experimental data of Figs 7b and 8(a, b) show that the plasma density 
decreases sharply at a distance of 0.1—0.2 cm, while the electron temperature changes slightly 
both across and along the divertor layer. 

The rate of plasma departure towards the divertor was determined, in a way similar to 
that used in Ref.[7], from measurements of particle fluxes in the divertor layers at the surfaces 
of probes placed parallel and perpendicular to the magnetic field, and from the HF inter-
ferometry measurements of the divertor layer density [3]; it was found that V^ «* (0.5—1)CS> 

where Cs is the ion-sound velocity . The condition u&¡ > is fulfilled for the divertor layer, 
Tu 

and the transverse-diffusion coefficient may be determined as Dx = — , where Xe 

L, 
is the e-folding distance and ^ = — the time needed by the plasma to depart towards the 
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FIG. 8. Same as Fig. 7, cut near lower separatrix point with divertor upward (a) and down
ward (b) for a droplet configuration. 

divertor along the divertor layer (L// is the length of the magnetic force line in the divertor 
layer). In T-12, h// = (4—8) X 102 cm. The maximum transverse-diffusion coefficient in the 
divertor layer for maximum L// and minimum V// is D¿ < 2 X 103cm • s_1 or D± < 0.1 DB o h m 

respectively. 

4. Particle and energy transport to the divertor 

The particle flux F¿ through the magnetic surface S at X(£) = const is 
dn(£) n(£) 

FjXfi) = DJL S(£) « Dx—— S(£). If D±(£) = const, it follows from Fig. 7a that the ratio d£ xe 
between the particle flux towards the wall, Fw , and the particle flux through the separatrix 

magnetic surface, Fs, is F = • ;$, 0.1, i.e. essentially all particles leave for the 

divertor. 
The particle influx towards the divertor was measured by a probe. The probe is a 

ceramic disc with electrodes sputtered on both sides, the disc planes being perpendicular to 
the magnetic force lines. The particle flux leaving the divertor is an order of magnitude lower 
than the particle influx to the divertor. 

The energy flux to the shell wall is ten times as small as the flux through the separatrix 

surface: Q - F ^ o.l (on the assumption that T. = const across the divertor layer); 
T. ' 

this implies that the energy flux to the wall is small. This fact is qualitatively confirmed by 
energy-flux measurements near the wall, using a bolometer with the detector disc inclined 
with respect to the magnetic force lines (Fig.9). The energy flux along the magnetic lines 
drops exponentially towards the wall, with X = 0.2—0.3 cm. 
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The energy outflux with charged particles to the divertor, calculated from the bolometer 
measurements, with the bolometer placed in the divertor channel, agrees in order of mag
nitude with Jp U-P7iû, where Jp is the plasma current, Ue the loop voltage, and ?ya the 
radiation and particle losses. 

The thermal flux towards the divertor may be described by Pdiv = y F¡ dhrTe, where 7 is a 
coefficient depending on the electron-ion flux ratio. 7 was calculated from measurements 
of energy and particle fluxes towards the divertors: 7 = 40-100. 

The same value of 7 = Wc /Ji>e Te dt was obtained from calorimeter measurements 
carried out in the equatorial plane (Fig. 10). Wc and Jije are the energy and particle fluxes 
towards the calorimeter. 

The experimental data on T-12 obtained for the divertor layer plasma and for the effect 
of the divertor on the plasma discharge parameters are in reasonable agreement with the results 
of DIVA and DITE (Table I). 
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TABLE I. DIVA, DITE AND T-12 RESULTS 

Divertor layer 

d (cm) 

Te (eV) 

T¡ (eV) 

ns (cm - 3 

v, 
Di 

7 = PJ sTc 

Energy balance 

Radiation (kW) 

Wall (kW) 

Divertor (kW) 

Particle balance 

Wall F w 

Divertor F,j 

Radiation 

losses (%) 

Light 
impurities 

DIVA 

1 

20-100 

20 -60 

(1 -3 ) XIO1 2 

(0.1-0.5) Cs 

0.1 D B o h m 

5-15 

Divertor 

40 

25 

75 

1 X 1021 s"1 

1 X l O ^ s " 1 

15-30 

No divertor 

110 

200 

-

2 X 1021 s"1 

30-40 

Flux from the wall; 
the 0,C content is 2 to 4 
times less 

DITE 

7 

25 

-
1 X 1012 

- Ç , 

3.104 cm2/s 

40 

Divertor 

20-30 

20-10 

60 

50% 

impurities 

20-30 

No divertor 

50-100 

50 -0 

-

50-100 

0 II, C II, Jov/n e 

J c v / n e decrease to half 
of their values 

T-12 

1-1.5 

20-60 

-
(2 -8 ) X101 2 

(0.5-1) Cs 

0.1 D B o h m 

40-100 

Divertor 

50-80 

< 1 0 

150 

3 X 1 0 1 8 s _ 1 

2 X 1020 s"1 

25-40 

No divertor 

100-160 

< 1 0 

-

50-80 

C HI, O V intensities diminish 
2 to 3 times, and JCv 1.5 times 

5. The screening properties of the divertor layer 

The properties of the divertor layer are determined by the ionization efficiency of the 
impurity atoms in the divertor layer and their outflux from the divertor volume. An 
experiment has been carried out at T-12 to determine the divertor layer efficiency, by using 
laser injection of Al-atoms (Fig. 11 ). 

The spectroscopic measurements show that the main portion of the Al-atoms is ionized 
in the divertor layer (Fig. 12). 

An Auger analysis of the samples placed in the divertor channels and the equatorial plane 
of the device has been carried out both by Dr. V.A. Stepanchikov at the Kurchatov Institute 
and by Dr. S.P. Visrowat Oak-Ridge. We hope that the bulk of Al-atoms leaves to the divertor 
volume. The quantity of Al at the sample wall in the equatorial plane was near-background. 
In the droplet configuration, the symmetry is violated in the Al atomic flux towards the top 
and bottom divertors. A quantitative determination of the divertor-layer screening efficiency 
was not possible because of difficulties in determining the amount of injected Al-atoms. 
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FIG. 11. T-12 injection diagram and 
distribution of Al in upper ( ) , 
and lower (—) samples for various 
magnetic configurations. 

FIG.12. Distribution of neutral Al-
radiation intensity near the wall. 

CONCLUSIONS 

The T-12 Tokamak has demonstrated the capability of a system with outer 
poloidal field coils and a copper shell ensuring the creation of an elongated-cross-
section plasma column with two axisymmetrical poloidal divertors. The experi
mental data indicate that such a system could be used in a larger machine, for 
example, at the INTOR Tokamak. 
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Abstract 

EXPERIMENTAL RESULTS FROM THE DITE BUNDLE DIVERTOR. 
The DITE bundle diver tor is used to study impurity control, with Ip < 60 kA and 

ne < 1.5 X 1019 m-3. Impurity injection experiments measure the divertor screening efficiency, 
| s ~ 0.4. Density decay and ion saturation flux measurements provide the divertor particle 
exhaust efficiency, £x ~ 0.3. Energy balances are obtained, and the power exhaust efficiency 
| p — 0.15. The variation of these parameters with density is discussed. The combined effect 
of these divertor functions on impurity fluxes is described, and the results compared with a 
global model of recycling. Preliminary extensions of this work include neutral-beam heating 
and operation at Ip ~ 90 kA with ïïe ~ 2.4 X 1019 m-3. 

1. INTRODUCTION 

The DITE bundle divertor [ 1,2] is used to study the exhaust of particles and 
energy, and the screening of the plasma from impurities. The tokamak is normally 
operated with a toroidal field B$ = 0.96 T, R = 1.17 m, a titanium limiter radius 
TL = 0.26 m, and a separatrix radius rs = 0.17 m. Discharges with plasma currents 
Ip < 60 kA, and average line-of-sight densities ne < 1.5 X 1019 m~3 in deuterium 
have been studied. 

Operating the divertor can produce a non-rotating m = 2 instability, detected 
by magnetic induction coils. These instabilities increase the power and particle 
flux to the divertor target. The results reported here have been obtained with 
stable discharges. Preliminary extensions of this work include neutral-beam heating 
and operation at Ip ~ 90 kA with ïïe ~ 2.4 X 1019 m"3. 
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FIG.l. Screening efficiency for neon and argon 
as a function of the line-of-sight average density. 
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2. SCREENING 

Impurities, originating from the limiters and walls, are ionized in the scrape-
off layer (the plasma between the walls and the separatrix) and removed to the 
divertor. Here they are neutralized and trapped on a titanium target and on 
titanium-covered surfaces. The screening efficiency is the fraction of this impurity 
flux which flows into the divertor and hence does not reach the main plasma. 
This has been measured by adding controlled amounts of impurity at the plasma 
edge, and comparing the fluxes in the main discharge, r < rs, with the divertor on 
and off. Neon and argon gas, and aluminium, ablated from a quartz disc by laser 
radiation, have been used. Typical added ion concentrations are equivalent to 
about 1% of the total number of electrons. 

Figure 1 shows the screening efficiency: 

£s = 1 — (flux into plasma with divertor)/(flux into plasma without divertor) 

as a function of the average density ïïe. The relative fluxes are measured by the 
intensity of impurity lines, originating from a region r < rs, which are completely 
ionized to the next stage along a line of sight. The Ne VIII line (77.0 nm) and 
AT VIII line (70.0 nm) are used, and give £s < 0.4, increasing with density. The 
concentration of aluminium is deduced from the small density change following 
injection; with no divertor about 10% reaches the main plasma, with the divertor 
about 7%. The flow velocity around the major circumference is measured to be 
1.25 X 104 ms_1 by observing an Al III line at two toroidal positions. This is 
equivalent to the sound speed in a plasma with Tj = 40 eV, which is consistent 
with Langmuir-probe measurements of Te near the limiters. 

A simple model for the screening assumes that all ionized impurities reach 
the divertor. For the measured density profiles, this model predicts £s > 0.9 for 
all experimental conditions. The fact that the measured values are much less 
suggests that there is an inward transport mechanism which allows ions to cross 
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the scrape-off layer before reaching the divertor. Assuming a diffusive process 
and a known loss to the divertor [2], average inward velocities ~ 10 ms"1 are 
implied. 

3. PARTICLE EXHAUST 

Ions leaving the plasma can follow field lines into the divertor, and this 
reduces the plasma-limiter interactions. The fraction of the outward flux which 
goes to the divertor is the exhaust efficiency (£x)- The total flux to the divertor 
includes two components, one from the screening of neutrals from recycling at 
the limiters and walls, and the other from the external gas feed. This total flux 
has been measured by biasing the target plate to collect the ion saturation current, 
which is up to 45 A with ñe = 1.2 X 1019 m"3. A carbon limiter at r = TL metres 
was also biased to give an ion saturation current of 16 A with the divertor and 
24 A without the divertor, both with ne = 1.2 X 1019 m~3. The total flux to the 
limiters is evaluated assuming that the flux is symmetric, and that each unit of 
limiter perimeter collects an equal flux. The total limiter fluxes.are then 148 A 
with divertor and 222 A without divertor. The fraction of the total flux collected 
in the divertor is then at least 23%. Operating the divertor reduces the limiter flux 
by 33% so that, within the errors, £x ~ 0.3. 

A second method utilizes the influence of the divertor on the ion flux to the 
limiters, and the fact that, in a torus with titanium limiters and gettered walls, 
there is negligible particle-induced desorption of deuterium. With no external gas 
input, the only flux into the plasma consists of neutrals of energy greater than 
about 30 eV, originating from the neutralization and reflection of ions at the 
limiter. These have a low probability for ionization in the scrape-off layer. This 
means that divertor screening has a negligible effect on recycling. 

A pre-determined gas flow is used to obtain a required plasma density. The 
gas feed is then turned off during the discharge and the density decay observed. 
With no divertor, the decay rate depends on the particle confinement time and the 
reflection coefficient /3 [3] of the ions. With the divertor, the exhaust effect 
reduces the ion flux to the limiter, with a consequent reduction in the neutral flux 
back into the plasma. Hence the density decay rate increases. 

In a simple model which neglects fast neutral reflection and assumes complete 
gettering, the rate of change of density is given by 

dñe -ñ"e 

- T 5 - - — ( ( l -*x)0) 
dt TP 

and hence 

ne(t) = ne(0) exp - (1 - (1 - £x)0) 
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FIG.2. Experimen tal results from a 
density decay experiment: (a) time evo
lution of the average density; (b) time 
variation o/2nñe after the gas feed is 
stopped. 

A comparison of density decay rates from the same initial density with divertor 
on and off then leads to values for r p and £x. Corrections are made for wall 
reflection of neutrals and incomplete gettering [~ 80% wall coverage]. 

Figures 2(a) and (b) show the results of density decay experiments for equal 
initial average densities ñe = 1.2 X 1019 m~3. These give values rp = 14 ms and 
£x = 0.35. A similar experiment at ñe = 8 X 1018 m~3 gives rp = 14 ms and 
£x =0.15. These results suggest a cross-field diffusion coefficient in the scrape-off 
layer which decreases with increasing density. 

ENERGY EXHAUST 

The Ohmic input power (Pft) is dissipated by radiation and charge-exchange 
neutrals to the walls (PR + Pcx) a n d by conduction and convection to the 
limiter (PCD + Pcv)- The addition of the divertor allows energy to be transported 
along the field lines to the target plate. Figure 3 shows a power balance for 
ñe = 1.2 X 1019 m"3 in a case with titanium-gettered torus walls. Thermocouples 
show that 8 kW reach the target plate under these conditions, i.e. 15% of the 
power which is conducted and convected to the limiters. The power to the 
divertor is then represented by P = YTeIs, where the ion saturation current Is = 45 A, 
the average temperature in the scrape-off layer Te ~ 30 eV, and y ~ 6 as might be 
expected for thermal transport. Previous results [4] at lower densities, 
ïïe ~ 7 X 1018 m~3, showed that an ion flux of 10 A transported 60 kW, 
corresponding to y = 200. These results suggest that superthermal electrons 
contribute to the transport of energy at the lower but not at the higher densities. 
The reduction of X-rays with energies above 10 keV, measured with a Si(Li) diode 
spectrometer, as the density is increased, supports this interpretation. 
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FIG.3. An energy balance for discharges with and without divertor: Ip = 60 kA; 
ñe = 1.2 X 1019 tn~3; P n = Ohmic power; PR = radiated power; PCD = conducted power; 
P c v = convected power; P c x

 = power lost by charge-exchange neutrals. 

5. IMPURITY FLUXES 

A comparison of impurity fluxes into the main plasma, r < rs, has been made 
with and without the divertor. Results shown in Table I, for a torus without 
titanium-gettered walls, are derived from line-of-sight measurements of impurity 
lines. The titanium is reduced by about 30%, whereas the oxygen remains the 
same. Under these conditions the resistance anomaly was reduced from 3.1 to 
2.7 and the X-ray anomaly factor on axis was reduced from 30 to 10, but the 
fraction of Ohmic power lost by radiation remained about 90%. 

A global model of recycling [3,5 ] is used to compute the deuterium ion and 
charge-exchange neutral fluxes to the walls and limiters. These fluxes act as 
source terms for the desorption of light impurities and the sputtering of heavy 
metallic impurities. The influx of heavy impurities is increased by light-impurity 
sputtering and self-sputtering. No account is taken of the effect of gas feed on 
the edge temperature. The model is used with the experimentally measured 
values for exhaust and shielding to predict the impurity fluxes. Arcing is ignored 
because, in steady-state conditions, no correlation is observed between arcing and 
impurity fluxes [6]. 

To measure the energy and magnitude of the ion flux, carbon probes have 
been used at the plasma edge to trap atoms and ions [7]. The trapped particles 
are analysed by two techniques: the D(3He,H)4He nuclear reaction, and thermal 
desorption spectrometry. From the observed rate of saturation of trapped 
deuterium ions as a function of the number of discharges, the incident ion energy 
is estimated to be 50 eV. 



702 ERENTS et al. 

TABLE I. RELATIVE IMPURITY FLUXES (NORMALIZED) 

Low-Z 
(oxygen) 

High-Z 
(titanium) 

Model 

Divertor off Divertor on 

1 0.65 

1 0.63 

Experiment 

Divertor off Divertor on 

1 1.05 

1 0.71 

The model predicts that, for the experimental conditions, the charge-
exchange neutral flux to the walls is greater than the ion flux to the limiter. This 
neutral flux is unaffected by the divertor exhaust but it is increased by the 
increased gas feed required to compensate the divertor exhaust. Any impurity 
reduction must then come from the divertor screening. 

Table I compares the experimental and predicted fluxes into the main 
plasma, r < rs. The measured decrease in the high-Z (titanium) flux is predicted, 
but not the constant low-Z (oxygen) flux. In the model, the increased gas feed 
required when the divertor is on does not cancel the screening of low-Z (oxygen) 
impurities. This discrepancy is not yet understood. 

Impurity fluxes in the region r > 0.23 have been measured using the carbon 
probes. Assuming an incident ion energy of 50 eV, the corresponding impurity 
concentrations with the divertor on are: nz/n e = 4% of oxygen, 0.4% of titanium 
and 0.1 % of iron. If the edge concentrations are representative of the overall 
concentrations, the oxygen emission will dominate the radiated power. The 
observation that the oxygen emission is unchanged by the divertor is consistent 
with the observation that the total radiated power is unchanged. 

6. NEUTRAL INJECTION 

Initial neutral injection experiments with diverted discharges have been 
undertaken. Because of the restriction ñe < 1.5 X 1019 m~3 and Ip < 60 kA, only 
a small fraction of the neutral beam power is trapped in the plasma. A power of 
400 kW, with a hydrogen atom energy of 18 keV, doubles the ion temperature 
on axis to 400 eV, both with and without the divertor. 

There is a large increase in radiated power (~ 80 kW). Observations of line 
emission from highly ionized oxygen show a rapid onset (~ 2 ms), which is not 
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consistent with an increased influx of impurities at the plasma boundary. The 
increased radiation, which is not affected by the divertor, is interpreted as resulting 
from the non-equilibrium state produced by charge exchange between the 
injected neutrals and the highly ionized oxygen already present in the plasma [8]. 
Of the neutral injection power effectively trapped in the plasma, approximately 
15% appears at the divertor target. This is the same as the fraction of the 
conducted and convected power from Ohmic heating which is measured at the 
target. 

7. CONCLUSIONS 

The DITE bundle divertor has been operated with average densities 
rie < 1.5 X 1019 m~3. Impurity injection experiments demonstrate a screening 
efficiency £s < 40% which increased with density. The intrinsic titanium 
impurity is decreased by ~30%, in good agreement with a theoretical prediction 
of 35%. There is no observable reduction of oxygen when the density is main
tained constant. Measurements of ion saturation fluxes and the density decay show 
a particle exhaust efficiency £x < 30%, increasing with density. The power to the 
target plate is approximately 15% of the power conducted and convected across 
the separatrix. Initial neutral-injection experiments show similar ion heating 
both with and without the divertor. Initial experiments with B<¿> = 1.5 T have 
achieved ïïe ~ 2.4 X 1019 m~3 at Ip ~ 90 kA. This will allow extension of the 
density scaling and improve the trapping of the neutral beam. 
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DISCUSSION 

H. GRAD: How do you determine where the separatrix is with the bundle 
divertor? 
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A.J. WOOTTON: We use a number of methods. First, with just a toroidal 
field and with the current flowing in the divertor coils, we follow the electron 
beams. Second, with the plasma present we move in a small limiter and monitor 
the target plate temperature rise and Ha-life from the target. 

H. GRAD: Do you find that there is just as sharp a change with the bundle 
divertor as there would be with a poloidal one? 

A.J. WOOTTON: No, I think not. 
S. MERCURIO: You mentioned that hot electrons can explain the heat 

transport to the divertor plate. Could you say how hot they should be? 
A.J. WOOTTON: At densities of the order of ñe = 1 X 1019 m - 3 , the heat 

transport to the plate is consistent with a thermal velocity distribution in the 
scrape-off layer. At much lower densities, the average energy of the particles 
impinging on the plate is 200 times that in the scrape-off layer, which is 40 eV. 
Therefore the average energy is about 20 times as much as for a thermal distri
bution, i.e. about 800 eV. 

T. OHKAWA: Have you observed asymmetry in the energy and particle 
flows on the front and back sides of the divertor? 

A.J. WOOTTON: Yes, particularly with low-density operation 
(ñe ~ 8 X 1018 m~3). Under these conditions, the use of both thermocouples and 
an infra-red camera shows that more energy is deposited on the electron drift 
side of the target plate. As the density is increased (ñe > 1 X 1019 m~3), the 
energy becomes uniformly distributed between the two sides. We do not have 
the equivalent information for the particle flow. 

S. PROHOROFF: Is not the relatively poor efficiency of the divertor, 
so far as the low-Z species (and especially oxygen) is concerned, mainly due to 
the spatial distribution of the impurity with the abundance peaked near the axis? 
This would explain why oxygen is not more involved in scrape-off layer phenomena. 

A.J. WOOTTON: In our diverted discharges, the divertor is operated 
throughout the pulse. So any oxygen flux originating from the walls and limiters 
should have been screened. There is, however, preliminary evidence that the line 
intensities of other low-Z intrinsic impurities, in particular carbon, are reduced 
by the divertor. 

R.J. TAYLOR: What limiter research is being conducted on DITE along with 
the divertor work? 

A.J. WOOTTON: We are studying the scrape-off layer plasma behind our 
limiters by using probes. The results will be compared with those already obtained 
in the scrape-off layer produced by the divertor. We are also considering the use 
of new designs. 

D. BOYD: Can you tell the difference between high-mass screening and 
high-Z screening? 

A.J. WOOTTON: No, not with the experiments undertaken so far. 
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Abstract 

STABILITY AND HEATING OF A POLOIDAL DIVERTOR TOKAMAK. 
Five experimental studies — two stability and three heating investigations — have 

been carried out on Tokapole II, a tokamak with a four-node poloidal divertor. After a 
brief description of the machine, discharges are described with q ~ 0.6 over most of the 
cross-section without degradation of confinement, observation of axisymmetric instability 
in dee, inverse-dee and square equilibria, high-power fast-wave ion-cyclotron resonance 
heating, studies of spatial shear Alfvén wave resonances for heating, and reduction of the 
start-up loop voltage by ~ 60% by microwave pre-ionization at electron-cyclotron resonance. 
Work on axisymmetric instability and studies of pre-ionization have been described in 
detail elsewhere and are therefore only briefly mentioned. 

1. DESCRIPTION OF MACHINE [1,2] 

Four copper toroidal rings inside a 50-cm major radius 
44 x 44-cm vacuum chamber provide plasma shaping and an 
octupole vacuum field. Toroidal plasma current driven in the 
vicinity of the octupole null creates a poloidal divertor 
tokamak with a poloidal magnetic flux plot as shown in Figure 
1 with n - 1013 cm"3, Te ~ 100 eV, T± ~ 60 eV, BT ~ 8 kG 
(max), I ^ " **0 kA. In addition to spectroscopic, 
interferometric and charge-exchange diagnostics, internal 
probes allow direct measurement of the poloidal magnetic flux 
plot, and profiles of q, electric field and current density. 
Measured flux plots agree with the numerical prediction. 
Proper ring positioning provides dee, inverse-dee or square 
cross-section equilibria. 

* Work supported by US Department of Energy. 
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FIG.l. Numerical poloidal flux plot of 
Tokapole II. 

1.5 

1.0 

0.5 

0 1 2 3 4 5 
r (cm) 

FIG. 2. Radial q profiles for q <1 
discharges. The divertor separatrix is at 
r ~ 6 cm. q is measured directly with 
internal magnetic probes. 

2. q < 1 DISCHARGES 

The q(r) profile has been determined directly in 
Tokapole II by measuring the magnetic field on a 2 cm x 2 cm 
grid over the plasma cross-section, and evaluating 
1/2/(8(j)/80) d0 around a flux surface, where 0 and 4> are the 
toroidal and poloidal angles. The q profiles thus obtained 
are typically constant over 80$ of the tokamak part of the 
discharge (Figure 2), although the poloidal field nulls cause 
q to become infinite at the divertor separatrix. 

The effect of the q profiles on the internal disruptions 
is being studied. Flat q profiles with q as low as 0.6 have 
been obtained. In some cases large sawtooth oscillations, as 
observed on the soft x-ray and magnetic probe signals, onset 
when the increasing plasma current drives q below 1. These 
sawteeth, which may produce as much as a 25$ fluctuation in 
the poloidal magnetic field at the divertor separatrix, do 
not appear to significantly reduce energy confinement time. 
Under other conditions we have obtained the flat q = 0.6 
discharges with no observed internal disruptions. 

The benign quality of the internal disruptions, when 
present, and the absence of sawteeth even though q = 0.6, may 
be the result of the flatness of the current density profile 
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or the noncircular shape of the current channel. The energy 
source which drives the resistive tearing mode, responsible 
for the tokamak and minor disruptions, is the current density 
gradient. In Tokapole II the current density gradient is 
localized to the region near the diver tor separatrix, and 
thus, disruptions may be confined to a small part of the 
plasma cross-section even if q< 1 over the bulk of the plasma. 
Also, recent work by J.A. Holmes et aL[3]indicates that 
noncircularity has a stabilizing effect on the resistive 
tearing mode. 

Two possible effects can contribute to the flat j 
profile. Firstly, the plasma is bounded by a magnetic 
limiter, not a material one, and therefore the current is 
not forced to zero at the t'okamak edge. Current is permitted 
to flow in the "scrape-off" region, which is normally 
operated without divertor baffles. Secondly, although the 
confinement time agrees with the empirical tokamak scaling 
laws, the low toroidal field (~ 2.5 kG) of these low q 
experiments creates a short confinement time (~ 300 usee) 
perhaps making temperature gradients difficult to sustain. 

At present we are concentrating on discovering the 
ultimate lower limit on q, clarifying the effect of shear and 
noncircularity on disruptive instability, and measuring the 
time dependence of q within a sawtooth period (~ 200 usee). 

3. AXISYMMETRIC INSTABILITY 

The stability of dee, inverse-dee and square 
cross-section plasmas to axisymmetric modes has been 
investigated experimentally through direct measurement of the 
poloidal magnetic flux plot with internal magnetic probes[2,4]. 
Experimental results are compared with predictions of two 
numerical stability codes—the PEST[5]code (ideal MHD, linear 
stability), adapted to Tokapole geometry and a code[6]which 
follows the nonlinear evolution of shapes similar to Tokapole 
equilibria. Experimentally, the square is vertically stable 
and both dees are unstable to a vertical nonrigid 
axisymmetric shift. The central magnetic axis displacement 
grows exponentially with a growth time ~ M50 ysec ~ 10^ 
poloidal Alfvén times " plasma L/R time. Thus, the growth is 
slowed by passive feedback from the rings and wall; but the 
feedback is limited by the finite plasma resistivity, which 
causes damping of the induced image currents. Precise 
initial vertical positioning of the plasma allows passive 
feedback to nonlinearly restore vertical motion to a small 
stable oscillation with a period about equal to the above 
growth time. 
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FIG. 3. Increase in body and tail 
temperatures versus ICRHpower. 

The PEST code, ignoring pass ive feedback , p r e d i c t s a l l 
shapes t o be uns table with the square having t h e s lowest 
growth wi th growth times *" po lo ida l Alfvén t i m e s . With 
pass ive feedback, a l l are s t a b l e . Thus, bo th experiment and 
code agree t h a t the square i s the most s t a b l e shape , but 
experiment i n d i c a t e s the d e s t a b i l i z i n g e f f e c t of plasma 
r e s i s t i v i t y . In both code and exper iment , s q u a r e l i k e 
e q u i l i b r i a e x h i b i t a r e l a t i v e l y ha rmless h o r i z o n t a l 
i n s t a b i l i t y . Fur ther de ta i l ed comparisons between code and 
experiment have a l so been made [Ml* 

4. ION-CYCLOTRON RESONANCE HEATING (ICRH) 

High-power f a s t and slow wave ICRF s t u d i e s i n a s i n g l e -
component hydrogen plasma have been comple ted . The 
a p p l i c a t i o n of 70 kW to the ions a t 12 MHz wi th a s i n g l e -
t u r n , c e r a m i c - i n s u l a t e d , c e n t e r - t a p p e d , Fa raday-sh ie lded 
antenna r a i s e s the body temperature from 35 t o 75 eV and 
g e n e r a t e s t a i l s comprising 8$ of t he plasma t o 320 eV a s 
measured by charge exchange (F igure 3)« The second harmonic 
has been found to be the most e f f i c i e n t h e a t i n g frequency for 
a given vo l t age applied to the l aunch ing s t r u c t u r e . 
Exper imenta l ly , however, a p p l i c a t i o n of s u f f i c i e n t power t o 
overcome coupl ing i n e f f i c i e n c i e s up t o the maximum a t t a i n a b l e 
4 t imes t h e cyc lo t ron frequency on machine a x i s r a i s e s t he 
ions t o t h e same temperature . The use of t he slow wave a t 
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the fundamental is relatively ineffective and increases the 
ion temperature only - 25%* Magnetosonic heating in a 
poloidally diverted tokamak with low edge density below that 
needed for propagation requires that the launching device be 
as close to the current channel as possible. Substantial 
charge-exchange loss caused by wall reflux and rf ionization 
of the Hp blanket surrounding the plasma column and magnetic 
limiters limits the attainable temperatures. Plasma loss to 
the copper hoops is evidenced by an ~15 increase in the 
spectroscopically measured Cu I radiation with the 
application of rf. The electron density increased - 20% with 
the application of rf. The heating is by the m = 0 and m = 
+1 modes as determined by insertable rf probe coils and by 
the negligible heating in the absence of a mode. 
Additionally, substantial edge heating and severe impurity 
influx occurs below the normal cutoff density by a 
propagating m = +1 mode first described by Paoloni[7l No 
electron heating occurs. The use of the antenna as the 
frequency-determining element has allowed mode-tracking due 
to the imposed reactancé[8].of an eigenmode with a k0% increase 
in power deposition of a passing mode over the theoretical 
deposition with a fixed frequency source. This technique 
should work well in a large device with a high density of 
eigenmodes with suitable preselection of the k^. 

5. SHEAR ALFVÉN WAVE PROPAGATION 

Wave coupling to the plasma through the spatial shear 
Alfvén resonance has been proposed as a plasma heating 
technique[9i,10]. Low power (< 50 kW) wave-coupling experiments 
are underway on Tokapole II to assess the applicability of 
this technique to tokamaks. It is important to examine the 
effect of toroidicity and noncircularity on the wave coupling 
as pictured by the standard one-dimensional theory. The 
internal rings can serve as the launching structure, 
eliminating the need for constructed antennas. By grounding 
a ring to the tank at one of its supports and driving one of 
the other two supports, rf current is driven through the 
rings with the current returning through the tank itself. 
The third support remains insulated and unused and thus a 
toroidal mode number n = 2 is dominant. Poloidal mode 
numbers may be chosen as m ~ 1, 2 or 4 simply by driving the 
proper number of rings. 

One-dimensional theory predicts resonance to occur when 
the poloidal wave phase speed matches the local Alfvén speed, 
i.e. (jo/k̂  = V.(£). Thus the frequency may be chosen 
arbitrarily if a suitable parallel wavelength is imposed by 
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FIG. 4. Radial profile of wave poloidal 
magnetic field (in arbitrary units) at 
f~l MHz, with and without plasma 
present, in shear Alfvén wave experiment. 

the antenna structure. In this experiment, with 
O)/2TT ~ 1 MHz, adjustment of the equilibrium parameters should 
allow placement of the resonant magnetic surface either near 
the axis or the separatrix edge region where q -*- °°. Local 
resonances in the fluctuating magnetic field are indeed 
observed. For example, when the antenna is configured for an 
m = 2, n = 1 mode by driving each ring 180° out of phase with 
its neighbor, resonances are observed on both sides of the 
separatrix (Figure k), which is located at " 8 cm from the 
minor axis. In this case, some plasma is allowed to occupy 
the "scrape-off" region at r > 8 cm. The wave poloidal 
magnetic field is enhanced locally by a factor of 20 over its 
vacuum value, which is roughly uniform spatially over the 
displayed region. The observed surface of resonance does 
indeed coincide with a magnetic surface, as expected for this 
mode,[11].Furthermore, as appropriate for a shear Alfvén 
resonance, the wave magnetic field is polarized 
predominantly perpendicular to the equilibrium field; i.e. 
the wave radial and poloidal fields are similar in magnitude 
and structure but little wave toroidal field exists. 
However, as the plasma is noncircular as well as toroidal, a 
prediction of the resonant surface location by a two-
dimensional theory is necessary before the desired waves can 
be definitively identified as shear Alfvén resonance. Such a 
calculation is underway, as well as power coupling and 
wavelength measurements, to determine whether an escalation to 
high-power heating is in order. 

6. STARTUP WITH ELECTRON-CYCLOTRON RESONANCE HEATING 
(ECRH)[12] 

One possible means for surmounting the technological 
requirement of a high startup loop voltage is the application 
of ECRH to produce a plasma of modest conductivity prior to 
the onset of ohmic heating[12].'0nTokapole II, ECRH 
preionization is applied (16 kW at 9 or 16 GHz for ~ 1 msec) 
when the magnetic field is purely toroidal so that the 
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resonance zone is a vertical cylinder. The observed effect 
is a reduction in the loop voltage on axis by ~ 60% 
(20 V -*• 8 V). The reduction- lasts about 300 usee with 
negligible effect after ~ 1 msec. Detailed measurements of 
spatial loop voltage and current profile evolution are 
obtained during the startup phase. 
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Abstract 

DEPENDENCE OF ENERGY CONFINEMENT TIME ON COLUMN CROSS-SECTION 
ELLIPTICITY IN T-8. 

The dependence of the energy confinement time T% on the plasma cross-section ellipticity 
is measured in the T-8 finger-ring tokamak, the ellipticity being varied from 1.3 to 1.6. 
Ellipticity variation is achieved by properly directed quadrupole magnetic fields so that the 
plasma column is compressed or stretched, the plasma column axis being fixed by a feedback 
system. Measurements of poloidal-magnetic-field distributions, diamagnetic fluxes and electron 
temperature near the column axis have shown that the plasma current density distribution over 
the magnetic surfaces does not change with ellipticity nor does the mean electron temperature, 
which is only a function of the plasma density. The mean electron temperature derived from 
conductivity is also independent of ellipticity if plasma current and radial plasma dimension 
are fixed. These results suggest that an increase in ellipticity leads to an increase in TE that is 
approximately proportional to k2. A possible reason for this increase in TE is discussed. 

The theoretically predicted [ 1 ] increase in energy confinement time TE 
in tokamaks with elliptical cross-section stretched along the main axis of the 
system is studied in Refs [2, 3]. The value of TE is known to depend on the 
plasma density [4] and the current density distribution in the column [5]. 
It is, therefore, hardly possible to assess the effect of the column cross-section 
shape alone on the energy confinement time TE by just making use of the 
results of Ref. [2] since the transition from circular to elliptical cross-sections 
resulted in an increase in plasma density. The results of Ref. [3] lead to the 
same conclusion, plasma density and current distribution inside the plasma 
column having been measured only approximately. 

The present paper is concerned with measurements of rg in the T-8 device 
for a few plasma density values (ïïe = (1 - 3) X 1013 cm -3), the ellipticity k (the 
ratio of vertical to radial dimensions of the plasma column) being varied from 
1.3 to 1.6. 
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7a 8 

FIG. 1. Cross-se ction of T-8 de vice. 
1 a) cylindrical and b) spherical parts of copper shell; 2) liner; 3) elements of stationary 
limiter; 4) quadrupole (separatrix) winding; 5) iron core; 6) two coils on iron core; 
7 a) small and b) large rings containing three or four sets of windings; 8) toroidal-field coils; 
9 a, b, c) places where the magnetic probes '0\ '4'and '6', respectively, were fixed. 

The cross-section of T-8 is shown in Fig. 1. The major radius R0 of the 
chamber is 28 cm; the distance between the vertical molybdenum plates forming 
the stationary limiter is 9.6 cm; the toroidal magnetic field is 0.9 T (the T-8 
parameters are described in Ref. [6], in detail). 

The ellipticity of the plasma column results from the copper-shell cross-
section, the size of the current channel, and the plasma current density distribution. 
Plasma column equilibrium configurations in T-8 have been calculated by using 
the procedure outlined in Ref. [7]. The current density in the plasma column is 
taken to be of the form 

ĵ > Jo C 
1+C2 

— 1 
R R, 

" S ; + ( 1 - » R U l - i l W + C 2 

where \p is the poloidal flux, \jj0 its value at the column axis, and \p = 0 at the 
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boundary; /30 is a coefficient proportional to the plasma pressure, and C a 
parameter determining the current concentration towards the axis. The 
resulting ellipticity was equal to 1.37 or 1.45, depending on the current density 
distribution in the plasma, i.e. for C = 0.3 or 4.0, respectively. The ellipticity 
of the plasma cross-section could be varied by an appropriately directed pulsed 
(Tp = 10 ms) current, Jgw in the so-called separatrix winding ('4' in Fig. 1). 
The total value of Jsw was up to 42 kA, it started 1 ms after the beginning of the 
discharge pulse, which lasted for 10 ms. All the measurements were performed 
at constant values of toroidal magnetic field Bj and discharge current Jp 

(Bj = 0.9 T, J p = 14 kA, corresponding to q(a) = 3.5 at K = 1.3 and 
q(a) = 4.8 at K = 1.6). A feedback system was used to stabilize the radial 
position of the plasma column and to damp axisymmetric instability of the 
column. The stabilization system provides an accuracy of the column position 
of |Azp| < 0.5 mm, |ARp| ^ 1 mm. It has been realized that such a stabilization 
is necessary both to guarantee precise magnetic-probe measurements and to 
equalize the conditions prevailing in different discharge regimes (even a small 
displacement of the plasma axis leads to a distortion of the current density 
distribution because of a change in the impurity influx). 

The following quantities were measured in the experiments: (a) signals of 
magnetic probes '0' and '4', which were the most sensitive ones to cross-section 
variations (9a and 9b in Fig. 1); (b) the difference signal of the magnetic probes 
'0' and '6 ' obtained from a balance scheme yielding zero in the absence of a 
separatrix winding current; (c) microwave (2 mm) phase shifts measured along 
the vertical (At¿>z) and radial (A<¿>r) axes of the column cross-section; (d) the 
intensity of the impurity spectral lines; (e) the diamagnetic-coil signal; (f) the 
plasma current and voltage. The behaviour of the discharge parameters is seen 
from the oscillograms of Fig. 2. Laser scattering measurements of the electron 
temperature in the central region of the plasma column were carried out for 
several discharge conditions. All experimental data referred to here were 
obtained during the last milliseconds of a discharge (i.e. 8—9 ms after switching 
on the quadrupole magnetic field), the plasma density being constant during 
the discharge pulse. 

The results of the magnetic-probe and microwave measurements in 
discharges with J ^ = 0 and ± 5 Jp are shown in Fig. 3. The magnetic-probe 
data are compared with those of the model; special model measurements were 
performed to take into account the finite conductivity of the shell which 
encloses the current flowing through the conductors of various elliptical cross-
sections. The results of the microwave measurements themselves were not stable 
enough (scattering 5—7%) to determine the parameters K or C. On the right-hand 
side of the diagram, the calculated values of K and A<¿?z/Ay?r obtained for a 
parabolic plasma density distribution at different C and Jsw = 0 and ± 5 Jp are 
shown. 
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FIG.2. Oscillograms of a representative discharge: 
1) voltage; 2) plasma current; 3) radial and 4) vertical displacements; 5) hard-X-ray intensity; 
6) Hy; 7) C III, and 8) C Vspectral line intensities; 9) vertical and 10) radial microwave phase 
shifts; 11J magnetic probe signals: a) probe '4', b) probe '0'. 
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FIG.3. Ratio VQ/V* as a function of average plasma density ne; V0 and V* are the signals 
from magnetic probes '0'and '4', respectively; 
O — stretching quadrupole field (Jm = + 5Jp); X - no quadrupole field; o - compressing 
field (Jgw = - 5Jp). Broken lines show ratios obtained in T-8 model at different K. 
b) ratio of microwave phase shifts A<pz /A</?r. The ratios calculated for different C on the 
assumption that ne(R) = n0 [1 -(R -R0/a)2]are shown. 
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FIG.5. Energy confinement time T% obtained from diamagnetic signals as a function of 
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° ~J$N = ~5Jp)- Values TE based on electron temperatures near axis, Te(0), and calculated on 
the assumption C= 1 are shown (® - J^ = 0, o - / w = - 5Jp). 

The difference signal of the magnetic probes '0' and '6 ' was more sensitive 
to cross-section variation and could be measured with sufficient accuracy; this 
signal could be compared with the results of numerical calculations and used to 
determine the values of K and C. The difference signals obtained in the experiments 
suggested C being in the region 0.7—1.0 in different regimes, and, consequently, 
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FIG.6. Energy confinement time T% as a function of q for ne = 1.6 X 1013 cm~3. 
The curves correspond to different parameters that are varied: 1) Jp = 10-20 kA 
(BT = 0.9 T, Kb = 1.4); 2) BT = 0.72-0.95 T (Jp = 14 kA, Kb = 1.4); 3) Kb = 1.3-1.6 
(Br = 0.9 T, Jp = 14 kA); 4) comparison tine T E « ^ 0 - J^ = + 5Jp, X^ - J^ = 0, 
° _ Jsiv - ~5Jp). The ratios ofr%, for the same q when passing from Kb = 1.3 (Jp = 14 kA) 
to Kb = 1.4 (16 kA) and from Kb = 1.4 (12 kA) to Kb = 1.6 (14 kA) are shown. 

the current density distribution over the magnetic surfaces was virtually not 
affected by the shape of the plasma cross-section. The same conclusion could be 
drawn from a comparison of the diamagnetic-probe signal (i.e. a plasma energy 
store) with the electron temperature in the central region of the column; indeed, 
any current density distribution (i.e. C) seemed to be associated with a definite 
electron temperature distribution in the colum; a certain plasma energy store 
corresponds to each value C, which can be expressed in terms of the measured 
plasma density distribution and electron temperature at the plasma axis. The 
value C determined in this way appeared to be close to that obtained from the 
difference signal. 

The numerically calculated ellipticity of the plasma column at C = 0.7 + 1 
was equal to: 

1.30 at Jgw = — 5 Jp (compressed state), 
1.39-1.42 at Jsw = 0, and 
1.56-1.60 at Jsw = + 5 Jp (stretched state). 

These results are consistent with those from the microwave and probe measure
ments. The mean electron temperatures derived from the diamagnetic effect and 
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from conductivity were not affected by the plasma shape; they only depended on 
the plasma density, as is shown in Fig. 4. A comparison of these temperatures 
in different conditions suggests that Zeff «2.2—2.7. 

The energy confinement time is shown in Fig. 5 as a function of the plasma 
density for these three regimes. The energy confinement time was derived from 
the diamagnetic signals, the K values given above, the plasma current and the 
voltage per turn. Radiation energy losses were neglected. It could be seen that 
TE increases with the cross-section ellipticity at any density so that TE œ K2. 

The growth of TE with ellipticity is, therefore, observed at constant mean 
values of plasma density and electron temperature and for virtually non-changing 
current density distribution. Such a dependence is observed in the plasma density 
region of (1-3) X 1013 cm - 3 . It should, however, be noted that the variation in 
ellipticity is accompanied by a variation in the safety factor q: q cc 1 + K2. 
Figure 6 shows TE as a function of q with varying parameters J p( l ) , Bx(2), 
and Kb(3). The dependences of TE (q) with varying parameters Bj and K are 
practically similar whereas a comparison of regimes with the same q and different 
ellipticities and currents reveals a strong growth of TE with increasing K (the ratios 
are shown in Fig. 6). The latter fact can apparently be ascribed to the specific 
T E ( J P ) dependence in T-8. Therefore, we cannot eliminate the possibility that the 
observed TE growth is due to an increase in q. This possibility seems to be 
acceptable in conditions when the electron heat conductivity is highly anomalous; 
it is suggested that TE Œ qa , which has been observed elsewhere [7]. Hence, an 
increase in ellipticity at constant current should lead to a growth of TE by 
( 1 + K2 /2)a times; for a = 1, this factor is 1.3, a value that lies within the 
accuracy of our measurements. 
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Abstract 

EXPERIMENTS ON TURBULENT HEATING AND CONTROL OF PLASMA 
SHAPE IN TOKAMAKS. 

Experimental results on turbulent heating in the Triam-1 tokamak are presented, in 
which single- and double-pulse heating methods are used. Application of the single-current 
pulse leads to bulk ion heating of the tokamak plasma — without destruction of macroscopic 
plasma — both for negative and positive polarity of the Ohmic-heating current. The second 
pulse in the double-pulse method causes an even greater increase in the bulk ion temperature 
attained by the first pulse. Shaping experiments and a magnetic island in a small non-circular 
tokamak, TNT-A, are described. Positional instabilities are studied by decreasing the decay 
index after the plasma current is established. The combined operations of decreasing decay 
index and rapid increase of plasma current effectively maintain the elongated plasma. A 
magnetic island (m = 3, n = 1) is observed by magnetic probes. In Toriut-4 the equilibrium 
of an elliptic plasma produced by shaping coils has been confirmed by the use of magnetic 
probes and high-speed photography. An ellipticity of 1.5 is obtained. The effectiveness of 
passive feedback circuits is consistent with theory. Runaway electron confinement is 
improved by shaping. The safety factor, qa, of 1.4 is attained. An integral equation to 
determine the feedback gain is derived. 
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1. TURBULENT HEATING IN HIGH-FIELD TOKAMAK TRIAM-1 

1.1. Introduction 

Turbulent heating is a promising method since it simplifies the additional 
heating system for tokamak plasmas. In the high-field tokamak Triam-1 
(maximum toroidal field Bt = 40 kG; major radius R = 25.4 cm; minor plasma 
radius a = 4 cm) [1 ], when a single-current pulse induced by an electric field 
much higher than the Dreicer has been applied to stably confined tokamak 
plasma, the heat of the bulk ions has been effectively increased about two- or 
three-fold without destruction of macroscopic plasma [2]. Bulk ion heating 
has been observed in both negative and positive polarity for the Ohmic-heating field. 

1.2. Experimental results 

1.2.1. Turbulent heating by single-pulse method 

In the quasi-steady state of Ohmically heated plasma, a single-current 
pulse has been superimposed on the Ohmic heating current (Ip) with positive 
polarity (the first pulse in Fig. 1(a)) [3]. The time variations of the ion 
temperatures from the neutral energy analyser (NEA) and Doppler broadening 
of visible lines are shown in Fig. 1(b), where the ion temperatures from the 
NEA and Doppler broadening of He II and Ha lines correspond to those of 
the radial positions r = 0, 2.5 and 3.2 cm, respectively. The heating pulse 
causes the ion temperatures to increase in a time much shorter than the 
equipartition time (req = 1 ms), and then to decrease with the decay time 
which is predicted from neoclassical transport theory. Figure 2 shows the 
radial profiles of electron and ion temperatures. Just before the heating pulse, 
these profiles have a nearly parabolic shape. We can see the skin structure, 
about 1 cm wide, on the electron temperature profile. The skin structure is 
maintained for about 500 jus after triggering the heating pulse. However, 
the ion temperature profile, as seen from Figs 1 and 2, has a nearly parabolic 
shape after 50 jus from the pulse, which shows that the input energy from 
the heating pulse is transferred very rapidly to the ions of the central plasma 
region, while the electron energy obtained by the pulse localizes on the 
skin layer. 

1.2.2. Double-pulse heating 

We have applied the second current pulse to the tokamak plasma heated 
by the first pulse (Fig. 1(a)). The second pulse has raised the ion temperature 
attained by the first pulse even more (Fig. 1(b)). The respective increase of 
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FIG.l. (a) Waveforms of pulsed current (IÏH) and loop voltage (V™p) for turbulent 
heating in cases with both single and double pulse. Time = 0 means the triggering time of 
the heating pulse. 
(b) Time variations of ion temperatures from neutral energy analyser (NEA) and Doppler 
broadening of He Hand Ha lines in the single-pulse method. Ion temperature from NE A 
in the double-pulse method is also shown. 

the ion temperature by the first and second pulses is in reasonable agreement 
with the scaling law of the ion-temperature increase obtained by the single-
pulse method [2]. These results show the effectiveness of the multipulse 
method for turbulent heating of tokamak plasmas [4]. 

1.3. Conclusions 

It is concluded from these experimental results that turbulent heating is 
effective for the additional heating of tokamak plasmas. 
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FIG. 2. Time evolution of the profiles of electron and ion temperatures before and after 
heating pulse. 

We assume that the ion acoustic mode, ion-cyclotron mode and lower-
hybrid mode in the slide-away regime [5] are the current-driven modes 
associated with the observed plasma heating. 

2. SHAPING AND MAGNETIC ISLAND IN THE TNT-A TOKAMAK 

2.1. Device and diagnostics 

The machine parameters and typical plasma parameters of a small 
non-circular tokamak, TNT-A [6, 7], for the results presented here are the 
following: major radius R = 40 cm; plasma current Ip = 23 kA; toroidal 
field Bt = 3.7 kG; safety factor qa = 2.3; central electron temperature 
Teo

 = 250 eV; average electron density ñe = 4 X 1012 cm - 3 ; elongation 
ratio K (ratio of plasma height to width) = 1.4. The plasma is limited by the 
molybdenum limiter with a D-shaped aperture 36 cm high and 18 cm wide. 
The plasma can be elongated vertically by eight shaping coils and the partial 
shell. The shape of the plasma boundary is determined by six \i/-loops and 
14 magnetic probes. Two-dimensional measurements of the laser scattering 
give the contour map of the electron temperature. 
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FIG. 3. (a) Experimentally measured growth time T, plotted against the calculated decay 
index n0 ( = - (R/Bz) (3BZ/3R)> 
(b) Vertical profiles of electron temperature (Te) and electron density (ne) with (•) and 
without (o) second current rise. 
(c) Time evolution of safety factor qa, plasma current Ip, loop voltage Vi, major semi-axis b, 
elongation ratio K, and relative amplitude of poloidal field fluctuation Bp/Bp with and 
without the combined operation to increase elongation ratio. Here (m,n) stand for poloidal 
and toroidal mode number, respectively. 

2.2. Positional instability 

The decay index n(= - (R/Bz) (3BZ/8R)) should be highly negative to 
get highly elongated plasma. However, a positional instability limits the decay 
index allowed. The growth time of the positional instability was measured by 
magnetic probes with the same method as is used in Tosca [8]. The obtained 
growth time r is plotted versus n0 in Fig.3(a), where n0 is the calculated value 
of n, neglecting the effect of the iron core and the shell. The region n0 < -0.8 
is considered to be positionally unstable because the penetration time to 
poloidal fields is 1.2 ms. This region corresponds to the region where the 
plasma current was not sustained in the previous experiment [9]. 
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FIG. 4. (a) Distribution of poloidal field fluctuation B p from an inserted probe along 
minor semi-axis, (b) Flux contours for m = 3, n = 1 tearing mode derived from Bp 

measurement. 

2.3. Shaping control 

The elongation ratio decreases with time because the plasma current 
profile peaks [9]. The rapid increase of the plasma current with the gas puffing 
after current establishment [10] heats the outer region of the plasma column 
so that the profile of the plasma current becomes flatter and the plasma 
column becomes more elongated. The profiles of the electron temperature 
and the electron density are compared in Fig.3(b). Next, we tried to 
elongate the plasma column by the combined operation of a rapid current 
rise and decreasing decay index after current establishment. The time evolution 
of plasma parameters with and without this operation is shown in Fig.3(c). 
The elongation ratio K is found to increase by 0.1 ; MHD activities (mainly 
m = 2, n = 1 mode after 4 ms) are not seriously enhanced. 

2.4. Direct measurement of magnetic island 

The distribution of the poloidal field fluctuation Bp (m = 3, n = 1 tearing 
mode) in the plasma has been measured directly by inserting small magnetic 
probes under a low-current operation (Ip = 8.8 kA at Bt = 2.6 kG; qa = 4.7; 
Te0 = 100 eV; ïïe = 2.6 X 1012 cm"3; and K = 1.4). A typical Bp distribution 
is shown in Fig.4(a). The perturbed plasma current, derived from these data, 
is found to be localized in the neighbourhood of q = 3 rational surface; the 
width (FWHM) of a perturbed current layer, A, is 1.3 cm on the minor semi-axis 
and the ratio of A to plasma minor radius, a, is 0.15. Figure 4(b) shows the 
magnetic island structure, determined from the perturbed current. The full 
width of the island on the minor semi-axis, w, is 2 cm and w/a = 0.23. 
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FIG.5. (a) Cross-section of Toriut-4 and measured poloidal field with free boundary MHD 
calculation, (b) Photographs of plasma shape before and after shaping, (c) Circuit diagram 
of weak passive (continuous line only) and strong passive (including broken line) feedback control. 

3. EXPERIMENTS ON EQUILIBRIUM AND STABILITY IN 
NON-CIRCULAR TOKAMAK TORIUT-4 

3.1. Plasma shaping 

The machine and plasma parameters of Toriut-4 are summarized as 
follows: Bt < 5 kG; ap < 11.5 cm; R = 30 cm; Ip £ 16 kA; Vioop = 1-3 V; 
Te(laser) ^ 150 eV; ne(laser) <> 6 X 1013 cm - 3 ; T E = 200 jus; j3T(circular) <, 1%; 
and qa ^ 1.4. 

Active plasma shaping coils are wound close to the plasma surface to 
obtain high ellipticity and to produce the magnetic limiter configuration. The 
computed plasma shape, including the influence of iron core, is confirmed 
qualitatively by experiments, i.e. high-speed photography and poloidal field 
measurement with 24 magnetic probes (Fig.5). When the separatrix is generated 
inside the chamber by strong shaping, high-frequency mode (high-m mode) 
is observed near the separatrix. 

It has been observed by hard X-ray measurement emitted from the limiter 
that the lifetime of runaway electrons produced at the beginning of the 
discharge increases as a result of application of shaping. This phenomenon is 
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FIG. 6. Discharge characteristics with qa = 1.7 and soft X-ray emission at five different 
chords (Z), Bg and shaping current. Large-scale MHD modes decay as the current profile 
changes, the central core is heated up and the large internal disruption occurs. 

attributed to the change of the drift orbit by the shaping field. Further emission 
of hard X-rays was not observed if the shaping field was applied after the 
termination of the initial hard X-ray burst. 

3.2. Axisymmetric modes 

In the case of a slightly D-shaped cross-section, measured displacement 
due to axisymmetric instability (n = 0) is not purely vertical and is consistent 
with the theoretical prediction by Rebhan and Salat [11]. Two types of 
passive feedback circuits (Fig. 5) are used for stabilizing the axisymmetric 
mode. Critical values of Is/Ip for stability are 0.2 and 0.4 for weak passive 
circuits and strong passive circuits, respectively. This result agrees qualitatively 
withRef.[12]. 

For feedback control calculation, we have derived an integral equation to 
determine the feedback gain of the marginally stable point for arbitrary shape 
and current profile [13]: 

\MR,Z) + A/dR' dZ' [F(R,Z; R',Z') -XK(R,Z; R',Z')] iMR',Z') = 0 

where ^ is the perturbed flux function and F and K are known kernel 
functions. The parameter X is the feedback gain for marginal stability and is 
determined as an eigenvalue of this equation. 
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3.3. Low-q discharge 

The safety factor qa can be decreased to 1.4 without current termination 
by means of: (i) fast current rise (risetime = 0.5 ms) and (ii) Repositioning 
by shaping and passive control. Repetition time of saw-tooth oscillation 
and confinement time decrease as qa decreases. Figure 6 shows the typical 
discharge characteristics with qa = 1.7 and the soft X-ray emission. According 
to Kadomtsev's theory [14], the reconnection region extends to the vacuum 
region and therefore the plasma centre must reconnect to the vacuum 
region. This causes the small dip in the plasma current (Fig.6). Thus, 
experimental observations in Toriut-4 show that the qa = 2 barrier is not 
serious but that the large-scale internal disruption in qa < 2 causes the plasma 
confinement to deteriorate. 
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Abstract 

CRITICAL BETA AND MAGNETIC ISLAND STUDIES ON THE TOSCA TOKAMAK. 
The major limitations associated with present-day tokamaks, namely plasma-0, low-q 

operation and minor/major disruptions, have been investigated on the small tokamak Tosca 
(R = 30 cm, a/R ̂  0.27). Present empirical scaling laws for Ohmically heated plasmas 
indicate that the maximum 0 is obtained in small aspect ratio devices with small major radii. 
The best results on Tosca for a circular plasma give a central value for 0 of 5%. Ballooning-
mode calculations for this and other plasmas indicate that the critical value of/3 for the 
onset of such instabilities has been exceeded. However, no evidence of impaired confinement 
or high mode number activity correlated with /3 has been found. By gettering and using a 
resonant helical winding, stable operation has been obtained at values of q down to 1.4 
with no conducting shell. Three resonant helical windings (m = 1, n = 1 ; m = 2 , n = l ; 
m = 3, n = 2) have been used to investigate mode activity and disruptions. Sawtooth 
oscillations and m = 2 activity can be suppressed with these windings, m = 3, n = 2 mode 
activity is pronounced just before soft and major disruptions. Large distorted magnetic 
islands with ergodic regions are calculated to be present just before a major disruption. 

1. INTRODUCTION 

The small tokamak TOSCA has been used to study the effects 

of shaping the plasma cross-section into an elliptic, a triangular 

[1] 

and a D-shaped form . Confinement times increase with vertical 

elongation and when the plasma edge is defined by a separatrix. 

Compression experiments established the importance of detaching 

the plasma from the limiter. Using slow decompression and gas 

* University of Oxford. 
** University of Oxford; now at Plasma Physics Laboratory, Princeton University, 

Princeton, NJ, USA. 
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puffing,central values of g of 5% have been obtained with cir-
[2] 

cular plasmas . As with *triangular plasmas, the g value 
equals or exceeds that calculated for the onset of ballooning 

[3] 
modes. Additional 'helical1 windings have been added to 

assist in investigations of mode activity, disruptions and 

ergodic field line behaviour. 

2. OPTIMISING g 

The maximum density for ohmically heated plasmas in 

tokamaks is observed to be proportional to B ./R - or the central 

current density. When this is combined with empirical scaling 

laws for the energy confinement time, the central value of g 

Y Z e f / can be expressed in the form 3(0) Œ (a/R) ' -J • For the 
AtO)8 B/ 

[4] * 

Coppi-Mazzucato scaling y = 4/3, 6 = 1 , e = 2/3, A = 1/3, 

u = 2/3. Results from a number of devices operating at or near 

the maximum density indicate good agreement with such a scaling. 

It predicts that a small aspect ratio device with small major 

radius, such as TOSCA, should reach a central g value of 'v 6% 

with ohmic heating alone. 
With circular plasmas the central density can be raised 

13 -3 

to 3 -> 3.5 x 10 cm in 3ms while the central electron temper

ature remains constant from 2 -»• 3 ms at ̂  300 eV and the 

toroidal field is decreased from 4.5 -> 3 kG as shown in Fig.l. 

In this way a high value of g is obtained without any deterior

ation in confinement. With gettering and gas puffing, the den-
13 -3 

sity can again be raised to 3.5 x 10 cm without disruption 

but higher values of g are not obtained. The ion temperature 

as measured with a neutral particle analyser reaches 120 eV. 

Thus the total g value on axis is 5%. Attempts to increase this 

value using elliptical plasmas with a vertical elongation of up 
to 1.5 have not resulted in any further increase in g. 



IAEA-CN-38/X-4-4 733 

FIG.l. Evolution of electron temperature, 
mean electron density and central j3 value 
for a slow decompression. 

TABLE I. COMPARISON OF EXPERIMENTAL AND THEORETICAL 
0 VALUES 

Type 

Triangular 
plasma (R/a = 5) 

Circular 
plasma (R/a = 4) 

Low-q 
plasma (R/a = 4) 

qa 

2.1 

3.0 

1.4 

/3C0) 

4% 

5% 

2.5% 

0 

1% 

1.3% 

1.5% 

Ballooning limit 
( q ( 0 ) ~ l ) 

0(0) 

4% 

4% 

0 

1.3% 

0.9% 

(Not optimized 
on all surfaces) 

4% 1.7% 

3„ BALLOONING MODES 

Ballooning-mode calculations have been made for circular, 
[5] 

triangular and low-q plasmas on TOSCA . A comparison of the 

experimental values of central and average 3 with those obtained 

from computations is shown in Table I. With some allowance for 

the differing distributions of pressure and current,it is appar

ent that the experiments have equalled or exceeded the balloon

ing mode limits. Calculations in the high poloidal 3 regime 

show that central values of 3 in excess of 10% might be possible; 

300 

T,(eV) 
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^ 1 

FIG. 2. Signals from a single BQ coil and 
a sin 86 coil. The signal on the Bg coil is 
principally due to an m = 2 mode. A much 
higher frequency signal is apparent on the 
sin 86 coil. 

however, such configurations are probably not stable to low tor

oidal mode number, n, modes. The most likely toroidal mode 

numbers to be observed on the TOSCA experiment are n ̂  3-4 taking 

into account Larmor radius effects. Several different coil 

systems have been used to detect modes with m=8, n=4j m=8, n=3: 

m=5, n=3. Each of the coils shows fluctuations in the region 

of ̂ 100 kHz (m=5) to 200 kHz (m=8) compared with the m=2, n=l 

mode frequency of ̂  35 kHz (Fig.2). The estimated amplitude in 

the plasma is less than 0.1% of the poloidal field. No correl

ation was found during the discharge between the high-frequency 

mode activity and the 3 value. Indeed the high-frequency modes 

were more pronounced in the early phases of the discharge when 

the 3 value is low. The internal soft x-ray activity was 

unchanged at high 3 with m=l, n=l; m=3, n=2j and m=2, n=l modes 

observed. Hence there is no experimental evidence for a change 

in the mode activity at 3(0) ̂  5%. 

4. LOW-q OPERATION 

The average value of 3 can be increased by decreasing q 

in the TOSCA device (Table i). This has been achieved without 

a conducting shell but at lower densities than is usual on this 

device. Both extensive discharge cleaning and gettering were 

used to obtain broad current distributions, as deduced from 

inductance measurements. The plasma current was then increased 

to £ 20kA for 1 ms with a toroidal field of only 3kG at an 

WiVWiV' 

W':&4*4Wmfi^ 
B8 coil 

Sin 86 
coil 

¿ ï>$Ùn>,V '*'» 
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FIG.3. Evolution of plasma current, 
density, toroidal field B^, anc? mode 
activity on an expanded timescale in a 
low-q discharge obtained on Tosca. 

13 -3 
average density of 0.5 + 1 x 10 cm (Fig.3), An m=2 'helical' 

coil was found to be helpful in obtaining low-q discharges if it 

was energised when m=2 mode activity started to appear. Discharges 

with q down to 1.4 could be obtained for up to two energy con-a 

finement times. The value of T_ (V500JJ.S) was "comparable with 

values obtained at somewhat higher densities. The mode activity 

observed in such discharges is shown in Fig.3 and consists of 

a continuous 3/2 mode at about twice the frequency of the m=2 

mode. This is in contrast to high-q discharges which only show 

3/2 activity to be present at the time of soft and major dis

ruptions . The m=2 activity is probably associated with a sur

face kink mode. Sawtooth activity of large amplitude is also 

observed, sometimes weakly correlated with 3/2 activity. 

In an attempt to understand the low-q behaviour of such 

discharges, we have made instability growth-rate calculations 
[6] 

using an initial value approach . Starting from a current 
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FIG.4. Stable current distribution with qa !>2 
and a conducting wall radius of 1.7. The position 
of the singular surfaces for the m = 2 and m = 3, 
n = 2 modes are indicated. The initial current 
distribution is indicated by the dashed curve. 

distribution which corresponds to the measured inductance, and 

using the measured conductivity temperature,the calculation 

indicates that m=2, n=l and m=3, n=2 modes are strongly unstable 

for q = 2 : higher modes such as m=5, n-3 are found to be stable. 

By redistributing the current so that the current gradient is 

weaker inside the singular surface,the m=2 mode can be stabilised; 

however, this strongly destabilises the m=3, n=2 mode. Careful 

redistribution of current inside both singular surfaces allows 

one to obtain a completely stable current distribution, as shown 

in Fig.4,with a conducting wall radius of á 1.7 times the plasma 

radius. However, the edge of the current-carrying column has now 

moved outwards so that q >2. It is also possible to obtain stable 
3. 

distributions as in the experiments with q *vl.6 provided a con-

ducting wall is situated within 1.4 times the plasma radius. 

The vacuum vessel is the only conducting shell on TOSCA 

with a time constant of 7 p.sj consequently this cannot act as a 

shell for a stationary plasma. The experiments, however, indicate 

that it may act as a shell and this could be the case if the 
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plasma or electron fluid is rotating at an appropriate rate. A 

simple tearing mode calculation for a rotating plasma shows that 

the vessel acts as a wall for m=2 modes if the frequency exceeds 

about 25kHz. As the observed frequency is often close to 50 kHz, 

it is likely that the vacuum vessel has a stabilising effect on 

these low-q discharges. 

5. MODE ACTIVITY CONTROL AND MAGNETIC ISLANDS 

Approximations to resonant helical windings (m=l, n=l: 

m=2, n=l: m=3, n=2) in the form of saddle coils have been used 

to investigate mode activity, disruptions and ergodic field line 

[3] 

behaviour . With coil currents of 2 kA in the m=l coil, saw

tooth oscillations could be suppressed. The m=2 coil tends to 

suppress m=2 activity at low coil currents but produces irregular 

m=2 oscillations at higher currents with the mode rotation some

times stopping. Further increase in current induces soft and 

major disruptions. The m=3, n=2 winding, when used as a detect

ion coil, shows the rapid growth of such a mode just before a 

soft or major disruption, correlated with the amplitude of the 

m=2 activity , and also at the time of an internal disruption. 

The deduced amplitudes, in the form of a radial field perturbat

ion normalised to poloidal field, of the 3/2 and 2/1 modes at 

their respective singular radii are comparable at the time of the 

major disruption. 

Both modes are observed on the signals from soft x-ray 

detectors. In addition to the 3/2 mode, soft disruptions usually 

show 5/3 activity as well but rarely 8/3. A major disruption 

appears to show activity on all the measuring coil systems a 

few us before redistribution of the plasma current takes place -

suggesting a state of turbulence rather than one in which a few 

modes are interacting. 
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FIG. 5. Calculated magnetic surfaces 
for an elliptical plasma with lp=10 kA, 
\s = 3.4kA, ft = 0.5; q(a)~5.J, 
q(0) ~1.1, hp = 1 kA, I2/1 = 0.5 kA. 
Is is the shaping or quadrupole current. 

When both 2/1 and 3/2 coils are activated with large coil 

currents (Im=2
 = 3 kA' I

m=.3 = 4 kA, I = 12 kA) a very rapid 

major disruption occurs, with the growth time of the 2/1 mode 

being less than 25 lis. For this situation it is possible to 

calculate the form of the magnetic surfaces; however, not in a 

fully self-consistent manner. Field line tracing calculations 

have been made for the actual equilibria using the measured B , 

ratio q(a)/q(0) and plasma shape as deduced from multipole 
[8] 

moment coils . Figure 5 shows both m=2, and m=3, n=2 magnetic 

islands produced at relatively small 'helical' winding currents 

for an elliptical plasma. Significant ergodisation of 

the magnetic field lines has occurred in this case. When the hel

ical currents are close to those which initiate a disruption, 

large distorted magnetic islands occur with ergodic regions 

associated with island overlap. Destruction of the magnetic 

surfaces and the interaction of modes with different helicity 

appear to play major roles in the disruption or relaxation 

process of the plasma. 

6. CONCLUSIONS 

Though relatively high values of central 8 (5%) have been 

obtained by ohmic heating alone, there is no experimental evidence 
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for the existence of ballooning modes or any deterioration in 

confinement. Stable discharges with q down to 1.4 have been 

obtained and these may rely upon the thin vacuum vessel and 

plasma rotation to produce the stabilising effects 

associated with a conducting shell. Minor and major disruptions 

are due to the internal interaction of modes with different 

helicity which results in the overlapping of magnetic islands. 

Using external windings, fast major disruptions can be induced 

when two sets of overlapping islands are generated. 
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DISCUSSION 

ON PAPERS X-4-1 TO X-4-4 

H. FURTH: At this meeting several speakers have mentioned that 
neoclassical confinement is supposed to improve with increasing vertical 
elongation (b/a). With reference to the T-8 tokamak paper (CN-38/X-4-2), 
where the total current I is held fixed, the neoclassical prediction for both the 
collisionless and collisional regimes is actually that the confinement time 
should decrease rather strongly, and I doubt that the scaling with b/a is 
favourable even in the plateau regime. Your conclusion that confinement in 
T-8 is improved with rising b/a owing to the increase in the q-value seems to 
me to be correct. 

D.C. ROBINSON: I would add that there is experimental evidence for a 
modest (30%) improvement in confinement with elongation at constant q. 

A. GIBSON: You reported results from T-8 and Tosca which show that 
7"E «(b/a)2, whereas in an earlier paper we heard that in Doublet III there is 
only a very weak increase of rg with elongation. Can you comment on the 
origin and significance of this difference? 

D.C. ROBINSON: In T-8 the improvement is largely due to an increase 
in q, as the plasma current was kept constant; in Tosca it was the value of 
q and the volume that were kept fixed. The improvement in confinement 
with elongation on this device is associated with a broadening of the pressure 
distribution. On Doublet III the peaked profiles permit only a small variation 
in elongation in the hot core, so weak dependence on elongation is to be expected. 

G.H. WOLF: You reported that sawtooth oscillations were sometimes 
observed in low-q discharges. We have learned from other tokamak papers 
that without internal disruptions an intense accumulation of impurities is 
observed. Was anything similar found in the devices you described? 

D.C. ROBINSON: In the low-q discharges on Tosca and Toriut-4 only 
light impurities have been observed and only at a low level. There is no 
evidence for impurity accumulation in such discharges and indeed low-q 
operation with broad current distributions is difficult in these devices unless 
very clean conditions are obtained. 

T. OHKAWA: When the limiter q value is less than 2, the plasma column 
does not suffer major disruption. What then limits a further increase in the 
plasma current? 

D.C. ROBINSON: On the Tosca and Toriut-4 devices the internal m = 1 
mode and associated sawtooth oscillations ultimately expand to produce an 
interaction with the outer boundaries, and the confinement deteriorates, with 
the resistance becoming high as q approaches unity. The behaviour on the 

741 
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Tokapole appears to be different, possibly because of the magnetic limiter 
configuration, and lower values of q (~0.6) can be obtained without gross 
instabilities or serious effects on the confinement. 
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Abstract 

SIMULATION OF ELECTRON CYCLOTRON RESONANCE HEATING IN THE 
T-10 TOKAMAK. 

Ohmic-heating discharges and discharges with additional electron cyclotron heating 
in the T-10 tokamak have been studied by means of a hybrid model, including both diffusion 
processes and MHD-mixing caused by internal modes. The calculations are in good agreement 
with the experiments. 

1. INTRODUCTION 

During the last year, remarkable success has been achieved in high-frequency heating in 
tokamaks. Electron cyclotron resonance heating (ECRH) at various power levels was used in 
T-10 [1], FT-1 [2] and ISX-B [3] devices. The high heating efficiency attained in all cases 
makes further utilization of this method very promising. 

Our paper is devoted to a detailed simulation of ECRH in the T-10 device. A hybrid 
model is used. The model includes equations for ion and electron heat transport, current 
diffusion and various atomic processes, radiation of light and heavy impurities and a self-
consistent description of the MHD-mixing caused by internal-mode m = n = 1 oscillations [4, 5]. 

First, model properties and then specific peculiarities of the T-10 discharge, with a small 
magnetic field B = 1.5 T, are discussed. 

From a knowledge of the current profile, the width of several magnetic islands is 
calculated, and the discharge stability against disruption is determined [6]. Then we simulate 
ECR heating and compare with the T-10 experiments. 

2. MODEL 

The energy balance processes are simulated by solving the equations for the electron and 
ion plasma components, the diffusion equation for the poloidal field, and the one-dimensional 
kinetic equation for cold neutral density and temperature. Impurity radiation is taken into 
account in the corona approximation [7]. The ion heat transport is assumed to be neoclassical, 

745 
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FIG. 1. Sawtooth period asa fun ction of 
mean electron density. Solid line: calcu
lation, circles: experiment. 

DENSITY ñ (tO,J «leciron»/cms) 

and the formula xe = A/n(r) is used for electron heat transport. The choice of the constant A 
will be described below. 

If, in the central part of the plasma, a region with a safety factor q < 1 exists, then 
transport in this region is of a non-diffusive type; it is determined by MHD-mixing resulting 
from internal MHD m = n = 1-mode development. In this paper, we use the mixing model 
described in Refs [4,5]. The main feature of this model is taking into account the non
monotonic character of the q(r)-profile, which gives rise to two resonant surfaces, rs l and r^, 
where q (rs l) = qfcrg) = 1. Then, q(r) < 1 inside the region 

0 < r s l < r < r s 2 < a 

and the flux function 

(1) 

**(r) = l / (q-n r d r (2) 

has its minimum at the internal resonant surface rsi and its maximum at the external surface, 
r^. It has been shown [5] that, in terms of energy, the best conditions for unstable movement 
to set in prevail when 

| ^ * ( 0 ) - ^*( r s 2 ) | / |</,*(0) - tf,*(rsl)| < ÍS2 
R (3) 

The simulation of mixing is performed as follows. As soon as inequality (3) is satisfied 
the integration of the diffusion equation is interrupted, and re-distribution of q(r), Te(r) and 
T¡(r) is performed as given by the conditions of plasma incompressibility, 'frozen-in' magnetic 
flux, and energy conservation. These conditions allow the radial profiles q(r), Te(r) and T¡(r) 
before and after magnetic surface reconnection to be correlated. The mixing region radius ro 
is self-consistently determined by the equation 

^*(r0) = ^*(rsi) (4) 

Calculations show that in this model the period r r is inversely proportional to the central 
electron heat conductivity Xe(0)- The dependence of Tr on other discharge parameters (electric 
conductivity, q(a)) appears to be weaker. 
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FIG.2. Radial electron temperature 
profiles for different limiter positions 
(&L = 24, 29 and 35 cm), current I = 
220 kA, oxygen density nox = 

6 X 10n cm'3, iron density npe = 
3 X 1010 cm'3 (solid lines). The dashed 
line corresponds to a^ = 35 cm, «ox = 

2 X 10n, nF e = 10i0 cm'3. Circles and 
triangles correspond to experimental 

RADIUS (cm) points. 

Figure 1 shows the calculated period of the sawtooth oscillations, Tr, as a function of the 
density at A = 1.7 X 1017 cm-1-s_1 for the T-10 device. Experimental results are represented by 
the small circles. We see that the calculated and experimental periods increase almost linearly 
with increasing plasma density. Note that the authors of Ref. [8] used an increased value of 
A = 5 X 1017 cm-1 • s_1. This could be due to some properties of their model, which does not 
contain sawtooth oscillations. 

3. OHMIC-HEATING REGIME 

The application of a movable graphite limiter allows regimes with relatively high currents 
and low values of q(a) of about 1.8—2.0 to be obtained in T-10. In these conditions, it appears 
that the shape of the current profile is entirely determined by peripheral light radiation and 
iron-like impurities. The experiment described in Ref. [9] shows that if the current value is 
fixed some 'natural' plasma radius ap exists. If the limiter radius aL > ap, the plasma column 
loses contact with the limiter and a cold current-free plasma layer is formed in the region 
ap < r < aL. If aL < ap, the cold zone near the limiter disappears. 

Calculated electron temperature profiles before mixing are shown for various limiter 
positions in Fig.2. We see that, for a chosen impurity density, the natural radius is 
ap = 28 — 30 cm. This is in good agreement with the experiment. If the impurity density 
decreases or if the current increases, ap decreases. The dashed line in Fig.2 corresponds to a 
three times lower impurity density and the same current. In this case, ap = 36 cm. 

Figure 3 shows the electron temperature profiles Të and Tg before and after mixing for 
two current values I = 120 kA and I = 260 kA. After mixing the temperature profile becomes 
non-monotonic because the internal magnetic island migrates from surface rsi to the radius r0 

and the relatively cold plasma passes from the external resonant surface rS2 to the magnetic 
axis [5]. Figure 3 shows that central-temperature oscillations, ATe = Te(0) — Te(0), are in 
the range of 200 eV. If the current increases, the mixing-region radius r<> and the constant-
temperature radius rT, where Të (rj) = T¿ (rx), increase too. 

In Fig.4, calculated curves for x0 = r/a, xT = rx/a, and xsi = rsl/a are shown as functions 
of q(a). The rectangles designate the chord position where the experimental soft-X-ray signal 
changes the phase of the sawtooth oscillations. It is easy to see that a phase change has to take 
place between xT and xs as can be seen from this figure. 

The dashed line in Fig.4 refers to the calculated sawtooth period. The circles correspond 
to the experimental data. The behaviour of the calculated period is in agreement with the 
experiments on the TFR device. 

O-LASER, 
AX-KAYS' l 

— CODE 
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FIG.3. Radial profiles of electron tempe
rature, Té and Tl, before and after mixing 
for currents I = 120 and 260 kA. 

SAFETY FACTOR »'«! 

FIG.4. Mixing-region radius x0, 
unchanged-temperature radius xT, 
internal-resonant-surface radius xsl, and 
sawtooth period r r versus safety factor 
Q(a). 
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FIG. 5. Calculated and experimental 
dependence of ratio PRAJD(0)/PRAD (max) 
on q(a). 

FIG. 6. Oh m ic-hea ting po wer QQH > 
radiated power QRAJD and fraction ofradio-
ation losses 17 as functions ofq(a). 

We shall now compare the results of our calculations, assuming an invariable impurity 
density of n ^ = 6 X 1011 cm-3, nF e = 3 X 1010 cm"3, and Zeff = 3.5, with the bolometric 
measurements of the radiated power. Experiments show that if the current is rather small 
the main radiation is emitted from the plasma periphery. 

If the current increases the periphery is heated (Fig.3), and the maximum radiation is 
transferred to the plasma centre. Figure 5 shows the experimental and calculated dependences 
of the ratio PRAD(0)/PRAj)(

max) o n Q(a) Wl th variable current and aL = 29 cm. PRADÍ1*) is t n e 

specific power radiated. If q(a) < 1.8 the maximum of the radiation is located in the plasma 
centre. If q(a) > 2 — 2.5, the main radiation is emitted from the plasma periphery. 
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FIG. 7. Island widths W ^ for differ en t 
m/n modes, 1 = 170 kA, q(a) = 2.5, Zeff = 4, 
b/a = 1.3 as functions of iron impurity 
density. 

0 2 4 6 8 10 

n F e (io'%m3) 

Figure 6 shows the radiated power fraction, 7? = QRAD/QOH» where Q Q H i s t h-e Ohmic-
heating power and QRAD i s the power measured by the bolometer, as a function of q(a). We 
see good agreement between the experimental and calculated curves at q(a) < 3. If q(a) > 3, 
the plasma column has an extensive, cold peripheral zone (Fig.2) with T < 10 eV. In this zone, 
our calculations are not reliable. The shaded area in Fig.6 corresponds to the region where 
our model is inaccurate. In the same figure, absolute values of Ohmic-heating power and 
radiated power are also shown. If the current increases (q(a) decreases), the quantity of 
impurities and Zeff also increase in the experiment so that the discrepancy between calculated 
and measured values of Q Q H an<* QRAD increases. 

Since we know the current profile, we can calculate the stationary width of the islands 
w mn f ° r different modes, in accordance with Ref. [6]. The dashed regions in Fig.7 correspond 
to the islands W21, W32 and W43 as functions of the iron density. The results of the calculations 
depend substantially on the relation between the plasma radius and the radius of the external 
conducting surface, b . In the calculations, it is assumed that b = a^ = 39 cm, b/a = 1.3 (Fig.7) 
or b = as = 45 cm, b/a = 1 . 5 (aL and as are the liner and copper-shell radii). If b/a = 1.5, the 
island width increases by about 20%. We see that if n F e > 4 - 5 X 1010 cm - 3 the islands W2i 
and W32 overlap and, in accordance with Ref. [6], a disruptive instability should be observed. 
An increase in the light-impurity density leads to a change in the current profile and in the 
island growth. It is, however, difficult to simulate this effect since the deviation of the light 
impurities in the plasma periphery from corona equilibrium must be taken into account. 

3. ECR HEATING 

The main calculations were performed for a regime with the following parameters: 

B = 1.48 T, aL = 29 cm, n F e = 3 X 1010 cm"3 

n = l - 3 X 1 0 1 3 c m " 3 , N 0 = 1 0 1 0 c m " 3 

N 0 is the neutral-deuterium density at the periphery. 

m =2, n= < 

ISLANDS 
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In the experiments conducted in summer 1979, the light-impurity density was high, 
and Zeff was large (Zefy =3.5—5). These values of Zeff correspond to 
nOx ^ n c ^ S — 8 X 1 0 1 1 cm-3. In our model, by a time t « 200 ms, a quasi-stationary state 
was established, and then HF power was switched on. 

Unfortunately, the radial distribution of the input power was not measured. The 
position of the absorption zone THF can be determined from the equation co = 2coH (^HF)» 
where COH is the cyclotron frequency. The size of the absorption region is determined by 
several factors such as an attenuation coefficient due to electron temperature, the divergence 
of the wave trajectories, and the refraction. The errors in magnetic-field measurements create 
an additional uncertainty in the position of the absorption zone. All these facts lead to the 
simplest model of uniform distribution for the input power inside the zone ri < r < r2, which 
includes the point r ^ : fi < THF < H- In our calculations, we assumed, in addition, that if 
rHF < ro do *s t n e mixing-region radius), then rj = 0 and r2 < r0. This model is reasonable 
because the sawtooth period r r « 2 — 4 ms is sufficiently less than the duration of HF-heating, 
THF ^ 40 ms, and the energy confinement time TE ** 20 ms. 

A comparison between experimental and calculated values of the electron temperature 
is rather difficult, because of the peculiarities of laser measurements. The measurements are 
performed at any arbitrary moment in relation to the sawtooth oscillation phase so that it is 
necessary to carry out many measurements for an exact interpretation. Since we have no such 
set of experimental data, a comparison of calculations and experiment can only be an estimate. 
The laser electron temperature should he between the minimum, Tg, and the maximum, T¿", 
calculated temperatures. 

The second technique of determining the electron temperature is measurement of the 
soft-X-ray energy spectrum. Unfortunately, for obtaining good photon statistics, one should 
use wide time windows, rs « 40 — 50 ms, i.e. periods many times longer than rr. In this case, 
a temperature is measured that is an average over the period r r. It should he between T¿" 
and Tg, as in the case of the laser temperature. 

Finally, it is possible to measure the total soft-X-ray emission passing through various 
filters. This method has a good time resolution (about some tens of microseconds), which is 
sufficient to observe sawtooth oscillations although it is difficult to achieve absolute calibration 
in these measurements. This method involves many specific parameters, such as the values of 
the maximum and minimum signals, S~ and S+, during the oscillations, the presence of 
simultaneous measurements for many filters, and measurements in the ECRH and OH regimes, 
so that it is possible to compare the calculations and these relative measurements. 

Let us consider the results of calculations for two pulses with the following parameters: 

1= 180kA,ñ= 1.50 X 1013cm~3, Zeff = 3.5 

nox = 6X 10ucm"3 ,nF e = 3X 1010cm"3 (5) 

(Pulse No. 6387, Fig.8) 

and 

I = 220kA,ñ= 1.35X 1013cm"3,Zeff=5 (6) 

(Pulse No. 7149). 

The impurity density is the same as in regime (5). 
For regime (5), the experimental HF power was Qĵ p < 200 kW, for regime (6), we had 

QHF < 100 kW; the duration of heating was about 40—50 ms. 
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Figure 9 shows a set of main calculated plasma parameters as functions of the input 
power. The heating efficiency K = Te/Qup increases quickly with growing power Qup from 
K = 1.5 eV-kW-1 up to K - 3.5 eV-kW-1. If QHF is small, the Ohmic-heating power drops 
rapidly and the total power Q = Qpjp + QOH increases very slowly so that the heating efficiency 
is low. If QHF is terse enough, the role of QQH becomes less important and the heating efficiency 
increases. 

Let us now consider calculations for regime (6). Figure 10 shows the time dependence 
of various plasma parameters for QHF = 100 kW. The temperature as determined by soft-X-ray 
spectrum measurements is designated by circles. If the current increases from 180 to 220 kA, 
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the mixing region spreads up to x0 = 0.57, and ATe = Te(0) - Te
+(0) increases from 150 up 

to 240 eV. The mixing region does not change when additional UHF power is supplied. The 
heating efficiency is, in this case, equal to 2 eV-kW-1. 

If HF power is supplied — but not into the central plasma region —, then the current 
profile can be changed. Figure 11 illustrates the calculated time dependence of the sawtooth 
period Tr and of the mixing-region radius x0 when power is supplied in the region 
0.4 < r/aL < 0.6 for proposed experiments with Qjjp = 200 and 400 kW. In the second case, 
20 ms after the beginning of heating, the sawtooth oscillations come to an end. 

5. CONCLUSIONS 

The good agreement existing between experiments and calculations for a number of 
parameters (Te(r), ATe (m = 1), TE, TT, r0, ATe(HF))confirm the reliability of our hybrid model 
and advocate its application to predictions of future experimental results. It may, for 
example, be useful in determining the dependence of the electron heat transport coefficient on 
some parameters, i.e. Xe(n> Te, I, q,...) for experiments with higher UHF power. 
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DISCUSSION 

A. S AM AIN: It is very interesting to see that in the simulations the 

temperature profiles used after the disruptions are hollow. How are these profiles 

obtained? In particular, is the radius of the abrupt maximum in your profiles 

equal to the initial radius of the surface q = 1? 
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B.B. KADOMTSEV: The temperature profile after disruption was obtained 
by considering the helical Feconnection of the magnetic field lines. The radius r0 

is somewhat larger than the resonant radius at q = 1. 
F. ENGELMANN: Could you say from which side and in which mode the 

electron cyclotron power is injected into the torus? 
B.B. KADOMTSEV: The microwave power was introduced from the outside 

of the torus, i.e. from the side where the external toroidal magnetic field was 
smaller. 

J.D. CALLEN: You showed a theoretical calculation of current profile 
shaping effects with ECH on the sawtooth oscillations. Has this been tried 
experimentally? 

B.B. KADOMTSEV: No, not yet. 
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Abstract 

PLASMA PURIFICATION IN TOKAMAKS BY CENTRIFUGAL EFFECTS. 
The effects of a significant rotation of a tokamak plasma round the major axis 

on the penetration of impurities in the plasma bulk and on the linear stability of the 
electrostatic modes are examined. It appears that, owing to the centrifugal effects, 
the neoclassical flux of impurities takes a greater value and could control the 
impurity behaviour. It has a stronger dependence on the thermal gradient of the light 
ions and is directed outwards for r¡ = d log T/d log n !> 2 even for small values of Zeff. 
On the other hand, by broadening the resonance of the impurity ions with the turbulent 
modes propagating in the direction of the electron diamagnetic velocity, a gradient 9V/3r of 
the plasma velocity V(r) could induce a purification effect due to these modes. If the 
plasma velocity is small compared to the thermal velocity, the rotation should not significantly 
affect the stability of the interchange modes and of the electrostatic modes associated with 
circulating ions. On the contrary, the stability of the modes due to trapped ions could be 
improved by the gradient 3V/3r, which tends to localize the mode radially. Practical methods 
of achieving the rotation are also considered, in particular torsional magnetic pumping, 
which acts on the plasma through magnetic islands. In addition, in the presence of proper 
ripples of the static magnetic field, a part of the energy of the a-particles could be 
spontaneously converted into rotational energy. 

1. EFFECTS OF A PLASMA ROTATION ON THE NEOCLASSICAL 

FLUX OF IMPURITIES 

A rotation round the major axis at the angular velocity Í2 of the plasma, 
i.e. of the frame of reference where the radial electrostatic field vanishes, 
produces in this frame a gravitational potential G(r,0) = - m£22R2/2 ~ 
~ - mi22 R0r cos0, where R = R0 + r cos0 is the major radius. This potential 
may be important for heavy ions of charge Z and mass mz while it is small 
for light ions of charge 1 and mass mi, if we have mj Í22 R0r < T <̂  mz £22 Rof-
The potential Gz then tends to accumulate the Z ions on each magnetic surface 
near the half outer equatorial plane 0 = 0. These ions, assumed in the 
Pfirsch-Schlüter regime, cannot have a flux-preserving motion along the flux 
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TABLE I. VALUES OF a VERSUS b = Î22R2/VÎ AND n z Z 2 / ^ 

nzZ
2/m^J> 

0 

0.5 

1 

oo 

0 

0.18 

0.35 

0.39 

0.5 

0.2 

0.3 

0.5 

0.56 

0.7 

0.4 

0.36 

0.58 

0.64 

0.76 

0.6 

0.4 

0.61 

0.68 

0.80 

1 

0.45 

0.67 

0.73 

0.85 

lines round the magnetic axis without exhibiting high velocity in the half 
plane d = IT. This constraint prevents such a motion, with the result that the 
Z ions are nearly at rest in the considered frame of reference. This contrasts 
with the normal situation, where the Z ions take a mean velocity along the 
flux lines, which minimizes their friction with the light ions, so that their flux 
0 Z

C across the magnetic surfaces is of the Pfirsch-Schlüter type, even if the 
light ions are in the banana regime [1,2]. We actually assume such a regime. 
In presence of the rotation, the neoclassical flux 0 Z

C is much larger: 

Z 0 N C = x 
q 2 pîn i 

r l Z 

dnj 

nx 8r 

3n7 

n zdr 
- I m, - Z 

mAí22R^ 

2 / T 

3 T \ 
a 1 

TdrJ 

(1) 

where nj and nz (0 averaged) are the densities of the light and Z ions, 
Pi = Vx/coci, Vx = (2T/m1)1 /2 and r"¿ = 4 y/TirZ2e4 log Añ z / (3 m\n T3/2). 
The coefficient X, which is of order 1 in the normal situation, is now of 
order (R/r)2, X a= (R2/2r2), for n z Z 2 / ^ < (r/R)1/2 and of order (R/r)3 / 2 , 
X s ( 0 . 7 + 0 . 4 n i / n z Z 2 ) ( R / r ) 3 / 2 , f o r n z Z 2 / n i > ( r / R ) 1 / 2 . The coefficient 
X is given here for small b = Í22 R2/V2, and increases with b, because the light 
ions are trapped not only by the usual force -V|| fxB but also by the centrifugal 
force - V|| Gx (corrected by the self-consistent electrostatic field ensuring 
neutrality). For small values of b, the coefficient a in Eq.(l) has the same 
type of dependence on Zeff as when the Z ions are in the banana regime [3], 
ranging from +0.2 for Zeff = 0 to + 0.5 for Zeff > 1. It is also increased for 
finite values of b, as shown in Table I, because the trapping force —V|| Gi 
on light ions is more effective at low energy than the force — V|| (/¿B). The 
rotation is favourable for values of r\ = d log T/d log n1 larger than the quantity 
a'1, which might be given values ~2 even for low n z Z 2 / ^ . Owing to its 
large value, <j>^c could dominate the turbulent flux of Z ions, and the 
neoclassical purification effect of the thermal gradient could fully play its role. 
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2. EFFECTS OF IMPURITIES ON THE TURBULENT FLUX 

The present experimental evidence shows that the turbulent flux 0^ °f 
the Z ions is of the same order as the neoclassical flux 0£ C . Moreover, it is 
widely accepted [4, 5] that a significant part of 0 | is proportional to the 
gradient 9ñy9r, 0^ ~ D 9ñz/9r, rather than to dn1/br or 9T/9r, for instance. 
According to the quasilinear theory, a turbulent mode having an azimuthal 
wavenumber M round the major axis, frequencies co and co' = co-MÍ2 in the 
laboratory frame of reference and in the frame of reference where the electrostatic 
field vanishes, and a small wavenumber along the flux lines, induces a flux 0^ 
proportional to the difference between its phase velocity co'/M and the 
diamagnetic velocity Í2rjz of the Z assembly. We have 

(2) 

%>Z=Í2I+Í2g2; « 5 = i i J ^ % = - ( - z - z f ) « ! R 

where I(co'/M) is the amplitude spectrum of the modes and K is a positive even 
function which reflects the irreversible coupling of the Z ions with the mode 
(co', M). As long as values of co'/M > Q^ are concerned in the integral (2), 
the flux 02, if we exclude exact compensation between positive and negative 
values of co'/M, depends poorly on the gradient 9ñz/9r. The experimental 
fact 02 ~ D9ñz/9r means that the turbulent modes which are responsible for 
0^ have small values of co'/M more or less of the order of Í2 | . We may first 
assume that these modes consist of a special group with values of co'/M close 
to 0, within an interval ~ £2|. The flux 0^ is then affected by the centrifugal 
diamagnetic velocity Í2gz, taking the form 

ZeB, 

9n7. _ / _ m T = r> u u z _ T T •)•¥) 
and the equilibrium density ïïz for a given boundary condition at the wall r = a 
is decreased by the factor 

exp 
a 

f( mA £22R J 

which may be significant if mz Í22 Rr > T. 
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In fact, it is more plausible that the turbulent flux 0^ *s due t o t n e 

interaction of the Z ions with the turbulent modes which have been observed 
in several tokamak experiments [6, 7] in the form of a broad spectrum I(a//M) 
exhibiting a maximum for a//M of the order of the electron diamagnetic 
frequency 

SI* = - (T dnj i i ! dr) c/e Bd R > - £2DZ 

and a width ~ \£IQ\. AS explained above, the coefficient K(co'/M) must have a 
narrow width 7/M < |i2g|, so that in the normal case the asymmetry of the 
spectrum I(co'/M) along the electron diamagnetic velocity SI* does not induce 
a dominant term: 

,v r J^L) J ^ _^ J^.) (3) 
VZ J \uj \M/M ZQB9 \M J 

in the expression of <p£. If this term did exist, it would correspond to an 
outward flux 0^, i-e- to a purification effect. Such an effect could actually 
occur in presence of a gradient 3i2(r)/dr of the angular plasma velocity £2(r). 
Indeed, the resonance condition of the Z ions with the mode (co,M) on a given 
magnetic surface r is 0/ = co-M Í2(r) = 0 (discarding the effect of £1*%) and 
takes place within the Landau width Ôco ~ ( D M2(8i2/9r)2)1/3, where D is 
the transverse diffusion coefficient of the Z ions. Assuming that the modes 
on the surface r have the same type of spectrum Kco'/M) as in the absence of 
rotation, the term $£* should be dominant in the expression of $£ if ÔCJ is a 
significant fraction of co*, i.e. for (qM/r) pj/K^Pi ~ 1 if we have 

^r^-^fcr^ 3r 

a condition which could be satisfied at the plasma edge (D ~ 104 cm2 -s_1). 

3. STABILITY IN PRESENCE OF ROTATION 

The rotation introduces two effects which may produce instabilities: the 
centrifugal forces and the gradient d£2/9r of the plasma angular velocity Í2(r). 
The centrifugal forces should affect the interchange MHD modes by reducing 
the magnetic well. The plasma tends to displace towards the half equatorial 
plane 6 = 0 according to the law n 1 = ñ 1 ( l + m 1 í 2 2 R r cos 6/21) so that the 
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average curvature 1/<R is perturbed by (m1i22R2/4T)r/R2 . The guiding centre 
drifts induced by the centrifugal forces may be considered as equivalent to the 
same perturbation, so that the average curvature becomes 1/(R + (mi £22R2/2T)r/R2. 
Assuming &Q < 1, for example, we have [8] 1/<R = ( l - l /q 2 ) r /R 2 and the 
magnetic well is preserved as long as n^ Í22 R2/T < 1. On the other hand, the 
shear stabilization of the modes should remain unchanged. 

While the rotation could produce new electromagnetic instabilities, and 
even non-linear turbulent states of the hydrodynamic type, we shall consider 
only the linear stability of electrostatic modes. The gradient 3i2/3r introduces 
a destabilizing term in the dispersion relation of these modes, through the 
circulating particles, which is similar to the term arising from the ion thermal 
gradient 3T/3r. Neglecting the irreversible response of electrons, it is convenient 
to write this dispersion relation, for the mode d\jj = i//(r) exp i(cot - 10 - M<¿>) 
in the form: 

f n e2 

^ ( C J ) j " T - i,//(r)|2 ( 2 " A l ) d r = ° 

Mn-Mnf( i + T ^ - - j ) - M x v 

(4) 

CO 

A^r) = \ — X V l Z / / IX (V||, YL,r)|2 

co-Mfí -Ki i Vu 

where 

( * _ T 9n! c 3£2R 
n ' i ~TT— I 7T ' X = mi R njdr eBe ~ R3r eBe 

the coupling coefficient X is <1 (in absence of toroidal effects X = J0 (Ki Vj_/cocl) 
and < > means averaging over the Maxwellian for light ions. Marginal instability 
of a mode localized on a given surface implies that ImCAx) = 0 and Re(Ai) = 2. 
For Kj.Vi/coc j < 1, IXI s 1, this occurs if 

ix2v?_ (dftR 
4 Í22 \Vj3r 

dn, \ 2 

nx3r / 

in the surface where co—M £2(r) = — M£2Î(1 ~~ T?/2). These modes are similar to 
those due to the ion thermal gradient, normally unstable for r¡ > r?cr = (1 to 2) [9]. 
In presence of rotation the critical value of 17 is reduced by a small amount as 
long as (3 SIR/Vt 3r) <̂  OlogT/dr). The modes due to 3T/3r do not seem to 
have been observed at a dangerous level in present experiments even when 

file:///Vj3r
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r¡ > 7?cr. This is probably due to the magnetic shear, which radially localizes 
the mode over a distance-Ajr, roughly estimated by noting that the integral 
/Ai \\¡J\2 dr is at most of order 

It then results from (4) that 

A i O O ^ C P i q R / r M r d q / q d r ^ - P i q R / r 

It may be verified that the flux 0z of Z ions due to these modes is directed 
outwards if r¡ is smaller than the critical value T?cr due to 9T/9r alone. In 
principle the fact that the rotation induces instability for r? < r¡CI may be 
favourable for plasma purification. However, if rj < 7?cr < 2, the neoclassical 
effects are likely to be unfavourable and should therefore be dominated by 
the turbulence effects. 

The rotation may have a stabilizing effect on the trapped ion modes [10], 
which are not localized by the magnetic shear and could be dangerous in a 
reactor. For instance, the modes due to ion thermal gradient [11, 12] have 
the dispersion relation (4), with Aj replaced by 

^-Mn(r)-Mnf(l^(^-|)) £ 
A l \ w - M Í 2 ( r ) - M Í 2 j 1 V2JV] X W R / 

where Í2g1 is the thermal angular precession velocity —(mx Vi/2R2) c/e BQ. 
For £2(r) = 0, expressing that Im (A^ = Re(Aj)-2 = 0, one obtains a marginally 
unstable mode for 77 > 2/3 and co-MÍ2(r) = M £2^. The mode may exist 
over a large interval A2r ~ r. However, the gradient d£2/9r decreases the possible 
value of A2r by imposing an upper limit to the quantity 

/ A, m2 dr^i,/ /!2 (r /R)1 / 2(i2^)/Oi2/dr) 

so that we have from (4) 

A 2 r £ P l q ( R / r ) 1 / 2 (iRdÜl/Ví Br)"1 

The mode is localized by the gradient 9£2/9r as the mode due to circulating ions 
by the magnetic shear (A2r ~ A^) if R9£2/Vx 9r ~ (r/R)1/2/r, corresponding 
to a relatively small ratio £22 R2/V2 ~ r/R. 
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4. METHODS OF INDUCING PLASMA ROTATION 

It is possible to transfer momentum to the plasma round the major axis 
by neutral injection or travelling waves at the velocity V0. For a given applied 
force density P, the power density which must be invested is V0P, and is 
minimized by choosing V0 as close as possible to the plasma velocity Í2R. 
For Í2R <J V1} the neutral injection, which would imply in practice V0 > V l s is 
not economic. Magnetic pumping propagating at a velocity V0 ~ Í2R is more 
appropriate, in principle. The induced force density P must balance the drags 
PR due to ripples ÔB = b cos (M<p) of the static field B and Py ~ div 
(Xv nx nij R9£2/9r) due to the viscosity. The power density V0 Py is then 
~ (XV/XT) (VQ/VJ)WX where Xx is t n e diffusion coefficient for ion energy 
transport and Wj is the power density which is necessary to maintain the ion 
thermal gradient. While in the banana regime the neoclassical value [13] of 
the ratio XV/XT is ~ (r/R)3/2, it is probably more realistic to assume that 
XV/XT ~ 1 • However, we may also assume that, in a reactor, the ratio Wa/Wj, 
where Wa is the power density deposited by the a-particles, is > 1, so that 
we could have V0 Pv/Wa < 1 even if V0 is a significant fraction of the ion 
thermal velocity Vj. The power density 

V 0 P r = V ^ (MVi/R) (b/B)2 ( n i m i V
2 / 2 ) 

due to the ripple drag, is very large even for small values of the ratio b/B. For 
instance, if r^ = 1014 cm"3, T = 10 keV, V0 = VJ3, R/M = 50 cm, we must 
have b/B < 210"4 to have V 0 P R <W a /100. The need for very small ripples is 
certainly a major practical difficulty in the achievement of substantial 
plasma rotation. 

A conventional compressional magnetic pumping ÔB = b cos(a>t — M<¿>), 
travelling at the velocity V0 = CJ/M = 2Í2R, for instance, could sustain the 
rotation for small values of b/B ~ (XvR/^MVi)172. There would, however, 
be the usual drawback that only a small fraction ~j3 of the flux of the Maxwell 
tensor ÔBrôB ,̂/47r at the plasma edge is absorbed by the plasma, resulting in 
relatively large losses in the coil system. It could be more efficient to use 
torsional magnetic pumping induced at the edge by helical currents 
~ exp i(cot - 10 - M<¿>), with the velocity V0 = CJ/M equal to the plasma 
velocity Í2R on the surface where q = q0 =—1/M. The magnetic perturbation 
then produces magnetic islands near this surface. It imposes the velocity V0 

to the plasma in these islands [14, 15], which in turn imposes a decreasing 
velocity outside, up to the edge, by viscosity. Actually the plasma in the islands 
is at rest with respect to the islands if the viscosity forces from outside are not 
able to impose on it a significant motion along the flux lines across the 
modulation ~ (r/R) cos 6 of the static field. In the banana regime, this condition 
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imposes a minimum island width ~ (Xv/^ci"2) (R/r)1/2, easily achieved. The 
momentum transfer is then only limited by the flux of the Maxwell tensor 

ÔBr 6B^,/4ir S (a/q0R) ÔBTÔBe/4ir 

at the edge r = a. With ÔBr ~ ôBg, we must have 

ÔB r/B~/31/2 (q0XvR/V2r)1/2 (Vo/Vx)1'2 

In a reactor, a plasma rotation could in principle be achieved without 
external action. Ripples ÔB = b cos My? of the static field are indeed resonant 
with the precession motion at the angular velocity £2ga = (E/R2) (c/2e B$) of 
the banana-trapped a-particles of energy E if Í2 = - £2ga. The velocity R£2ga 

may be a significant fraction of the thermal velocity V^. If this resonance is 
achieved, the trapped a assembly experiences a strong coupling with the ripples 
and tends to be at rest in the ripple frame. This means that the plasma 
experiences a force F a from the ripples which tends to give it a velocity opposite 
to the diamagnetic velocity ~ (E/r) (c/2e B$)> RÍ2ga of the a assembly. 
Of course the plasma experiences an opposite force F R due to the drag of the 
ripples on the thermal ions. The condition Fa > F R , necessary for the rotation 
to be sustained, may be written 

(SrE/ n i T) (V t/Í2R) exp(fí2R2/V?) (R/r)1/2 X > 1 

where S is the production rate of the a-particles (cm"3-s_1), r is the slowing-down 
time (dE/Edt) -1, and X is a geometrical coefficient which may be given a 
value =1 by taking M = 1 and properly shaping the ripple field ÔB along the 
major radius R. This condition is independent of ^ and may be (rather 
marginally) satisfied for Í2R ~ V1 if T = 20 keV. The power liberated by the 
radial diffusion of banana a-particles and available to sustain the rotation is only 
a fraction (r/R)3/2 of the a power density Wa. The rotation is sustained if 
Í2RPV <( r /R) 3 / 2 Wa, i.e. if xv/r2 <(r /R) 3 / 2 W ^ m ^ R ) 2 . 

5. CONCLUSIONS 

A plasma rotation may have a beneficial effect on the impurity behaviour 
through neoclassical and turbulent transport. It may improve the stability of 
the trapped-ions modes. It could be tested in present experiments (with small 
ripples of the main field) using neutral injection or magnetic pumping. In a 
reactor it could be achieved by direct conversion of a-power. 
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Abstract 

IMPURITY TRANSPORT IN A ROTATING TOROIDAL PLASMA WITH COLD-GAS 
MANTLE SYSTEM. 

The transport properties of an axisymmetric toroidal rotating plasma containing an 
arbitrary number of impurities and charge-exchange neutrals are considered for the case 
when all species are in the collision-dominated regime. The contribution to the Pfirsch-
Schlüter flux arising from the poloidal variations of the impurity density and temperature 
is calculated. Important modifications of the particle flux in the case of impurities are 
found. In particular, the toroidal enhancement of the impurity particle influx turns out to 
be less than the Pfirsch-Schlüter value, which allows the impurity flux to be controlled by 
means of momentum transfer with the charge-exchanged neutrals. 

1. INTRODUCTION 

A general formulation of the transport theory for collision-dominated, 
multispecies, toroidal plasma is presented, which accounts for cases of both 
higher impurity collision frequency and heavier impurity mass than those 
admissible in the usual Pfirsch-Schlüter regime. 

It is usually believed that, in the collision-dominated regime, the inward 
flux of impurities in toroidal geometry is typically enhanced, with respect to 
the cylindrical case, by a factor q2 (q = rB/RBp > 1 is the safety factor, where 
r and R are the minor and major radius of the torus, B and Bp the total 
and poloidal magnetic field, respectively) [1 ]. However, to obtain this result, 
the assumptions must be made that the poloidal variations of the impurity 
density nj and temperature T¡ are negligible with respect to a factor e = r/R 
and that impurity-ion heat transfer can be neglected. These approximations 
are poorly met for the partially ionized, relatively cold boundary layer. Here 
we relax these assumptions. The momentum transfer from the charge-exchanged 
neutrals to the charged particles and plasma rotation due to the ambipolar 
radial electric field is also taken into account. The importance of these effects 
was first emphasized by Lehnert in Ref. [2]; here, we apply the ideas presented 
there to the problem of impurity transport for toroidal geometry. 
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766 TENDLER 

We shall try to show that the impurity influx is significantly reduced in the 
above conditions and can be governed by momentum sources of rather moderate 
intensity, compared to the Pfirsch-Schlüter value [3,4]. Thus, by tailoring the 
neutral distribution function as described in Ref. [5], a sizeable fraction of 
impurities can be confined inside the layer and removed from the discharge [6]. 
The feasibility of such an approach is of basic importance to the future applica
tion of the cold-gas mantle concept in fusion devices. 

2. POLOIDAL VARIATIONS OF THE PLASMA PARAMETERS 

We consider a toroidal layer of major radius R and minor radius r, and 
R > r. The magnetic surfaces are assumed to have circular, concentric cross-
sections. The plasma is assumed to consist of electrons e, main plasma ions i, 
and much heavier I (mj > m^), at least twice ionized (Z¡ > 2) dense impurities 
(K = njZj2 /n¡ ^ 1 ) [ 1 ]. Here, it should be kept in mind that ionization potentials 
for most relevant atoms and their ions lie within a temperature interval typical 
for the blanket, Te < 200 eV [6]. 

The collisional regime we are considering is defined by 

rLj < r» œbj < v j K ° j (D 

where rL j , cobj and Í2j are the Larmor radius, the frequency related to the 
poloidal motion ("bounce frequency") and the cyclotron frequency of the 
species j , respectively. Conditions (1) allow macroscopic equations to be used 
for each of the charged species. We take the magnetic field to have the con
ventional form BT = BTo/h, Bp o = Bpo/h where h = 1 + e cos 0 and where the 
ratio a = Bpo/Bxo < 1 • We neglect, as usual, viscosity and inertia. To obtain 
the particle flux, we consider the force-balance equation for ions and 
impurities: 

-Vp.+r^eCE+v^BÎ+R^+R^O (2) 

-VpjnjZjeíE+VjxBJ-R.j+Rj^O (3) 

Here, R;T is the friction between ions and impurities; R. =-m. n.v u (v.¡„-v J ^ in i i ch-ex x i r nr' 

and 

V=1/nn<r' / V / v 
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is the radial flow velocity of the neutrals. The analytical expression for fn 

was derived in Ref. [5]; Rjn is the friction between neutrals and ions and R ^ 
is the friction between impurity neutrals and impurity ions. We assume that, 
on the average, the neutrals enter the plasma from the walls in the radial direc
tion. The function RjnO") changes the sign over the plasma radius owing to the 
kinetic effect connected with the finite ion temperature gradient. We leave 
the calculation of Rfa as a function of the ion temperature and density gradient 
for a subsequent publication. For the parallel component of Rjj (only that 
component will be considered here): 

Fr Th ' i 
R i I=R if+R;;=-C 1v i Im in iU i rC 2n.aF 5 l (4) 

where Uy = Viy - v\f 6 is the poloidal angle; v^=4 vTire AZ. n*/3 VTTT T.3 

is the ion-impurity collision frequency; C! and C2 are numerical coefficients 
of the order unity, depending on K = n ^ 2 /n¡ [ 1 ]. The parallel component 
of Eqs (2) and (3) gives 

aiAj 3T.J,, 
a n io e Taë = 'civiiminTou» -aC2nio Fair ( 5 ) 

' a Z ln io e rai = + c i v i iV io u „ +aC2nio F a r <6> 

Here it is important that, unless the poloidal variations of the impurity tempera
ture and density significantly exceed the respective parts for plasma ions, each 
term of the left-hand side of Eq.(5) is either a factor Z2 (the first and second 
term of the left-hand side) or Z (third term) larger than each term of the left-
hand side of Eq.(6). 

Next, consider the thermal transport: 

2 
3 T l 1 _ 5en i G T i o s i n9 dT i Q 3U„ 

-Xi.r * 7 Ü ? " ~ T Ü ^ ^~ ' C2nioTioa TW U) 

32Tn B e C n ^ s i n e dT. *. g c dTi£) a f n ^ ) 
- X I ? f a £ ^ 2 " ZjeBTr aF""dmJ n i o v i I r I l + 7 Z ^ r "ÏÏF al 

T^R.x 3T, 

a T io 

oT10 

3 ni1 
rae 

3 n n 
rae 

+ a n ic 

+anIQ 

9Ti1 
> rae 

3 Tn 
rae 

/n ioNoKo\ 3 T n 
V Ef ; ae 7 7JeR¡F3r v D j , d 0 ( g ) 
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Here, the parallel heat conductivity is 

Y -* o nJ°TJ° (9) 

J- • "vT 
In Eq.(7) we have neglected the heat transfer between ions and electrons [7). 

We have put T¡Q = Tio above, assuming that strong temperature equipartition 
exists between ions and impurities. However, the poloidal variation of the 
impurity temperature T^ is much larger than the corresponding parameter 
for the ion temperature T^, if the heat transfer between ions and impurities 
is neglected. This stems from the extremely small parallel conductivity for 
impurities. The heat transfer between ions and impurities partially compensates 
for this effect. 

To estimate the poloidal part of the ion density, temperature and ambipolar 
potential, we use [8]: 

(10) 

and 

8Ti1 _~ T
 v i 

rae io n^ 

* ni1. nio 
39 Tio + Teo 

a(eq>.,) ̂  an., 

36 "1ÏÏ 

(*-)* C0S6 
P 

*Ti1 
30 

1 P 

(11) 

(12) 

To estimate the poloidal part of the impurity temperature we use Eq.(8): 

3TI1/3eseT iovII/ilI(B/Bp}2cos8x 
S^ + 1 

Here, S^ is the ratio of the heat-exchange term between plasma ions and 
impurities and the term describing the parallel heat conduction. For orders of 
magnitude we have: 

£ . "JIL/L • ü (13) 
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where 77 = ^ / w b i = rB/RL^Bp > 1. This condition represents the definition 
of the collision-dominated regime. Note that, to get T^ = T n , the following 
condition has to be fulfilled: 

ZIm in i 
(15) 

which for the case r)f -y/mj/mj > 1 is not fulfilled for low ionization states of 
impurity of rather large mass Zf/2 < 4 v

/ m I /m i . We consider here the much 
less stringent condition Zj / 2 > -^/mi/nii. Two different possibilities should 
be distinguished at this point [8]. If dnj/njdr = 0, the poloidal variation of 
the impurity temperature conserves its parametric dependence. In such a 
case the above condition should be applied. Otherwise, the parametric depen
dence of the poloidal variation is just the inverse for the sinus component of 
the impurity temperature. This component is the only one to be retained here 
because it is the only one that gives non-zero contribution to the Pfirsch-
Schlüter flux. Hence the poloidal variation of the impurity temperature is 
reduced with respect to the parameter e, and our treatment of the problem 
retains its validity. 

To estimate n ^ , the radial component of Eqs (2) and (3) and the con
tinuity equation must be employed. The velocities of the plasma components 
are now determined from the radial component of Eqs (2) and (3): 

V a V n + ^ T F * ^ + ^ Ï Ï T 0«> 

VT„=aVTT+ 
1 9 p I . Er . RIN 

Ip=ctVIT+ e&jOjZj W + ïï^ + ZjeBTnj (17) 

Substituting (16) and (17) in the particle continuity equation 

V(n jV j)=0 (18) 

we get, with respect to the first-order toroidal corrections, assuming that 
VJT=VJ | | [ 9 ] ; 

8n. c &p dn. 3V. . 2R. 
v„ -=A- - ¿- ~ - # +an.„ -J-ü- =2en. (v„+U J)sin6+ * ^ ' ' p sine 0 T u f " C m T Í " ^ " j o r á 1 ' ^ " j o ( V U p J ) S i n 6 + 7 ^ 7 s i l 

1 J J I 

(19) 
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Here 

vo BT ^ r 

is the rotation velocity, and UJ
p is the diamagnetic drift velocity for species j . 

If the poloidal variations of the density and potential remain small with 
respect to 

e ^ / f l ^ B / B ^ 2 < 1) 

and the rotation velocity does not significantly exceed the diamagnetic speed, 
the first two terms in Eq.(19) can be neglected. Since we have assumed here 
that plasma ions are in the Pfirsch-Schlüter regime, these conditions are ful
filled for them. We disregard the first two terms in Eq.(19) for ions, but keep 
them for impurities. The magnitude of the poloidal perturbation for the 
impurity density can be estimated by comparing the first terms of the left-
and right-hand sides of Eq.(19) for j = I with the result: an n / (n i o r80) = e. 
Here, it is assumed that the rotation velocity is not much smaller than the 
impurity diamagnetic speed. This result essentially means that the relative 
variation of nj on a magnetic surface has reached the order of magnitude of 
the variation of the magnetic field. A transport regime in which the impurity 
influx is non-linear in the gradients is established [10], If mT/2T

5m.<1/ZT 

then each term in the left-hand side of Eq.(6) is smaller than each term in the 
left-hand side of Eq.(5), and the resulting system of equations can easily be 
solved. 

3. RESULTS AND CONCLUSIONS 

Solving Eq.(8), we get for the poloidal variation of the impurity 
temperature: 

25C2emTnTT.._C9v.,. /dT^nN2 

90C1™iniov2I(1+C2
2vi1/3,9C1vjI)voe2Z[BT

2 ^ > 

Using the fact that the friction force is approximately equal to the 
thermoforce, we find for Uy, T ü and yx, from Eqs (4), (17) and (11): 

5C9v,.-cos6 e , dT. 
H - ¿ n 1 10 . . . . 
U„= ^ iT~"~3F" (21) 

3 , 9 0 ^ ^ ( 1 + 0 2 ^ / 3 , 9 0 ^ ) eJT d r 
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5e V i i r s i n 9 1 dTio T i i = 7 7 eg 3r (22) 
11 3 , 9 ^ ( 1 + 0 ^ / 3 , 9 0 ^ ) eBT d r 

and 

5£m iv i isin9 r 1 dTio 

*1 = ^ 7 ( 1 ^ / 3 , 9 0 ^ ) ^ ^ ( 2 3 ) 

Assuming from Eq.(19), for ions, that v0 = — Upi [11], and using Eq.(21), 
we solve the same equation for impurities with the result: 

" I 1 r rr^f 7 " i 0 d n l Q / d r , 2nlORin 2RIN 

5C2 v i i C_ d T io j 
3 ,9C lv i I (1+C 2

i iv i i /3 J9C lv i I )v oeBT 0" a F"j 

We now substitute the leading terms of the impurity flux and perform 
the magnetic surface averages. The result has the form 

<nIvIr>=rIcl+rIp_s 

with the two terms describing the classical and generalized Pfirsch-Schlüter 
regime. For the latter, which is the only one of interest here, we finally obtain 

<nv > - l Q
2 n r2niORin 2RIN 5C2"ii 

<nvT >= -K q n n T 7 •*— * 

lBT0nio TO IO 3,90^^(1+0^^/3,90^^) 

^ - d T i o K f 5 C V l O T i o Bp2 dTio . 5 C S iir 
c q i io] r^m in io' io B

P °'io 5Ltn 

* 4 , d T l o l 
^ " ^ F - J (25) 

The impurity flux averaged over the magnetic surfaces is proportional 
to e2 . It is not necessary, however, to calculate the poloidal variations with 
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the accuracy of e2 , because their contributions cancel while the averaging 
procedure is performed. The value of the influx of impurities is significantly 
reduced as compared with the Pfirsch-Schlüter value. Another result we have 
obtained is that the impurity influx can be influenced by the momentum 
exchange with the neutrals. In particularly favourable circumstances (i.e. by 
tailoring the neutral distribution function), the direction of the flux can be 
reversed and the impurities can then be driven out of the discharge. We post
pone quantitative discussion of this problem until our next publication. 

Finally, we mention that throughout this paper we have neglected the 
heat transfer between ions and electrons, although its importance was empha
sized in Refs [4] and [7]. Efforts to incorporate these effects in the theory 
presented are under way. 
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DISCUSSION 

ON PAPERS Y-2-1 AND Y-2-2 

J. HOW: You have talked only about the effect of toroidal rotation on 
impurity radial transport. Could you comment on the effect oipoloidal rota
tion, such as might be caused by a charge imbalance resulting from neutral 
injection (loss of fast ions producing a radial electric field)? 

A. S AM AIN: In a region where all ion species are in the Pfirsch-Schlüter 
regime, plasma motions round both the magnetic axis and the major axis are 
possible. This general motion may be divided into a toroidal motion V,. asso
ciated with a radial electric field Er = V ,̂ • Bg/c and a superimposed motion Vy 
along the flux line. The latter does not by itself have a strong effect on the 
neoclassical impurity flux. Moreover, if one ion species is in the plateau or 
banana regime, the parallel motion induces a large entropy production and 
thereby becomes impossible (unless, of course, a large poloidal torque is applied 
externally). 
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Abstract 

PLASMA TRANSPORT AND IMPURITY BEHAVIOUR IN THE EDGE AND 
DIVERTOR REGIONS OF A TOKAMAK. 

A number of issues regarding impurity behaviour and plasma transport in the edge and 
divertor regions of a tokamak are discussed. With regard to impurity effects in the central 
plasma, charge exchange, particularly with neutral-beam atoms,is shown to be a significant 
impurity recombination process and can lead to a substantial increase in impurity radiation. 
With regard to plasma edge and divertor effects: (1) the experimentally observed radial 
plasma transport is shown to significantly exceed estimates of that induced by the resistive 
MHD instabilities; (2) parallel mass transport into a bundle divertor is shown to be inhibited 
by the magnetic mirror at the divertor entrance; (3) an experimental test of the gaseous 
divertor concept in the QED has demonstrated a factor of 102 pressure differential and 
a reduction of conductance by a factor of 10; (4) a Monte-Carlo calculation of pumping 
by a poloidal divertor box indicates that the pumping is 1.6 to 4.3 times more efficient 
for hydrogen than for helium; (5) a new edge model for helium, however, including the 
very rapid recycling, indicates that significantly less helium pumping may be required than 
previously thought; and (6) variations in the energy of recycled neutrals are shown to have 
a large effect on the edge plasma, and a noticeable effect on the central temperature. 

* Work supported by the Office of Fusion Energy, US Department of Energy 
contract Nos DE-AS02-78ET52048 (University of Wisconsin) and DE-AC02-76-CHO 
0073 (PPPL). 
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I. INTRODUCTION 

One of the most important contemporary problems in pursuing 
controlled thermonuclear fusion in tokamaks and other cîosed 
confinement devices is to develop schemes for handling benignly 
the large particle and energy effluxes and the helium ash on 
bounding material surfaces. A prerequisite to developing such 
schemes is the elucidation of realistic and relatively complete 
models of impurity behavior and plasma transport in plasma edge 
and divertor scrape-off regions of a tokamak. In this paper we 
examine a number of issues relevant to the development of such 
model s. 

II. PERPENDICULAR TRANSPORT VIA FLUIDLIKE INSTABILITIES 

Plasma in the edge region (e.g. T e ~ T-¡ ~ 25 eV < 100 eV; 
ne S 10*13 cm"3) of present tokamak experiments is usually in the 
Pfirsch-Schlüter collisional regime. In this regime,transport 
along magnetic field lines is impeded by the finite collisional 
mean free path, which is less than the connection length (2irRq), 
and a fluid description of the plasma becomes appropriate. The 
edge plasma typically has large density and potential fluctu
ations [1] (ñ/n Z 0.1 - 0.4, e<j>/Te £ 0.1 - 0.4) and some magnetic 
fluctuations (Br/B < 10" 4), with the density and potential fluctu
ations increasing with radius and the magnetic fluctuations 
decreasing with radius. Further [1], the density, potential and 
magnetic field fluctuations have broad spectra in frequency, auto
correlation times short compared to an average frequency, and are 
each only very weakly correlated with the other fluctuations. 
Thus, the edge plasma is very turbulent. Estimates of the 
cross-field transport in the edge region [2] indicate anomalous 
transport of order of the Bohm diffusion rate (cTe/16eB > 104 

cm2/sec), with the radial electron heat transport probably 
exceeding the mass transport rate by up to a factor of 10. These 
transport rates exceed classical transport by a factor of 103 or 
more, but are usually smaller than the resistive magnetic diffu
sion coefficient n/^o ~ 10^ cm^/sec. 

Next, we discuss some instabilities that might give rise to 
the large fluctuations and plasma transport observed in the edge 
region. Since the edge is relatively cold and resistive, we are 
led to consider the instabilities possible in resistive MHD 
theory [3] — tearing, rippling and resistive-g modes. [We do 
not consider drift waves because they usually have nonlinear 
fluctuation levels (e<j>/Te < 10

_2) and growth rates (y « u>) that, 
except possibly for some fluidlike drift modes, seem much smaller 
than experimental observations.] A key parameter of resistive 
MHD is S, the ratio of the resistive diffusion time TR = a2 y0/r) 
- 10"3 sec to the Alfvén time TA = a/v/\ ~ 10-8 sec. For the edge 
region S - ÎO^-IOS. Tearing modes, which are the resistive 
analog of kink modes, are stabilized in the edge plasma because 
of the large magnetic shear and relatively weak current gradient 
there [4]. However, the rippling and resistive-g modes can be 
unstable in the edge. 
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Resistive-g(ravitational) modes [3] are the resistive analog 
of interchange instabilities. They are relevant when the colli-
sional mean free path becomes shorter than the connection length, 
such as occurs in the edge region, because then the averaging over 
the good and bad curvature regions on a field line to obtain an 
average minimum-B system is inhibited. For these essentially 
electrostatic, almost purely growing, modes we can estimate the 
nonlinear saturation level from vx = cÈy/B ~ yôx, where y is the 
growth rate and ôx is the radial localization of the modes. 
Using y and Ox from [3], we find e$/Te ~ m-2/3 s V 3 G5/6 (F

1 )-2/3 
(ftiavxRV^), where m is the poloidal mode number, G - $ (a2/rpRc) 
~ 10"5, F' = a/Ls ~ 10-1, v| = Te/nji, Ls = shear length, and fa = 
eB/mic. While this estimate of ef/le increases as n§/3 Tô7'6 with 
increasing radius, its magnitude is typically only about T0~2/m2/3 
in the edge region. Further, a corresponding estimate of the 
anomalous diffusion that could be caused by these modes [5] (D ~ 
VJ/Y ~ Y<Sx2 „ (G/F''2) n/uo ~ vepl L|/rpRc ~ 30 v ep| < 103 cm2/sec) 
seems smaller than the experimentally observed transport. Kinetic 
corrections [6] tend to decrease the growth rate and estimated 
transport further. Thus, it seems the resistive-g modes are not 
virulent enough by themselves to be responsible for the large 
fluctuation levels and transport in the edge. 

Rippling modes [3] are similar to resistive interchange modes 
in that, instead of convecting pressure across field lines, they 
convect conductivity (a) across field lines. The electrostatic 
versions of the modes are known as current-convective modes in the 
Russian literature [7]. A nonlinear theory (based primarily on 
D ~ Y<SX2) of the current-convective modes in a partially ionized 
"positive column", where the electrical conductivity depends on 
the density, was quite successful in reproducing experimental 
data [8]. A corresponding, nonlinear theory of current-convective 
modes in a fully ionized plasma [9], where the conductivity 
depends only on the electron temperature, and further refine
ments [7], were also developed. In the latter theories the 
fluctuating radial velocity vx ~ y/k ~ c(RqE„/Bo)(d¿na/dr) ~ 
500 cm/sec, and this implies a potential fluctuation (e$/Te) ~ 
(RqE„/kyTe)(d¿no7dr) ~ 10"Vm, which could be fairly large 
except for the requirement that m be large enough (»!) so that 
parallel electron heat conduction does not stabilize the mode. 
The anticipated anomalous transport caused by these modes [9] 
X ~ (R2q2/x„)(RqEM/B)

2(d*,na/dr)2 ~ 30 v ep| < 10
3 cm2/sec, seems 

significantly smaller than that observed in the plasma edge. 
When the magnetic perturbation effects are included in the 
rippling mode analysis the growth rate becomes proportional to 
a fractional power of the resistivity [3,7]. Then, if we 
presume saturation at vx = cEy/B ~ Y<5X we find e4>/Je increases 
with radius as Tg^/2, but is again only of order 10-2/m. The 
implied anomalous diffusion coefficient is D ~ ySx?- ~ m~2/5 
S-2/5F'-2/5 n/y 0 £ io3. Thus, at least within these simple 
nonlinear models, the fluctuation level and anomalous transport 
induced by rippling modes, with or without electromagnetic 
corrections, seem to be significantly smaller than experimental 
observations in the plasma edge. 
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From this brief survey we thus conclude that the nonlinear 
fluctuation and anomalous transport levels observed in the edge 
of tokamak plasmas exceed by a factor of 10 or more the simple 
estimates of the effects due to'the resistive-g and rippling 
modes. Thus, the mechanism responsible for the high level of 
turbulence and turbulent transport in the edge remains an enigma. 

III. PARALLEL TRANSPORT IN BUNDLE DIVERTORS VIA CLASSICAL 
PROCESSES 

The bundle divertor differs from the poloidal divertor in 
that it has a strong magnetic mirror at the entrance to the 
divertor chamber. This affects the flow of plasma from the 
scrape-off zone into the divertor chamber and the backflow of 
ions from the divertor chamber into the main chamber. For normal 
scrape-off plasma parameters, the ions are collisionless over the 
scale length of the divertor chamber, but collisional over the 
total field line length in the scrape-off zone. The effect of 
the magnetic hill and subsequent magnetic well is two-fold: first, 
the mirror reflects ions outside the "loss-cone" back into the 
main chamber; this reduces the parallel loss rate. Second, the 
expansion of the magnetic field beyond the peak produces a decrease 
in the ion density. This implies, assuming quasi-neutrality and a 
Boltzmann relation for the electrons, that the electrostatic 
potential also drops along the field line. This potential drop 
is of the order of (2-3) Te, where Te is the electron temperature. 
There is also a smaller potential drop ("0.3 Te) in front of the 
mirror; this helps to pull some ions through the mirror. The 
parallel ion flux leaving the main chamber is 

i nU2iTM/ R 

where n-j is the ion density, T^ is the ion temperature, M is the 
ion mass, and Ru is the mirror ratio seen from the main chamber 
side. The function F(Ru), given in [10], is ~ 1.6 for Ru = 3 and 
approaches 2 as Ru "* 1 for Ti = Te. The latter limit is in 
agreement with a more detailed calculation of the effect of ion 
temperature on the pre-sheath potential and parallel flow in a 
uniform field to an absorbing plate [11]. The magnetic mirror 
and subsequent well also increases the potential in the scrape-
off zone relative to the target plate. The result is 

r/MT \l/2 RH ] 

^ - Te *" |(irf) FI^J 

where R. is the mirror ratio between the throat and the target 
plate. Since the energy carried out per escaping electron is 
2Te+eA<í>, the increase of A<f> increases the electron cooling rate. 

The above discussion neglects the effect of neutral gas in 
the divertor chamber. Ionization and charge exchange processes 
produce a cold plasma in the divertor chamber. The increase in 
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Table I 

Potential Rise in the Divertor Chamber Versus 
Electron-Ion Temperature Ratio 

VTe 
eA<|>/Te 

0.1 0.5 1 2 4 10 

0.331 0.267 0.218 0.161 0.108 0.056 

the total ion density causes a reduction in the electrostatic 
potential drop between the main chamber and the divertor chamber. 
For low neutral density, the cold ions are electrostatically 
impeded from flowing into the main chamber. As the neutral gas 
density increases, the electrostatic well decreases. The potential 
well is reduced to -0.5 Te when [12] 

J nn dx * 0.3
 /fc e ] 

'o UA U * V M <av> 

The line integral of the neutral density is taken along a field 
line between the mirror throat and the target plate. The reaction 
rate, <cv>, is the total reaction rate for producing cold plasma. 
In addition to affecting the electrostatic potential, the neutral 
gas defocusses, via charge exchange, the ion energy incident on 
the target plate and cools the electrons by radiation. It also 
reduces, indirectly, the potential of the upstream scrape-off 
zone plasma relative to the target plate. This reduces the 
acceleration of the ions by the sheath potential. 

A second mode of operation, in which the ambipolar potential 
in the divertor chamber is positive relative to the main chamber, 
is possible. In this case the neutral density in the divertor 
chamber is too high; this can occur when there is inadequate pump
ing in the divertor chamber. This has been analysed only for a 
uniform field so far. The positive potential is necessary to 
exhaust particles from the divertor chamber; since the divertor 
chamber is longer than an ionization mean free path, neutrals are 
ionized before they can escape. The ambipolar potential develops 
to exhaust the "cold" ions at such a rate to match the incoming 
plasma flux if there is no pumping. Shown in Table I is the peak 
potential in the divertor chamber relative to the scrape-off zone 
for various ratios of T-j to Te. This potential also has the effect 
of reducing the incident plasma flux for a given density and 
temperature in the scrape-off zone and causes impurity ions in the 
divertor chamber to be expelled into the main chamber. 

These considerations apply also in a qualitative sense to 
poloidal divertors, although the obliqueness of the field line 
relative to the divertor chamber and the much longer field line 
length in the divertor chamber introduce additional complications. 
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FIG.l. Charge-exchange recombination modified "coronal"equilibrium for iron impurity 
ions. Shown are (a) the average charge and (b) the radiation rate as functions of electron 
temperature for 20 ke V/amu beam neutral fractions 0 < nn/ne < Í0 - 4 . 

IV. CHARGE EXCHANGE AS AN IMPURITY RECOMBINATION PROCESS 

One of the possible attractive features of divertors is the 
control of impurity evolution in high-power auxiliary-heated 
plasmas. Such control will be critical for the case of neutral-
beam heating, as the process of charge exchange between neutral 
hydrogen and multi-charged impurity ions 

H° + Z+C* - H+ + Z + ( H 

can directly enhance even existing radiative losses from the plasma. 
We have investigated this recombination mechanism for such impurity 
ions present in high-temperature, low-density fusion plasmas. The* 
hydrogen neutral flux (H, D or T) may be produced either by 
neutral-beam injection (including full, intermediate and thermal 
energy neutrals contributed by the beam and the background plasma), 
or by the diffusion of neutrals from cooler regions of the plasma 
in ohmically heated discharges. Calculations of the effect of 
this added process on the ionization balance and radiative cooling 
rate of impurities has been carried out for a wide range of elements 
and plasma conditions [13]. The behavior of both low-and high-Z 
impurities may be strongly affected. 

For time-independent situations analogous to coronal equilib
rium, the impurity behavior can now be parameterized by the neutral 
fraction nn/ne for any given neutral velocity distribution. Over 
the range of plasmas produced in tokamaks and mirror devices, the 
charge-exchange recombination rate varies from unimportant (as in 
dense, ohmically heated cases) to dominant (most notably for low-
density, heavily beam-injected plasmas). High density reduces 
the critical nn/ne ratio both directly by increasing ne as well 
as indirectly by decreasing the penetration of neutrals and hence 
nn. 

For a quantitative example, Fig. 1 shows the average charge 
and radiative behavior of iron, calculated by a multi-species 
equilibrium code as a function of Te and parameterized by the 
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FIG.2. Ionic species abundances for iron in "coronal" equilibrium with (a) nn/ne = 0 and 
(b)nn/ne = 10-s. 

neutral fraction nn/ne. The neutrals are at 20 keV/AMU (e.g. 
40-keV deuterium as in PLT), and the charge-exchange cross-sections 
are taken from classical trajectory calculations due to Olson and 
Salop [14]. For a high-temperature PLT plasma, we have central 
values of T e ~ 2 keV and nn/ne ~ 10~

5, considering just the unstopped 
neutral-beam atoms. The effect is seen to be quite significant. 
The species abundance for this neutral fraction is compared with 
coronal equilibrium in Fig. 2. Experimental evidence for a shift 
of iron and titanium ionization states during neutral-beam injec
tion into PLT has been obtained [15]. 

The enhanced radiative cooling rate produced by charge-
exchange recombination is primarily due to the shift of the ioniza
tion balance to less ionized (and therefore more radiative) charge 
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states at a given electron temperature. In particular, since 
charge-exchange recombination is characteristically most important 
for the highly charged helium-like, hydrogen-like and fully strip
ped ions of a given element, it can strongly inhibit or totally 
prevent the appearance of these relatively non-radiative ioniza
tion states with increasing electron temperature. This presents 
a serious problem for high nn/ne plasma dominated by losses from 
moderate to heavy impurities, since the expedient of achieving 
reduced losses by "burning out" the impurity via intense added 
heating is no longer available. This is especially true, of 
course, if the additional heating involves neutral-beam injection. 

Unless nn/ne is known in advance to be negligibly small for 
all cases of interest, charge exchange clearly must be included 
along with the usual electron-ion atomic processes and diffusion 
in order to achieve realistic results with impurity modeling 
codes. In particular, charge exchange may play an important 
role in resolving the commonly observed discrepancy between 
theoretical calculations and the observation of noticeably more 
recombined ions in actual experiments. 

V. GASEOUS NEUTRALIZER DIVERTOR 

One divertor concept is that of a gaseous neutralizer divertor 
in which the plasma is stopped by a dense gas rather than a metal 
plate [16,17]. For a gaseous neutralizer divertor to be useful, 
two main questions must be answered. First, it must be demon
strated that the neutral gas can neutralize the plasma before the 
plasma impinges on the wall. It is intuitively clear that if 
enough neutral gas is present, this can always be achieved. The 
required neutral pressure should be comparable to the plasma pres
sure upstream. The atomic processes causing the plasma temperature 
to drop are charge exchange and radiation. When T e has dropped 
to less than 1 eV, the recombination cross-section becomes large 
and the plasma deionizes. The exact picture of the plasma-gas 
interface, however, is not well understood. Second, the neutral 
gas in the divertor chamber must be prevented by the impinging 
plasma from returning to the main plasma. 

Using the QED device [18,19], we have demonstrated that a 
pressure differential of two orders of magnitude between the two 
chambers can be sustained by the plasma. The conductance of a 
divertor channel simulation tube to neutral gas flow was also 
shown to drop by a factor of ten due to plasma effects. In Fig. 
3, neutral pressure profiles along the divertor channel are 
plotted. The gas is fed from the left end and hydrogen plasma 
streams down from the right end. The helium neutrals are seen to 
pile up in the back. Comparing the curves with and without plasma, 
we conclude the plasma has a significant effect in preventing 
neutral backflow. Ttie hydrogen pressure profiles exhibit a peak, 
corresponding to the approximate positions of the plasma-gas 
interface. The profile decays to the right due to plasma effects 
and to the left due to frictional force with helium. Impurities 
are plugged by the plasma because they are first ionized then 
dragged by plasma flow downstream. 
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FIG. 3. (a) Hydrogen and (b) helium 
pressure along a simulated divertor 
channel in the QED device. 
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FIG.4. Sample Monte-Carlo test 
particle flight in the poloidal divertor 
helium enrichment calculation. 

VI. HELIUM ENRICHMENT OF POLOIDAL DIVERTORS 

A Monte-Carlo calculation similar to that of Seki et al. 
[20] has been done to explore the possibility of helium enrich
ment in various poloidal divertor configurations. In the calcu
lation, plasma ions flow down a divertor "channel" and are 
accelerated across a sheath potential (Vs - 3 T e ) , before 
impinging upon a neutralizer plate. Those ions not reflected 
as energetic neutrals are emitted as thermal energy atoms or, in 
the case of hydrogen, as molecules. The neutral atoms and 
molecules (D, T, DD, DT, TT, He), are transported allowing for 
charge exchange, ionization, dissociation and wall collisions. 
For H2, the dominant reaction channel is e + H2 "* H2+ + 2e; 
Wt + e -*• H+ + H° + e [21]. A typical particle trajectory is 
shown in Fig. 4. 

The relative helium pumping efficiency was calculated for 
a divertor with a central density of 8.8 x 10l2/Cm3 falling to 
~ 1.1 x 10l2/ari3 at the channel walls. The central temperature 
was 250 eV with the same Gaussian profile as the density. A 
uniform plasma case (T = 250 eV, ne = 3 x 10^2) similar to the 
standard case of Ref. [20] was also investigated. The size of 
the pump in the model divertor was chosen to match the typical 
pumping speed expected for a large, INTOR-type divertor [22]. 
The dimensions of the four cases were 80 cm long by 30 cm wide, 
50 cm x 30 cm, 50 cm x 40 cm (all with 40-cm-long, 7-cm-wide 
pump) and 100 cm x 30 cm with a 20-cm-wide plasma for the 
Seki et al. case [20]. The results are given in Table II for 
a 47.5% D+, 47.5% T+, 5% He + + fixed plasma. The ratio, R, of 
the neutral flux leaving the pump to the neutral flux returning 
to the main plasma is given for deuterium, tritium and helium. 
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Table II 

R = rpump/rmain plasma 

Case 

80 x 30 
50 x 30 
50 x 40 
100 x 30 
with 20 cm 
wide plasma 

D 

5.35 
1.12 
.72 

1.94 

T 

6.73 
1.26 
.72 

2.20 

He 

1.56 
.51 
.29 

1.229 

VRHe 
3.44 
2.20 
2.42 
1.58 

VRHe 
4.32 
2.49 
2.43 
1.79 

In each case, the relative fraction of helium pumped is less 
than the fraction of hydrogen pumped. The pump is between 1.6 
and 4.3 times more efficient for hydrogen than helium. Thus, 
schemes in which poloidal divertors are used to provide enhanced 
helium fluxes for pumping may be less viable than previously 
thought. 

VII. PENETRATION OF RECYCLED HELIUM THOUGH A DIVERT0R SCRAPE-OFF 

One function of a divertor is to remove helium ash in a 
reactor. Here we present results of numerical and analytic models 
of helium recycling which suggest that only a small fraction of 
outflowing helium particles need be pumped in order to achieve 
a steady ignited burn in an ignition experiment. 

Numerical results were computed for an "equivalent circle" 
model with INTOR-like parameters (R = 480 cm, rseparatrix = 147 cm, 
rwall = 156 cm, Iplasma = 3.75 MA, By = 50 kG, peak-peak toroidal 
ripple = 2% at r = rseparatrix and 60 MW of neutral-beam heating 
to ignition [23,24]). We used the BALDUR one-dimensional trans
port code with a simple transport model motivated by recent exper
imental and theoretical results. The dominant contributions to 
the diffusivities were Dn,T,He = 1.25 x 10l7/ne, Xe = 5 x 10l7/ne, 
and xi = 3 x neoclassical + ripple-trapping + banana-plateau [25]. 
The scrape-off included loss of particles and energy on a parallel 
sound speed flow time [26]. Helium striking the divertor plate 
or wall was injected perpendicularly from the wall with an energy 
of 40 eV and ionized as a volume source by electron impact [27], 
as might be appropriate for helium leaking back into the plasma 
along the edge of a hot divertor channel. Hydrogen neutrals were 
recycled at 40 eV, and followed by Monte-Carlo techniques [28]. 
Electron and helium density profiles near steady state are shown 
in Fig. 5a and the helium source function is shown in Fig. 5b. 

The volume-average helium fraction <fHe> = <nHe>/<ne> obtained 
in the numerical results has been adequately reproduced with 
an analytical model using the sources shown by the dashed lines 
in Fig. 5b. For this model, the plasma was divided into a core 
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FIG. 5. Profiles of (a) electron and thermal helium density and (b) source of ionized 
thermal helium due to fusion (left scale) and recycling (right scale) in an INTOR plasma. 
Dashed lines are sources used in analytic mode. 

where r/rseparatrix
 < 1 - «recycle and an edge recycling region 

where 1 - «recycle < i7rSeparatrix < 1. Here «recycle is the 
(small) fraction of the plasma radius between the separatrix and 
the innermost penetration of the recycled helium [as defined by 
the inner HWHM (half width at half maximum) of the source of 
recycled helium, point X2 in Fig. 5b]. We approximated DHe by 
constant values in the core and edge defined by ne (rcore) in tne 

core and ne (rseparatrix). Here rcore is the radius of the HWHM 
of the fusion source in the core, as shown by point x] in Fig. 5b, 

In a (typical) case where parallel flow dominates transport 
in the scrape-off, the steady-state helium fraction is doubled 
(compared to the case with 0% helium recycling) when the fraction 
of outgoing helium particles not recycled is 

pump ~ recycle pen ̂  core' edge" ̂  " * ̂ rcore'rsep/ * 

This defines a "helium pumping limit" fpump >_ 0.3% for the values 
obtained from the numerical computation in Fig. 5 («recycle = 

.0136-, fpen = -50', DCore = 876 cm2/s; Dedge = 2260 cm2/s-, rcore/ 
rseparatrix = .463 ). The existence of such a small pumping 
requirement has been confirmed by detailed numerical computation 
[24]. 

This conclusion is all the more remarkable since we made 
relatively pessimistic assumptions (high incidence energy and 
normal incidence) about the recycled helium. We believe that 
the larger helium pumping requirements derived previously have 
over-simplified models of edge recycling, and have ignored the 
relatively poor penetration and rapid recycling of helium in a 
scrape-off region of finite size. This gives total plasma 
particle confinement times THe « TQ J which facilitates helium 
removal. Combining these results wi£h those from our Monte-
Carlo simulation from the previous section, we conclude that 
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Table III 

Effect of Recycled Neutral Energy on Edge 
Conditions in PDX with 6MW Beams 

Eo 
(eV) 

3 

70 

300 

n 

(cm"3) 

1014 

3xl013 

1014 

3xl013 

1014 

3x1013 

(keV) 

3.2 

6.5 

2.8 

5.1 

2.2 

4.5 

Te(0) 

(keV) 

3.2 

3.8 

2.8 

3.5 

2.2 

3.3 

ne(a) 
(cm"3) 

9x1O12 

1.5xl012 

1.7xl012 

6x1O11 

6.5X1011 

3x1O11 

(eV) 

50 

35 

150 

130 

320 

350 

Te(a) 
(eV) 

110 

180 

200 

320 

280 

420 

(cm) 

4 

4 

3 

4.5 

3 

6 

P 
max 2 

(kw/cm ) 

3.5 

2.0 

2.2 

1.5 

2.9 

1.4 

although less helium pumping is required than previously thought, 
it may be more difficult than expected to achieve such helium 
pumping rates with present poloidal divertor designs. However, 
it should be noted that our models of the edge plasma flow are 
still only order-of-magnitude treatments of complicated multi
dimensional flows, so further investigations of this problem 
are urgently required. 

VIII. EFFECTS OF VARIATION IN ENERGY OF RECYCLED NEUTRALS 

At present, there is a scarcity of data on the energy distri
bution of the incident particle flux and the reflectivity of the 
walls and limiters. For example, there is some evidence [29,30] 
that typical edge neutral energies may be closer to 300 eV than 
the usually assumed Frank-Condon based energy of about 3 eV. 
Using the BALDUR code [26], we have studied how PDX plasma par
ameters are affected when the average recycled neutral energy E 0 
is varied between 3 eV and 300 eV. The results are summarized in 
Table III for PDX with 6 MW of neutral-beam heating. Referring 
to the Table, n is the volume-averaged electron density;ne(a), 
T-j(a) and Te(a) are the values at the separatrix*, Xn is the 
density scrape-off width; and Pmax is the maximum power load per 
unit area on the divertor plate. Not surprisingly, as the energy 
of the incoming neutrals increases, the neutrals penetrate further 
into the plasma. This has several effects. First, the density in 
the scrape-off decreases for higher energy neutrals, since fewer 
neutrals are stopped near the edge. The charge-exchange losses 
are greater for higher energy neutrals, and losses tend to take 
place nearer the plasma center. This results in a lower central 
temperature. The edge temperature is higher for high-energy 
recycled neutrals. However, the power density deposited on the 
divertor actually decreases because of the reduced density in 
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the scrape-off. The results shows that recycling conditions have 
a large effect on the edge plasma, and a noticeable effect on the 
central temperature. 
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DISCUSSION 

Y. SHIMOMURA: I would like to comment on ash enrichment by a 
poloidal divertor. You obtained a result completely different from ours. I think 
that this difference is due to a different recycling model at the wall surface. 
In your calculation, most of the hydrogen particles are assumed to be desorbed 
in the molecular state. We, on the other hand, assumed some backscattering 
not only in the fuel but also in a-particles. The recycling process at the surface 
is not clear, but experimental results in Diva support this assumption. In one 
experiment, we destroyed a plasma artificially and observed two types of 
neutral hydrogen particle increase in the vacuum vessel. Immediately after the 
plasma destruction the number of neutral particles increases up to 30—40% 
of the total plasma particles. These neutral particles may be due to the 
backscattering. In addition to this instantaneous increase, we observe a slow 
increase of neutral particles with a time constant of several seconds. This 
may be due to the thermal desorption. 

J.D. CALLEN: The results obtained by Post et al. and reported in this 
paper lead to a completely different conclusion. A key point here is the nature 
of the atomic physics processes and, in particular, the balance between 
reflection of incident particles and molecular hydrogen desorption (thermal 
or "driven") from a divertor plate surface. One problem in developing realistic 
models is that reflection coefficients have only been measured above ~1 keV 
and must be extrapolated to the low energies of interest in these calculations. 
Also, the self-consistent ambipolar potentials produced as the neutrals are 
ionized need to be taken into account. In the calculations I presented, which 
have evolved from earlier calculations similar to yours, it was found that the 
critical atomic physics process was the two-step electron ionization/dissociation 
discussed in the paper. This process leads to smaller backflow of the hydrogenic 
species than of helium, which is always in a monatomic gaseous state. Given 
the uncertainties in the atomic physics and the details of the surface interactions, 
and particularly in the high thermal and particle flux conditions in a divertor 
box, the resolution of this question of helium enrichment or depletion in a 
poloidal divertor will probably require a comprehensive experimental test. 
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T. TAMAÑO: I have a comment on perpendicular diffusion. Because of 
the small plasma dielectric constant, the classical diffusion* due to thermal 
fluctuations becomes important. The magnitude of this coefficient is several 
hundred times the classical coefficient. It has a (>/Te/>/n) dependence and so 
predominates at low densities. It is a classical, not an anomalous process — 
a fact which was first pointed out by Dawson and verified experimentally in 
the General Atomic Octopole in 1972. The divertor scrape-off layer suffers 
from this particle diffusion. Did you consider it at all in your work? 

J.D. CALLEN: No, we did not, primarily because we do not believe that 
the mechanism you describe is operative in the edge region of a tokamak. 
Specifically, while the edge does have an electron plasma frequency <ope 

less than the electron gyrofrequency Í2e, we still have copi > Í2i there, so the 
perpendicular dielectric constant is still fairly large. Also, there is a fairly 
high shear in the edge region and this has been shown by many authors to 
strongly localize the convective cells. Both of these two effects greatly reduce 
the influence of the "thermal" fluctuations you mention and lead to a 
diffusion coefficient which appears much smaller than the experimentally 
observed D ~ DBohm ~10 4 cm2-s_1 in the Te ^ 25 eV, n ^ 3 X 1012 cm"3 

edge plasma inside and/or in the shadow of the limiter. 
F. ENGELMANN: You say that in the QED device the neutral pressure 

is reduced by a factor of 10. With respect to what is this? 
J.D. CALLEN: The neutral pressure at one end of the machine where 

there is a neutral source decreases by a factor 10 as one moves into the region 
where the ionized plasma is streaming into the plasma/gas interface. 
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Abstract 

RECENT PROGRESS IN TORSATRON/STELLARATOR RESEARCH IN THE UNITED 
STATES OF AMERICA. 

A summary of recent theoretical and experimental developments in stellarators and 
torsatrons is presented. MHD equilibrium calculations demonstrate the need for mixed 2 
and 2 + 1 helical harmonics for j3 limits. Harmonic decompositions of the flux surfaces in an 
2 = 2 ultimate torsatron demonstrate this proper harmonic mixing. Several different approaches 
to the design of modular torsatron/stellarator coils, desirable for a reactor, are presented. Other 
reactor considerations investigated for a classical torsatron include a-particle containment, ion 
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thermal conductivity, magnetic well depth studies, and technology issues. Results from experi
ments include studies of low Ohmic-heating current discharges in the Proto-Cleo torsatron 
and elucidation of the role of cross-field plasma injection in producing convective cells in the 
Proto-Cleo stellarator. 

I. MODULAR CONFINEMENT SYSTEMS AND CRITICAL BETA (Wisconsin, 
NYU) 

A. The ultimate torsatron 

An ultimate torsatron differs from a conventional torsa
tron in that the magnetic surfaces are produced entirely from a 
single helical coil with periodically modulated pitch^. The 
coil pitch is varied according to the winding law 

6 = £ [<j> - asin<j>] 

Numerical analysis of the field configuration has shown that 
the separatrix size and shape are determined primarily by the 
values of a, m, and the aspect ratio, while a determines the 
radial position of the magnetic axis within the torus. 

An ultimate torsatron of multiplicity I produces magnetic 
surfaces resembling those of a conventional torsatron of mul
tiplicity I + 1. In an I = 2 ultimate torsatron, this results 
in magnetic surfaces having both high shear and non-zero rota
tional transform on the magnetic axis. A configuration of the 
form ¡i = 2, m = 12, and a = 0,63 generates well-behaved sur
faces with the magnetic axis located at the geometric axis of 
the torus. Addition of a small vertical trim field can signi
ficantly alter the rotational transform profile without major 
changes in the average radius of the last closed magnetic sur
faces. The % - 1 ultimate torsatron can be made into a modular 
configuration by utilizing a vertical field coil pair as a wind-
back for the helical coils» The modulation of the helix pitch 
may be adjusted to cancel the vertical field on the axis, pro
ducing the required flux surfaces, 

B. The ultimate stellarator 

An ultimate stell arator differs from a conventional stell -
arator in that the magnetic surfaces are produced entirely from 
a pair of geodesic helical coils with different pitch angles 
and helically wound with opposite twist^. The two helices are 
wound in an orthogonal toroidal coordinate system3 according to 
the laws: 
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Numerical analysis of the field configuration has shown that the 
separatrix size and shape are determined primarily by the values 
of £, m, and the aspect ratio. The magnetic axis is shifted 
inward from the geometric axis, with the location of the axis 
given approximately by /l^ajor2 - Elinor2. 

This configuration possesses magnetic properties which may 
be similar to those of the classical stellarator in terms of 
gross flux surface characteristics such as shape and volume, but 
are significantly different in terms of rotational transform 
production, magnetic ripple and field line curvature. The most 
striking difference occurs for the £ = 2 case. The classical 
stellarator has a transform profile which is non-zero on the 
magnetic axis and increases monotonically, while the ultimate 
stellarator has a transform profile which is non-zero on the 
magnetic axis and decreases. For the £ - 3 case, however, the 
classical and ultimate stellarators can have similar profiles. 

A mapping of the ultimate stellarator coil system onto the 
6-<í> plane shows that the conductors may be represented piece-
wise by a set of triangular functions of the poloidal angle, dis
placed poloidally and toroidal (Fig. 1-a). The coil system may 
then be represented by a corresponding set of Fourier series 
expansions of these functions. Each truncated set of Fourier 
expansions represents a member of a family of modular approxima
tions to the ultimate stellarator coil system. These modular 
configurations possess magnetic properties which resemble the 
ultimate stellarator much more closely than they resemble the 
classical stellarator. Of particular interest is the modular 
configuration consisting of the set of Fourier expansions trun
cated to a single term (Fig. 1-b). This yields a modular con
figuration which possesses high shear and rotational transform 
in the £ = 3 case. As more terms are added to the Fourier ex
pansions, the magnetic configuration converges very quickly to 
that of the ultimate stellarator. In practice, modular expan
sions with four or more terms are virtually indistinguishable 
from the convergent ultimate stellarator in terms of their mag
netic properties. 

C. MHD equilibrium and stability 

Numerical MHD calculations suggest that combined £ and £+1 
components in the magnetic surfaces are advantageous with re
spect to critical beta for equilibrium and stability, £ = 2,3 
configurations have been found that have beta limits as high as 
4% for a family of ballooning modes, whose growth rates have 
been computed using a new equilibrium and stability code with 
enhanced resolution. Moreover, tracing magnetic lines for these 
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(a) (b ) 

FIG.l. (a) Helical coil system of an £ = 3, m - 5 ultimate stellarator (upper) and 
corresponding mapping in the 6-<t> plane (lower). 

(b) Modular coil system for the one-term Fourier approximation to the ultimate 
stellarator (upper) and corresponding mapping in the 0-# plane (lower). 

configurations indicates that the magnetic surfaces are excep
tionally well formed and stable to parameter changes. 

D. Magnetic surface harmonic manipulation 

In an £ = 2 ultimate torsatron, the unperturbed magnetic 
surfaces contain significant £ = 1 , 2 and 3 components. Addi
tion of a sufficient vertical field will alter the shape of the 
separatrix in such a manner as to reduce the £ = 1 component 
and enhance the £ = 2,3 mix. This is accompanied by a displace
ment of the magnetic axis inward from the geometric axis. 

In an £ = 3 modular stellarator derived from the ultimate 
stellarator, the unperturbed magnetic surfaces consist of a 
nearly pure £ = 3 component. Addition of a sufficient vertical 
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FIG.2. Flux surface cross-sections in four poloidal planes for a modular ultimate stellarator 
(left) and an ultimate torsatron (right). 

field will alter the shape of the separatrix in such a manner 
as to introduce an l = 2 component to produce an a = 2,3 mix, 
also accompanied by an inward displacement of the magnetic axis. 
Magnetic separatrix cross-sections for the ultimate torsatron 
and the modular ultimate stellarator are compared in Figure 2. 
Both configurations have the same ratio of vertical field to 
toroidal field, and similar i = 2,3 harmonic mixture. The in
ternal surfaces in each case are free from magnetic island 
formation. 

II. PHYSICS AND TECHNOLOGY OF TORSATRON CONFINEMENT SCHEMES (MIT) 

We have investigated several of the critical physics and 
technology questions involved in the torsatron confinement con
cept: 

I. Alpha-particle containment properties for reactor-size 
torsatrons of various aspect ratios were computed by analysing 
single particle orbits. A coarse grid in a 4-dimensional phase 
space (three spatial direction and pitch angle) was created and 
the trajectories of a test alpha-particle distribution were 
mapped onto this grid. Each a-particle was weighted with a 
source strength corresponding to the fusion reaction rate at its 
point of origin. Extensive numerical calculations showed ex
cellent long-term confinement (closed drift surfaces) for most 
of phase space even in systems with helical ripple as high as 
10% at half the separatrix radius. The fractional alpha-
particle power confined was 99% for R0/a = 12, 90% for RQ/a =6, 
and 65% for R0/a = 3 [a is the coil minor radius, RQ the major 
radius]» 
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2, The ion thermal conductivity (x-j) in torsatron config
urations was measured by analysing the interaction of a test 
particle distribution with a background plasma. For each mea
surement, 360 test ions were launched on a given flux surface; 
these test ions had a pitch angle and energy distribution appro
priate to an isotropic Maxwellian with temperature equal to 
that of background plasma. The test ions interacted with the 
background distribution through pitch-angle scattering, energy 
scattering and energy drag. Numerical calculations of XÍ show 
the presence of a plateau regime extending over two orders of 
magnitude in collision frequency. The value of the ion thermal 
conductivity was found to be approximately equal to the neo
classical plateau value in an equivalent torus without helical 
modulation. The theoretically predicted adverse v^"' scaling 
of xi due to ripple trapping was not seen. This discrepancy 
is attributed to the difference between the actual motion of 
particles trapped in local magnetic ripples, and that assumed in 
theoretical predictions Ci,e. with J = constant). 

Other work to date has shown: 

3. Vacuum field well depths in excess of 14% can be 
achieved in I = 3 systems of moderate aspect ratio (R0/a = 6) 
without significant distortion of the separatrix. 

4. The width of the ergodic region at the separatrix is a 
function of the number and placement of the vertical field 
coils, ergodic region thicknesses of <, 0,05 ap can be achieved 
in properly designed systems. 

5. The helical-conductor winding law required for force-
reduced systems yields flux surfaces compatible with possible 
near-term experiments and ignition scale devices. Very small 
changes in the winding law can make substantial reductions in 
forces on the helical coils. 

6. The dual constraints of force-reduced pitch and mini
mum blanket thickness constrains the torsatron reactor to il = 3 
systems unless a plasma minor radius considerably in excess of 
3 meters is acceptable. 

7. That modularity is obtainable in reactor-scale systems 
by utilization of large area resistive joints between super
conducting winding segments; resistance yalues routinely 
achieved in experiments are a factor of 10 or more lower than 
values necessary to make this scheme attractive from an energy 
utilization viewpoint.. 
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(a) (b) (c) 

FIG.3. Flow line in the unfolded L-6 plane for an1 = 2 system, i is the toroidal distance and 
9 is the poloidal angle, (a) is a warped TF coil; (b) is an idealized twisted TF coil. The solid 
line in (c) is the twisted TF coil according to Eq.(l), while the dashed line corresponds to the 
warped TF coil. 

8. Forces in reactor-scale systems can be supported by 
currently available glass reinforced epoxy structural elements. 
Such supports are compatible with thermal insulation require
ments and with the radiation environment expected in an operat
ing commercial reactor. 

III. STELLARATOR FIELD IN A TORUS WITH MODULAR TWISTED 
TOROIDAL FIELD COILS (Princeton) 

A stellarator field can be obtained by deforming the tor
oidal field coils instead of adding helical windings. Since 
the conductors carry no net toroidal current, the configuration 
does not require a vertical field. The resultant configuration 
lends itself to modular construction of a reactor. The present 
"twisted" TF coil*concept^ differs from that of the "warped" TF 
coil of Rehker and Wobig5 in that it includes higher harmonics 
of the coil deformation so that the coil more closely approxi
mates the helical symmetry of the basic stellarator configura
tion. The resultant stellarator field has markedly stronger 
rotational transform than that of the "warped" TF coil con-
cept^"7 and its variations. 

Figure 3 illustrates the current flow lines of the twisted 
TF coils and the warped TF coils. The warped coil in Figure 
3-a is symmetric in 9 at maximum |Az| points. Figure 3-b is 
an idealized twisted TF coil in which the current path dupli
cates exactly that of the basic stellarator configuration 

* In Ref.[5], the authors used the term "twisted" TF coil to designate their coil 
configuration. Their coil configuration will be referred to as "warped" in the present paper. 
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a »ton"'ma/JlR ,deg. 

0.15 

FIG.4. (a) Average rotational transform of the outermost closed magnetic surface as a 
function of twisting amplitude 6 t = dt/a, £ = 2, m = 6, R0/a - 10/1.5, S = d/a = 0.3, N = 48. 

(b) igi/Ro versus "pitch"angle x = tan-1 ma/£R0,£ = 3, R0/a = 10/2.25, d/a = 0.3, 
dt/a =0.101. The discrete points correspond to m = 3, 4, 5, 6 and 9. N= 36 for m = 3, 4, 5 
and 9 and N- 35 for m = 5. 

produced by separate TF and helical windings carrying equal cur
rent. This configuration has no symmetry in the e direction. 
There are two types of helical lines: the positive one carry
ing current in the positive (z,e) direction and the negative 
one carrying current in the negative (z,e) direction. The 
warped coil simulates the positive helical line well, but does 
the negative helical line poorly since it has only a very small 
component along the helical direction. If modest higher har
monics of the coil deformation are added to the warped TF coil, 
the helical symmetry is improved and the rotational transform 
increased. 

One simple form of twisting a circular TF coil with radius 
r = a is provided by the following current distribution for an 
l = 2 configuration: Jo = 4irBzo + Acos(2e - kz), 
Jz = (2A/ka)cos(2e - kz). For small kz, the flow line is 

kz = 6sin2e + <5tsin4e (1) 

where the warp 6 = A/4TTBZQ = d/a, d = max |AZ|, and 6t = d^/a 
is the normalized twisting amplitude. Equation (1) is shown 
as the solid line in Figure 3-c. We note, in principle, twist
ing needs to be applied to the negative helical portion only. 



IAEA-CN-38/BB-1 801 

The warped circular coil^S (dotted line in Figure 3-c) and the 
elliptical coil7 correspond to modulations consisting only of 
the first term in Eq. (1). 

Figure 4-a shows a typical marked increase of rotational 
transform of the outermost closed magnetic s_urface_bymoderately 
twisting the TF coils0 Figure 4-b shows *ar/Rg = BQ/B^ as a 
function of a = tan~'ma/$,R0, where r is the radius of an equi
valent circle of the outermost closed magnetic surface, and 
i and m are the poloidal and toroidal mode numbers respectively. 

A force analysis of the coils shows that there exists no 
inwardly directed force; the supporting structure can therefore 
be placed on the outside of the coils so that there are no in
herent difficulties in building large modular devices. 

A theoretical analysis of the magnetic fields associated 
with coils for a modular twisted torus can be made using a com
bination of analytical and numerical techniques. This was done 
by Ohasa and Miyamoto", who considered the straight warped-coil 
system5: r = acoseex + asinaey + [dsinUe + 9j) + z,-]ez, with 
0i = 2Trmj/N, Zj = Lj/N, (j = 0,1,..., N-l). Here L = 2-rrR0 is 
the periodicity length, and N is the number of coils. They 
showed that the resultant vacuum field is given by 

! = B v[z + z(eifD/p) I,.,(pr)s1n(je - pz)] 
u «J Y |J | 

where , , ,.„. , , 
e j , p = 2s pa Jh(pd)K'h¿(pa) 

p = p, s = 1, j = hi, if p = 2ir(Ni + mh)/L > 0 

P = IPU S = (-Dh+1, j = -h£ if p < 0 

The summation is over -«> < i < °°, 0 < h < °°. The notation is 
that of Greene and Johnson[8].The vacuum field flux surfaces are 
given by 

¥ = (B L/2) z(je. e., n/p
2r)I..,(pr)I',,,,(pr)cos(j-j»)e 

somewhat different from that in Reference 6. Note that modes 
with the same value of p interact. For the parameters used in 
Reference 6, a/R = 0.35, d/a = 0.34, i = 2, m = 4, N = 20, the 
mode with h = 1, pa = 1.4, dominates, so that near the axis 
* = 0.18. Other modes are also important and affect * profiles. 
Results based on more general parametric representations of the 
coils allowing twisting as well as warping agree with those of 
numerical computations for large aspect-ratio tori [9-11]. 
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FIG.5. Decay of torsatron plasma. Top to bottom: average electron density ne, loop 
voltage V%, dlpiasmjdt, hard X-ray detector output. 

IV. EXPERIMENTS (Wisconsin) 

A. Proto-Cleo Torsatron Experiments 

The pulsed helical winding current in the Proto-Cleo tor
satron (R = 40 cm, ap = 5 cm, ¿ = 3 , 13 field period, By ̂ 3kG) 
produces a small (50-200 A) ohmic heating current, which allows 
operation with the vacuum rotational transform (+vac(a) =0.6) 
much exceeding t o n, the rotational transform due to the plasma 
current. Plasma parameters are typically n e « 1-3 x 10^ ' cm"

3, 
T e = 10-20 eV, T|r - 100 ys. Our experiments have concentrated 
on plasmas in which the rotational transforms add, i.e. 
* = ^oh + *vac Figure 5 shows an expansion of the second 
plasma decay phase for a 100-A peak discharge which terminated 
with a slow series of "spikes" which resemble soft disruptions. 
Peaks in the hard X-ray and dip traces correlate with spikes 

in the loop voltage and decreasing "steps" in the electron den
sity. The poloidal flux of the current is expelled (with re
sultant voltage spikes) as the density decays» 

Two-dimensional profiles of local ohmic-heating current 
density were determined by measuring the difference current be
tween two para 1-1 el Langmuir probes separated by an insulator 
and biased to electron saturation. During the current rise, 
the profiles show a single current channel (Figure 6-a) which 
develops an X-point on the horizontal axis and breaks up as the 
current decreases (Figure 6-b). 

Magnetic probe and Rogowski coil signals so far show only 
m = 0, n = 0 symmetry for a many-peaked, coherent spectrum in 
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FIG. 6. 2-D Ohmic heating current density profiles in the Proto-Cleo torsatron. (a) Current 
rise phase; (b) current decay phase. 

the frequency range 1-100 kHz. The detailed shape of the spec
trum changes during the discharge. Fluctuations in ion satura
tion current have a similar spectrum and show a complicated 
internal mode structure. 

B. Proto-Cleo Stellarator Experiments 

Bostick guns are used to inject plasma either perpendicu
larly or tangentially to the toroidal magnetic field. For 
typical gun plasma parameters (ne = 2 x 10^ 'cm

-3, Te « T-¡ = 
10 eV, B = 3 kG, * =0.6(r/a,)2)the plasma is in the mid-plateau 
regime, where toroidal ("banana") trapping is important, but 
helical trapping is negligible. With perpendicular injection, 
particle confinement times, xp,are ~ 8 times less than pre
dicted by neoclassical theory. With tangential injection, how
ever, confinement times are only 4 times less than neoclassical, 
an improvement of a factor of two. 

One possible explanation of these results is that tangen
tial injection produces fewer toroidally-trapped electrons than 
perpendicular injection, so that the net diffusion coefficient 
is reduced. However, T Q Q ~ 1 0 ys, while the confine
ment time is 2-4 ms. Thus, by the time confinement measure
ments are made, the initial directed parallel or perpendicular 
injection velocities have relaxed so that the velocity-space 
distributions produced by both guns are comparable. 
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TABLE I. CALCULATED PARTICLE CONTAINMENT TIMES 

Theory: Theory: 
without shear with shear Observed 

Perpendicular 
injection 17 jus 1.7 ms 1.5—2 ms 

Parallel 
injection 68 ¿is 4.8 ms 3.5—4 ms 

A more sat is factory explanation is that convective ce l ls 
produced by c ross- f ie ld plasma in jec t ion resu l t in enhanced 
par t i c le d i f f us ion . Two-dimensional p ro f i les of f l oa t i ng 
potent ial show that wi th tangential i n j e c t i o n , the contours 
approximate the magnetic surfaces, while s ign i f i can t ce l l s t ruc
tures are present wi th perpendicular i n j ec t i on . 

Okuda and Dawson have calculated the convective ce l l con
t r i b u t i o n to pa r t i c le d i f fus ion for systems both wi th and w i t h 
out magnetic shear^»13# Table I shows a comparison of theor
e t i ca l predict ions ( including both convective and neoclassical 
e f fects) and experimental resu l t s . The resul ts shows that the 
improved pa r t i c le confinement time observed with tangential 
in jec t ion is in close agreement wi th theoret ica l predict ions 
which include the ef fects of shear. 
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DISCUSSION 

H. FURTH: Is there any difference between the "modified Rehker-Wobig 
coils" and the "modularized ultimate stellarator coils"? If so, what relative 
advantages and disadvantages does each type have? 

J.L. SHOHET: Yes, there is a difference. The modified Rehker-Wobig coils 
follow only one stellarator helix and not the other, while the ultimate stellarator 
follows the helices exactly. This latter configuration has several advantages, 
including a higher transform with fewer coils, smaller tendency to island formation, 
and the ability to match classical stellarator transform profiles exactly and to 
allow larger amounts of twist on the outside of the torus. 

R. WILHELM: In the practical realization of the configurations being 
proposed, one needs thick conductors rather than an infinitely thin wire. This 
could reduce the quality of the magnetic surfaces, creating magnetic islands again, 
for example. Could you comment on this? 

J.L. SHOHET: Our computer codes are capable of calculating the surfaces 
from large-size coil conductors. It is one of the aims of our design to ensure 
minimum island formation. 
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Abstract 

THREE-DIMENSIONAL MHD EQUILIBRIUM STUDIES. 
Three-dimensional toroidal magnetohydrostatic equilibria without net toroidal current 

are studied with a combination of several methods. The expansion of a toroidal equilibrium 
around its magnetic axis is used as a guideline for the computational search in configurational 
space. A system of analytical vacuum fields is used to find vacuum configurations which then 
serve as initial values for finite-/? calculations with a 3D-code. The existence of a particular 
type of equilibrium is confirmed in which the variation of /díü/B on a flux surface nearly 
vanishes (where the integral is performed along a field line over one field period). 

The study of conventional I = 2 stellarator equi
libria (see e.g. [1], [2] and refs. cited therein) 
leads to the conclusion that its equilibrium- and sta
bility- 3 limits are too low for practical application. 
Moreover, near the 3e-limit, the current density pa
rallel to the magnetic field is comparable to that of 
a tokamak with same rotational transform (this being 
the very reason of the Bg-limit), so that the probably 
advantageous situation of small parallel current den
sity is not realized. For small rotational transform 
the parallel current density is governed by the varia
tion on magnetic surfaces of Q = /d£/B where the inte
gral is performed along a field line over one field 
period. We have computationally explored configura
tions in which the variation of Q on magnetic surfaces 
is negligible. A second goal is to satisfy, in addi
tion, the low-3 stability requirement of an average 
vacuum magnetic well. Vacuum field configurations with 
one or both of these properties are then used as ini
tial values for finite-3 calculations with a 3D code 
[1] to verify the validity of this approach. 

Results of the expansion of a three-dimensional 
equilibrium around its magnetic axis show that both 
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FIG. 1. Magnetic surfaces of vacuum fields with 10 toroidal periods and poloidal variation 
of Q. Columns 1 to 3 belong to three different field configurations (1: i « 0.8, no well, 
2: t « 1.2, marginal well, 3: i «* 0.8 to 1.3, with well). Rows 1 to 3 show meridional cross-
sections separated by 1/4 of a period. Left sides of abscissas in row 4 correspond to radially 
outward directed parts of surfaces. Ordinates show QIQ^^ for surfaces with various aspect 
ratios (solid curves). Curves for 9. = 2 surfaces (with the same value oft) are shown for 
comparison (dashed). 
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of the above conditions can be satisfied simultaneous
ly. Therefore, these results have been used as a 
guideline for the search in configurational space 
which is performed as follows. A complete set of ana
lytical harmonic fields [3] which is computationally 
simple is used to compose vacuum field configurations. 
Thus, we avoid recourse to external current distribu
tions which would render the search in configurational 
space much more cumbersome. Magnetic surfaces are ob
tained by numerical field line integration and the 
variation of Q is measured by 

S = <Q2> - <Q>2 

where <...> indicates an average on the magnetic sur
face. The magnetic well is evaluated as the difference 
A of <Q> to the value of this quantity on the magnetic 
axis. To satisfy 

S « O , A <> O (1) 

sets of analytical vacuum fields which typically re
present 1=0, ..., 3 fields and toroidal wave numbers 
up to twice the number of periods have to be used, so 
that the parameter space has a typical dimension of 
about 20. Under these circumstances, direct numerical 
optimization to obtain the properties (1) was only par
tially successful. The following procedure was more 
adequate. First, the boundary value problem B n = O is 
solved inside a smooth toroidal surface geometrically 
close to that predicted by analytical theory [4,5]. 
As a side remark we note that this procedure apparant-
ly eliminates stochastic field line behaviour in the 
interior. Second, we use numerical optimization to 
approach the conditions (1) quantitatively. Thus, we 
cannot exclude the possibility of configurations with 
equal or even better properties in a qualitatively 
different part of configurational space. 

The following results are obtained: 
i) Configurations exist with Q » const on every 

magnetic surface for a toroidal aspect ratio A ~ 20 
(last closed surface). An example (which had not been 
fully optimized but served as initial value for the 
finite-8 calculations) with 10 periods, total rota
tional transform i ~ 0.8, and negligible shear is 
shown in Fig.1. 

ii) Configuration exist with properties (1) on 
every magnetic surface for A ~ 40. An example with 10 
periods, i ~ 1.2, and small shear is shown in Fig.1. 

iii) Relaxing the condition S « 0 somewhat (so 
that S„ j, i.e. the variation S relative to the cor
responding value of the pure I = 2 stellarator is 
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'«•'•I((ç>2)y« 

FJG.2. Magnetic and pressure surfaces of finite-^ equilibria. Meridional cross-sections separated 
by 1/4 of a period are shown. The first row shows an equilibrium with peak-value of 
$ = 0.18 obtained from example 1 (Fig.l, column 1) with the peaked initial pressure distribution 
on a 20X20 X 20 grid. The third row shows the equilibrium pressure distribution (contours 
in steps of 0.1 of peak value). The second row shows an equilibrium with $ = 0.16 obtained 
from example 2 (Fig.l, column 2) with the broad initial pressure distribution on a 
20X20X20 grid. 

about 5%) and keeping A ^ O the aspect ratio can be 
lowered to A ~ 25. An example with 10 periods, i « 0.8 
on axis and i *« 1.3 at the edge, i.e. substantial 
shear, is shown in Fig.1. This configuration is of 
particular theoretical interest with respect to the 
stability of the m = 1, n = 1 internal mode of its 
finite-3 version. • 
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Examples i) and ii) were used as initial condi
tions for finite-3 calculations with various grid si
zes, peak 3-values, and two different initial pressure 
distributions. Circular tori with square cross-section 
of A = 10 and A = 20 were used for examples 1 and 2, 
respectively. The initial pressures are 

P = Po{cos2[^AGr - 1 ) H 2 [ i A 
R 
oJ 

+ 0.05} (broad) 

p = p0{cos' -A 2 A 

R Rs(cp)n 

R 

x COS 

z - z (cp)-i 
|A - + 0.05} (peaked) 

Here, Rs(cp) and zs(cp) are chosen in such a way that 
the maximum of the initial pressure roughly follows 
the vacuum magnetic axis. 

Figure 2 shows the equilibrium result obtained 
with example 1 and the peaked pressure distribution 
on a 20 x 20 x 20 grid (actually,a 20 x 20 x 10 grid 
which exploits the symmetry of the configuration was 
used) for a peak-value of 3 ~ 0.18. The magnetic sur
faces are obtained by numerical field line integra
tion. On the last magnetic surface the pressure has 
about 1/2 of its peak value and rapidly decreases 
outside. The main feature of the solution is that the 
magnetic surfaces are very nearly the same as in the 
vacuum case. The numerical approach to the equilibrium 
is relatively slow and indicates that an instability 
might become apparent on a finer grid. The correspond
ing cases for the broad initial pressure with 20 x 
20 x 20 and 34 x 34 x 34 grids do not indicate insta
bilities. A typical feature of the late stage of runs 
with the finer mesh is that the magnetic surfaces, be
ginning from the outside, become more and more sto
chastic. 

Even for a peak-value of 3 ~ 0.32 calculated on 
the 20 x 20 x 20 grid with the broad initial pressure, 
the magnetic surfaces are not appreciably distorted. 
However, in this case an m = 1, n = O instability was 
observed. Since i ~ 0.8, one might expect the m = 1, 
n = 1 mode to be more unstable. This question could 
not be investigated because of storage space limita
tion: a simulation of the full torus would have re
quired to reduce the grid (per period) to 20 x 20 x 10 
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which turned out to be too coarse because not even the 
result for the m = 1, n = O mode could be recovered. 

Fig.2 also shows the equilibrium result obtained 
with the example 2 and the broad pressure distribution 
on a 20 x 20 x 20 grid for a peak value of 3 ~ 0.16. 
This value corresponds to twice the pressure gradient 
as compared to example 1 because of the doubled aspect 
ratio. The approach to equilibrium is less satisfac
tory than for example 1 ; the stochasticity of the 
field lines at the edge is more pronounced, but no in
stability appears. The global form of the surfaces is 
again well preserved at finite 3. 

Comparing these preliminary results to those ob
tained with the same code for the pure i = 2 stella-
rator [1] one may conclude that the finite-3 shifts 
and distortions of the flux surfaces of the stellara-
tor are virtually absent in Q « const equilibria. No 
definite conclusion can as yet be drawn with re
spect to their stability. 
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Abstract 

MHD STABILITY CALCULATION FOR STELLARATORS. 
A first step in the numerical study of the ideal-MHD stability of stellarators is the 

investigation of helically symmetric configurations. For the straight £ = 2 equilibrium with 
vanishing longitudinal net current stability calculations are performed by using three different 
methods: a 2D eigenvalue code, a linearized 2D evolutionary code, and a non-linear 3D 
evolutionary code. Extensive convergence studies are carried out. The eigenvalues of the 
resonant internal m = 2 mode are computed as functions of the longitudinal wave number, 
the mean rotational transform, and the compression ratio. In the case of small compression 
ratios the results of the three different codes agree well. — In the next step the 3D code is 
used to determine the dependence of the growth rate on the toroidal curvature of the 
stellarator equilibrium. 

1. Introduction 

The decision whether a stellarator equilibrium 
is stable or not is difficult owing to the three-dimen
sionality of the problem. Analytic attempts to solve 
this problem have been performed on the assump
tions of small helical and toroidal distortions and 
long helical period length. A numerical code has been 
developed which can find arbitrary 3D equilibria and 
investigate their stability [1], The accuracy of the 
results depends on the number of grid points which re
solve the structure of the equilibrium and of the un
stable mode. So it is felt necessary to check 
the results of the 3D code for the case of helical 
symmetry against a code which is strictly two-dimen
sional and has, therefore, a higher resolution. This 
2D code is an extension of the eigenvalue code ERATO 

* Centre de recherches en physique des plasmas, Euratom-Association, Ecole 
polytechnique fédérale de Lausanne, Lausanne, Switzerland. 
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from axisymmetry to helical symmetry [2,3]. A 2D li
nearized evolutionary code is also used as a refer
ence code [4], The three codes are applied to the 
same problem: the computation of the growth rate of 
an internal m = 2 mode in a straight i = 2 equili
brium in the neighbourhood of the resonance. In ad
dition the 3D code is applied to study the dependence 
of the stability on the toroidal curvature. 

2. Equilibrium 

The straight 1=2 equilibria are characterized 
by 3 = 2p 0/B2 W at the magnetic axis (p0 denotes the 
pressure at the magnetic axis and B z w the longitudi
nal magnetic field at the wall), the mean rotational 
transform i per period of the i = 2 stellarator 
field, the compression ratio K = r w/

rp (rp = a is the 
mean plasma radius, r w is the mean wall radius), the 
periodicity number h = 2TT/L of the i = 2 field (L is 
the period length), and the longitudinal net current 
Jt. The plasma is surrounded by a perfectly conduct
ing wall. The longitudinal net currents of the equi
libria discussed here are negligible. Typical equili
bria are found in Ref.[5]. Both 2D stability codes 
require the equilibrium fields as input data. The 
Marder [6] code is used to compute the 2D equili
brium fields. The 3D code computes the equilibrium 
itself in a preceding step, starting the iteration 
from a I = 2 vacuum field. The eigenfunctions are 
characterized by the longitudinal wave number k and 
the azimuthal mode number m. The resonance condition 
of the most unstable mode for which the pitch of the 
disturbance matches the pitch of the mean field line 
is k r e s = m hX r e s, X = I/2TT. The eigenvalues 
? 2 = (y/h V A ) 2 a r e normalized to the Alfvên velocity 
v A times the periodicity number h (vA

2 = B|w/pQ, 
where p 0 is the equilibrium density at the magnetic 
axis). 

3. Methods and Results 

3.1 Spectral Code 

The spectrum of normal modes is evaluated by 
using the variational form [3]. Appropriate choice of 
the nonorthogonal flux coordinates with straight mag
netic field lines and of the components of the fluid 
displacement puts the potential energy <5W into a form 
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M 
[l^] m = 2MOde 

1.5 <"W/rp> 

F/G.1. Eigenfunctions for a peaked and 
a flat density profile. 

FIG.2. Eigenvalues versus compression 
ratio. 

which exactly represents the zero points of the spec
trum by using finite hybrid elements. The eigenvalues 
are obtained by means of a convergence study using 
different mesh sizes. Figure 1 shows the unstable 
m = 2 eigenfunctions for a case characterized by 
ha = 0.68, / = 0.11 and K = 2 for different density 
profiles. In case of constant density the eigenfunc
tion is the typical internal m = 2 mode. If the den
sity is proportional to the pressure the eigenfunc-
tion is shifted farther out. The dependence of the 
eigenvalues on the wall distance is shown in Fig.2. 
The dependence of the eigenvalues on / is shown in 
Fig.3a for various values of k. Only for small k do 
the maxima of the eigenvalues scale as /. 

3.2 Linearized 2D Evolutionary Code 

A method for computing unstable eigenfunctions 
and eigenvalues is the helical 2D evolutionary code 
[4]. The time-dependent linearized MHD equations are 
solved as an initial-boundary-value problem.For a given 
longitudinal wave number k the most unstable mode can 
be found. The eigenvalues ^2 are computed as functions 
of / for 1=2 equilibria with different k as shown 
in Fig.5b (see also Ref.[5]). The maxima of the eigen
values scale as ^2 ~ / for different k. The same 
scaling can be found from the surface current model 
with ha << 1: t 2

c = / • B (2 - 6). 
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FIG.3. Eigenvalues versus rotational transform (a) from 2D spectral code and (b) from 
2D evolutionary code. 

3.3 Nonlinear 3D Code 

The 3D code [1] uses a fixed Eulerian,Cartesian 
or cylindrical grid with rectangular cross-section. 
The code first determines iteratively a MHD equili
brium by minimizing the energy of plasma and field 
under the constraints of mass and flux conservation. 
One special version of the code replaces the inertia 
in the MHD equations by a friction term (MHF code) 
and follows the time evolution of the disturbance of 
the equilibrium. From the time dependence of the 
least damped or fastest growing mode the lowest 
eigenvalue of the corresponding MHD mode can be cal
culated. The eigenvalues are rather sensitive to the 
number of grid points as is shown in Fig.4. A quad
ratic dependence on the mesh is found for the eigen
values. As may be seen these extrapolated eigenvalues 
are not too far away from those calculated by the 
finest grid. 

3.4 Discussion of Accuracy 

The results obtained with ERATO show a strong 
dependence on the density profile and on the com
pression ratio (Figs.l, 2 and 3a). Comparing the 
eigenfunctions obtained by the different methods 
suggests that only the ERATO eigenfunction for a 
flat density is the internal m = 2 mode and compares 
with that of the evolutionary codes. The other eigen
function obtained for a peaked density (Fig.l) seems 
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FIG.4. Eigenvalues versus rotational 
transform from 3D evolutionary code for 
different grid numbers. 

FIG.5. Stabilization ofm=2 modes by 
toroidal curvature. 

to be a more external mode. The comparison between 
the two 2D codes is performed for a configuration 
which leads to the same internal mode and is des
cribed by / = 0.11; ha = 0.30 and K = rw/rp =2.0 
and gives ?2 =1.5 x 10~2 by the evolutionary code 
(Fig.3b) and f2 = 2.1 x 10-2 by ERATO. These values 
are still below that from the surface current model 
? sc = 2.5 10~2. Comparing the eigenvalues of the 
3D code with those of ERATO for K = rw/rp = 1.3 one 
finds <{2 =0.5 x 1er2 (3D code) and <?2 = 1.1 x 10~2 

(ERATO) (Figs.2, 3 and 4). This means that the 
extrapolated growth rates agree within 50%. 

4. Toroidal Results 

The favourable result of the comparison between 
the 3D code and the 2D code encourages us to apply 
the 3D code to a 3D problem. We investigate the de
pendence of the growth rate of the m = 2 mode on the 
toroidal curvature of the % = 2 equilibrium. The 
periodicity lengths 2ïï/h of the equilibrium is kept 
fixed as is the wave number k = h/5 of the distur
bance. The toroidal curvature 1/R is varied by chang
ing the number of periods N p over the full torus. 
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taking care that a multiple of the wavelength of the 
disturbance 2-n/k fits into the torus, i.e. 

R = N /h = N (5k) 
P P 

where Np/5 must be an integer. Figure 5 shows the 
growth rates of the m = 2 mode as a function of the 
inverse aspect ratio for a grid with 20 x 20 x 100 
points. A rather small curvature of 1/A « 0.035 is 
sufficient to stabilize the mode. With increasing cur
vature the mode together with the magnetic axis of the 
equilibrium is shifted outward. The shift may give 
rise to the formation of a slight magnetic well and 
also enhances the wall effect on the mode, both lead
ing to stabilization. 
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DISCUSSION 

ON PAPERS BB-2(A) AND BB-2(B) 

S.M. HAMBERGER: My question relates to the example you discussed 
in which the 0 = 0.18 surfaces appeared to be very close to the vacuum surfaces. 
Could you say whether that case corresponds to one in which the field lines 
rotate poloidally with constant average pitch as if they were in a straight, rather 
than a toroidal stellarator? 

A. SCHLÜTER: Yes, they behave as if they were in a straight stellarator 
with the given mixture of components. 
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Abstract 

ELMO BUMPY TORUS (EBT) TRANSPORT, HEATING AND STABILITY. 
The Elmo Bumpy Torus (EBT) concept employs microwave heating to generate a macro-

scopically stable plasma in which Coulomb scattering controls the cross-field neoclassical 
transport. Recent theoretical calculations of neoclassical transport coefficients, radial transport, 
electron cyclotron heating, and stability are summarized. 
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1. INTRODUCTION/SUMMARY 

Theory and experimental observation of EBT plasmas suggest 
that there is a macroscopically stable regime of operation in 
which the radial plasma losses are dominated by neoclassical 
collisional processes with the steady state being maintained by 
electron heating. In the following section we discuss EBT trans
port in both the low and higher ion collision frequency regimes, 
as well as scaling to the proof-of-principle EBT-P experiment. 
A discussion of accessibility and the absorption of electron 
cyclotron waves, and the balance between (relativistic) electron 
heating and classical energy loss processes is presented in 
Section 3. Recent advances in the macroscopic stability of the 
EBT plasma as obtained from a kinetic model are given in the 
final section. 

2. TRANSPORT 

In a bumpy torus the natural inclination of the electrons 
and ions to collisionally diffuse at different rates in the mag
netic mirror fields results in a cancellation of the electric 
and magnetic drifts in some velocity ranges. The resulting drift 
surfaces are banana-or crescent-shaped rather than slightly dis
placed circles. The cancellation is believed to be most impor
tant for the ions and these resonant particles tend to dominate 
the ion transport. Depending upon collisionality, the resonant 
ions trace out banana-or crescent-shaped drift surfaces 
(vi < e3/2^p) [i]s or are unable to complete a full banana 

(e3/2Qp < v-j < ftp) [2,3] before undergoing a collision. Here 
vi and ftp are the ion collision and typical poloidal magnetic 
drift frequencies, and e is the inverse aspect ratio. The trans
port and scaling studies presented will span both ion regimes as 
well as the transition between them, and will also treat the 
collisionless (ve < ftp) and collisional (ve > ftp) electron 
regimes, where v e is the electron collision frequency. 

2.1. Transport in the Low Collision Frequency Regime (SAI/PRI) 

The description of radial transport in the ion banana regime 
(vj < e3/2ftp) requires an analysis formally different from that 
appropriate to tokamatcs. In a bumpy torus the drift in minor 
radius is required in order to form a banana orbit, while in a 
tokamak the banana orbit is completed even though the radial 
drift is neglected because of the poloidal gyroradius over 
scale length expansion. For the large aspect ratios of interest 
in EBT's, however, a quasi-local_variational expression for the 
irreversible entropy production 0 can be derived from a bounce 
average drift kinetic description by employing a suitable volume 
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average rather than the more conventional surface average. More 
explicitly, for ç the toroidal angle variable and B = Va x V3 
with a and 3 the toroidal flux and poloidal angle variables, 
respectively, 0 may be written as 

r - l 0 = < / d V f ' V Í2 -D-V ft )(9f1/8ft)¿ :> N J M v v o ^ c r o 1 ' 

where f = f» + f-, is the distribution function (|f,| < f») and 

with 
r a2 n ra2 

<F> =1 / da J d3 ¿ dç (R*F/B)J/I / da <f d3 ¿ dç (R*/B) 
a-i a-» 

-1 ii 

R* = B(B«Vç) the effective major radius and B = |B|. To 
obtain this form for 0 we employ the linearized Fokker-Planck 
operator Cf-̂  = Vv» [ff4D«Vv(fi/ffy|)] with fy¡ a Maxwellian, and 
note that because f\ varies more rapidly perpendicular to 
fto(ao,E,y,e=0) = 0 than along it for the fixed a = a 0 of interest, 
we may use Vv ~ Vvft0(9/3ft). The radial average implied by /da 
results in a radially local theory provided ef^||8f^/3a|~1 
« (a2 - aj) « f^l^fM/dal"1. 

Performing those integrals in 0~ which can be evaluated 
independent of geometrical details yields 

?r_ 34.7 r d E fM (" £ Qo Vo ) 2 TA ./ME 5 U 1 2 / . R ^ 0 n „ 0 

where Q0 = 0 gives u*(E), ft¿ = 8ft0/8a0, A. = (p 3p/3a) 
+ (Ze/T)3$/3a, A2 = T-l3T/3a, and

 l 

V = 3J/33 * esin3[-3J/3( £cos3)]| £ = 0 > a = a o s y =^ ( E ) 

E eV sin3 

with J = (Mc/2irZe)^dçR^.u the second adiabatic invariant and 
ft = -3J/8a. Departures from an axisymmetric cylinder enter only 
in V. By equating 0 to the rate at which entropy is delivered 
to the medium, IT = AfL^ + 2A^Li2 + A2L22> we m ay obtain the 
general expressions for the transport coefficients Lnra and the 
particle and heat fluxes, r = -L-nAi - L12A2 and Q - (5IT/2) 
= -l{l^i + L22^2^' respectively. 

The remaining integrals in 0 cannot be performed without 
recourse to the details of the EBT field configuration; however, 
less precise, but more tractable,single integral expressions 
can be found by taking advantage of some quite general features 
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of the ÜQ = 0 curve in (E,y) space. However, because these 
single integral expressions depend in a rather complicated manner 
on geometrical details, we present only their essential features. 
In particular, we again find that the ion transport coefficients 
are the more sensitive functions of the radial electric field, 
-$', when the ions are the banana species and the electrons are 
the non-banana species. This observation allows us to exhibit 
the ion and electron expressions as being of the form 

+ ct^Aj + [z\ + ^)A2]2z;3exp(-Z2)H(z£) 
and 1 

V£\Neae[Al-<£ + KT 
where H is the unit step function, and au,at» and o^ are functions 
(all of order of the toroidal flux) that depend on geometrical 
details of the fields. Typically, both zfj = [(Ze^'^dçR*)/ 
2Ti#dç(aR*/aa)] and z\ = [-Ze$'§/Tj(aê/3a}] are greater than 
zero out to and in the $' > 0 portion of the ring region, since 
a£ the bottom of the longitudinal magnetic well (where B = B), 
3B/3a < 0. While the simplified ex£ression for 0-j fails when 
$' becomes too small, and that for 0e fails for large |$'|, they 
are sufficient to allow us to note_ that once again the particle 
transport is best estimated from 0e. Consequently, the particle 
diffusion coefficient continues to scale as e?ve «= e

2Ne/T^
2. 

Ambipolarity then serves to determine the self-consistent value 
of $' that causes the electrons and ions to be lost at the same 
rate. Subscripts t and u denote trapped and untrapped ions. 

While the preceding expressions for 0~j and 9~e permit only 
a qualitative discussion, the single integral forms or the more 
general forms may be employed to numerically solve the full 
transport equations. The preceding form for 0-j becomes quali
tatively correct for zu » 1 and z% » 1, while the preceding 
0e can be obtained from a Lorentz collision operator for small 
$'. Using such a description, the viability of operation in the 
low collision frequency limit can be investigated. 

2.2. Transport in the Higher Collision Frequency Regimes (ORNL) 

The radial transport equations for the EBT toroidal plasma 
are averaged along magnetic field lines computed from a 2-D solu
tion of the magnetic equilibrium equation for the hot electron 
rings [4]. For higher collisionality ions the results show ther-
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mally stable,steady-state solutions in both the collisional [5] and 
coll i si on!ess [3] electron regimes with a radially inward pointing 
(negative) electric field. Two important processes contribute 
to this result. First, the resonant ion diffusion described 
below broadens the regime in which negative electric field solu
tion exists and makes the collisionless electron region (nx ~ Tg/2) 
accessible to the transport solution [3], Second, thermal sta
bility of these solutions is determined by the nature of the 
plasma-wall interaction [6], which suggests that transport of 
neutral hydrogen in the wall and surface plasma is as important 
as transport of charged particles in the plasma in determining 
thermal stability. 

Neoclassical transport in the EBT device occurs as Coulomb 
scattering randomly moves particles from one drift surface to 
another [7,8], Most of these drift surfaces are approximately 
circular in shape with slight displacements from the center of 
the torus; however, a certain fraction are crescent-shaped, i.e. 
blocked in their poloidal motion. The latter group is of par
ticular importance for low-collisionality ion transport (VÍ < ftp) 
where such orbits can dominate the losses. In the case of elec
trons, crescent orbits are typically only present at high energies 
and have relatively less importance. Ion transport coefficients 
have recently been calculated in the plateau [2,3] and upper 
range of the crescent regimes [9] by substituting an approximate 
solution for the distribution function [accurate to first order 
in (vi/ftp)~2/3] into a variational principle. This is the ion-
collisionality regime which is relevant to past, present and 
near-term experiments. 

The results of these neoclassical transport calculations 
are in reasonable agreement with experiment. It should be noted 
that this agreement is best when electron energy losses dominate 
(by virtue of their greater collision frequency and because of 
adjustment of the self-consistent ambipolar electric field). 
Experimentally the ion distribution function is observed to have, 
under certain circumstances, an enhanced high-energy tail [10]. 
Theoretically the ion transport coefficients are quite sensitive 
to an enhanced tail because they are proportional to the number 
of particles in a resonant zone which occurs at energies many 
times the mean ion energy. While direct heating of ions by 
fluctuations or other anomalous behavior may also be important 
in forming an enhanced tail, preliminary calculations indicate 
that purely classical and neoclassical processes may be suffi
cient for this phenomenon. 

2.3. Scaling EBT Transport to Proof-of-Principle (JAYCOR) 

We have used a one-dimensional time-dependent model of 
plasma particle and energy transport to predict the performance 
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FIG.l. EBT-P performance versus direct ion heating for 0.75 MW direct electron heating. 

of an EBT experiment large enough to test confinement scaling 
in a parameter range (n, T, T, etc.) close to reactor conditions. 
The model is based on a computer code [11] which uses the magnetic 
field lines as the basis for the coordinate system, with neoclas
sical transport [2] perpendicular to the surfaces of constant 
pressure. The geometry is self-consistent, i.e. the plasma 
pressure reacts on the magnetic field. The transport equations 
in this system are defined in terms of a, if> and x> by B = Va x Vip, 
VceVip = 0, and B*Vx = 0. In terms of a flux surface average 
defined by <A> = 8[/d3xA]/aV, where the integral is over the 
volume contained within a^ surface, the transport equations become 

3t <n> = 
JL<r.vV> = <S> 4TT^- + ^- -i-K^fe. = 0 

3<P,> 

3t ^<Q rvv>= < s > , <*>.<chaEa> 

where ha are the metric coefficients and K = (^Bd¿)($d£/B). The 
transport coefficients include both the collisional (v-¡ > ftp) and 
plateau regimes. The model has been compared with ORNL calcula
tions [5] of EBT-I performance. 

In the present application, point model scaling estimates 
which indicate t£ « Rj^/Rc2, p(power in) <* R-p are used to esti
mate the Rj, Re required to confine 1013cm"3at 1 keV with about 
1 MW of input power. This leads to the machine parameters used 
in this study: B0 = 14 kG, Rj = 550 cm (major radius), a = 32 cm 
(midplane), a = 20 cm (mirror throat), N = 36 sectors, $n = 0.4 
(annular beta), R^ = 22 cm (midplane radius of curvature). The 
1-D model is then used to calculate the performance parameters 
n, T-j, T e, T£ vs. the direct electron heating (e.g. ECRH), 
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direct ion heating (e.g. beams or ICRH) and neutral particle 
influx, Fig. 1. We conclude that the plasma quality improves^ 
in all respects by increasing the electron or ion power deposi
tion, as well as by optimizing the neutral influx. More signi
ficantly, direct ion heating allows at least one additional set 
of operating states, of higher density and temperature than 
available using an equal input of electron heating alone. These 
equilibria states have negative ambipolar fields, just as in EBT-I. 

3. HEATING 

3.1. Heating of the Core Plasma (ORNL) 

In present and near-term EBT devices,electron-cyclotron 
heating forms a primary energy source for the toroidal core plasma. 
Linear cyclotron damping calculations indicate that the extra
ordinary mode is completely absorbed near the fundamental cyclo
tron resonance when propagating from the high magnetic field side 
(mirror throat) [121. In contrast to EBT-I the projected param
eters (higher temperature) of a larger torus, EBT-P, allows the 
ordinary mode to be heavily damped at the fundamental as is the 
extraordinary mode at the second harmonic resonance. 

Accessibility to the fundamental electron-cyclotron resonance 
in EBT-I depends upon conversion of ordinary mode energy to the 
extraordinary mode in the high-field region upon wall reflection, 
since otherwise the right-hand cutoff would prevent propagation 
to this region. A two-spatial region, wave energy balance model 
of the global cyclotron-heating process has been developed to 
obtain estimates of the fractions of microwave power deposited 
in the toroidal core plasma and in the cold surface plasma [13]. 
This model suggests that power to the core and surface plasmas 
is in the ratio of their areas at the resonant surface, which 
is in accord with experimental observation. 

3.2. Ring Heating and Characteristics (JAYCOR) 

The heating of the hot electron annul us involves a complex 
interplay of many physical effects. Here we concentrate on the 
balance between a relativistically correct heating rate and 
classical energy loss processes. The heating calculation em
phasizes the role of second harmonic heating and relativistic 
effects on the steady-state ring temperature, and includes the 
effects of mode polarization, and spectra and the spatial loca
tion of microwave cutoff and resonance regions. Lacking in the 
calculation is a self-consistent determination of the wave ampli
tude and spectrum, and a calculation of spatial transport out of 
the ring region, i.e. the plasma density and microwave field 
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n„ = 10U/cm3 

T, (eV) 

FIG.2. Plot of line-averaged RF heating rate (referred to the radius at the midplane) due to 
extraordinary mode and the classical power loss rate per unit volume. Heating rate is 
normalized to |E|2 . 

level are treated as known parameters. The approach is quasi 
linear [14] and gives the heating rate in the annul us as 

J.. Tîwnm f m 

8w k n 

2 nfi p_ + z_ o_ 
Px 3Px mQY 3PZ 

9 E p j r j ^ b j e 1 * + PjLE
+Jn+l(b)e

1* + 2pzEzJn(b) 

which includes the resonance condition, the relativistic mass 
shift, the polarization, and higher harmonic contributions. 
Classical loss processes include synchrotron radiation, brems-
strahlung, and velocity drag. Figure 2 shows the competition 
between ring heating and drag by the background. Ring equilib
rium would occur when the heating curve crosses the drag curve. 

This formulation of electron heating models the power bal
ance in the annul us electrons. We are able to show that second 
harmonic heating is not sufficient to start up the ring if it 
must compete w-ith drag by a cold background. However, lower 
bulk density during startup (to reduce drag) or mode conversion 
(to allow the more effective first harmonic extraordinary mode 
to penetrate) would give the required preheating of the ring. 
In addition, if the startup problem is assumed solved, we find 
localized rings of thickness 1-2 cm with predicted temperatures 
of several hundred keV in the range of EBT-I parameters for 
microwave fields ~100 V/cm (consistent with the input power level) 
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4. STABILITY (IAS and ORNL) 

Macroscopic stability calculation for the toroidal core 
plasma have heretofore been based upon a modified form of the 
MHD energy principle [151. Stability calculations of the hot 
electron rings, on the other hand, employed a kinetic treatment in 
slab geometry with a cold background [16]. Here we report upon a 
kinetic model [17,18] in slab geometry which yields the previous 
result for the hot electron ring in the high-frequency limit and 
yields results similar to the earlier MHD calculations in the low-
frequency, low-beta limit. The kinetic and MHD models both show 
that the core plasma is stabilized only if the ring beta exceeds 
the critical value required to produce a distinct local minimum 
in B(6crit ~ n n 9 radial thickness/mean radius of curvature - 15%). 
At higher values of ring beta the kinetic model predicts core 
stability provided the core beta is less than 0(Bcr-jt). This 1S 

a more stringent condition than that obtained from MHD (Bcore 

* Bring)- ^or^ 1S in progress to include more geometric detail 
in the kinetic models so that, for example, a more precise defi
nition of the mean radius of curvature can be determined. 
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Abstract 

PHYSICS OF HOT ELECTRON RINGS IN EBT: THEORY AND EXPERIMENT. 
Confinement and scaling characteristics of the high-beta, hot electron rings (annuli) 

in ELMO Bumpy Torus (EBT) are studied. The rings are produced by electron cyclotron 
heating and form at the location of the second harmonic resonance. This study examines 
drift orbits, microwave heating, equilibrium and stability requirements of the hot electrons, 
and their interaction with the toroidal core plasma. Reasonable agreement is found to 
exist among theoretical predictions, observed ring behaviour, measured ring parameters, and 
power losses. Also analysed is dimensionless parameter scaling of the rings, which implies 
favourable reactor performance. 

1. INTRODUCTION 

The key element of the ELMO Bumpy Torus (EBT) concept is the 
high-beta, hot electron ring (annulus) formed in each sector of 
the torus. The local magnetic wells produced by these annuli 
stabilize the toroidally confined plasma, as was demonstrated in 
EBT-I [1]. The existence of stable equilibria for the hot elec
tron rings and the ability to sustain them with acceptably low 
microwave power are central to the successful operation of EBTs 
and to the viability of the EBT reactor concept. 

Ring formation is determined by heating, equilibrium and 
stability requirements, and the interaction of the ring and the 
toroidal core plasma; these give the scaling characteristics of 
the rings and the optimal behavior of EBT plasmas. Although the 
parameter range accessible in past (ELMO) and present [EBT-I/S 

* Research sponsored by the Office of Fusion Energy, US Department of Energy, 
under contract W-7405-eng-26 with the Union Carbide Corporation. 
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and Nagoya Bumpy Torus (NBT)] experiments has been modest, reason
able agreement exists between theory and experiment [2]. There 
is at present no detailed understanding of the coupling between 
the rings and the toroidal core plasma. The boundaries of accept
able EBT reactor operating regimes are therefore not certain, but 
they may be estimated and their boundaries determined by applying 
scaling arguments [3] for the expected dimensionless parameters. 
Using the knowledge of fundamental processes (drag cooling, 
synchrotron radiation, scattering, etc.) and observed energy 
losses, it is possible to establish that the ring-sustaining 
power will be a significant but not an overriding factor in EBT 
reactor economics. 

2. RING PROPERTIES 

Hot electron rings are essential to the stability of the EBT 
toroidal core plasma. By forming a magnetic well of sufficient 
depth (the threshold value of the ring beta is $. ^ 5-15%) at the 

plasma edge, these rings provide stabilization against flute and 
interchange modes, and at higher beta toroidal core values they 
would enhance stability against ballooning modes [4]. 

Three distinct operating (C-, T-, and M-) modes are ob
served [1], and the rings are operationally stabilized by a flux 
of cold plasma. They form at the location of the second harmonic 
(ü) ̂  2o) ) resonance with a radial width 6. of a few hot electron 

ce A 
gyroradii (p A) and an axial length ¿. < plasma radius a. The 

changes in magnetic field and heating frequency from EBT-I (18 GHz, 
with the resonant field at the second harmonic B. = 0.32 T) to 

A 

EBT-S (28 GHz, B. - 0.5 T) gave significantly improved ring param

eters and performance. In EBT-S, the ring temperatures (̂ 500 keV) 

are about three times higher than in EBT-I (^150-200 keV), at 
comparable ring plasma densities (̂ 2-3 x 10 1 7 m ~ 3 ) . A comparison 
of the ring parameters in EBT-I and EBT-S (as well as in ELMO [5] 
and NBT [6]) suggests that the following dimensionless parameters 
of the rings are nearly constant or that they vary in the direc
tion of improvement: the ring beta g.; the ratios of the hot 

electron gyroradii (relativistic) and ring length to various scale 

lengths [p^/L and ¿A/L, with L = a, <5., (d An B/dr)"
1 , . . . ] ; 

the ratio of cold-to-hot plasma density n /n, ; the ratio of hot 

electron drift frequency to ion cyclotron frequency w,,/a) . ; and 

the ratio of hot electron plasma frequency to cyclotron frequency 
Ü) ./(D . . The near constancy of these dimensionless parameters is 

very encouraging for extrapolation to future devices like EBT-P [7] 
and an EBT reactor [8]. 
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FINITE £ 

FIG. 1. 3-D tensor pressure equilibria 
without (vacuum) and with (finite-
beta) annulus: magnetic field lines 
(dashed) and mod-B contours (solid) 
in equatorial plane. 

The plasma currents produced by the high-beta, hot electron 
rings significantly change the magnetic field gradients and affect 
single particle orbits. Self-consistent magnetic fields that 
include the effects of the electron ring currents have been calcu
lated with a 3-D tensor pressure equilibrium code [9], No island 
structure in the pressure surfaces occurs if small amounts of 
ellipticity and triangularity are introduced to obtain a pressure 
surface topology which is extremely close to that of mod-B near 
the midplane. In Fig. 1, 3-D equilibria [9] are displayed both 
with and without a high-beta annulus. Figure 1 indicates the main 
effect of the annulus, i.e., producing a localized magnetic well 
(solid lines are mod-B contours) and increased magnetic gradients 
in the vicinity of the annulus. 

The steady-state energy spectrum of the rings has been deter
mined by the solution of bounce-averaged kinetic equations in time 
and in two dimensions (velocity and radius) [10]. The Fokker-
Planck collision operator included Coulomb collisions and first 
and second harmonic microwave heating terms. Ionization of cold 
neutrals provides a source of cold electrons that then diffuse 
upward in velocity space and form a high-energy tail which is 
radially localized near the second harmonic resonance, as observed 
in experiments. Pitch-angle scattering provides a sink for hot 
electrons from the high-energy tail. Increases in neutral density 
(or pressure) lead to increased plasma density, with deterioration 
of the hot electron rings caused by enhanced drag losses (hot-cold 
Coulomb coupling). 

The microwave power required to sustain the rings in EBT-I 
and EBT-S is modest (̂ 5-10 kW) and reasonably well estimated by 
recently developed theoretical models [11,12], The dominant power 
loss mechanisms are drag cooling, scattering, and synchrotron 
radiation, although the drag losses dominate a significant range 

of the ring energy (T. < 1 MeV), decreasing as T"1'2. At high 

ring energies (T. > 2 MeV) accelerated ring cooling occurs because 

of the synchrotron radiation. Studies [2] indicate that the 
parameters important for the total power loss P . are: ring beta 



834 UCKAN et al. 

g ; ratio of cold-to-hot plasma density f required for ring sta-

bility [13]; magnetic field at the annulus B ; fraction of micro

wave cutoff f ; and ring volume V . 

3. EXPERIMENTAL MEASUREMENTS 

Ring characteristics and structure are important for the 
equilibrium, stability, and power requirements of the rings them
selves and for the magnetohydrodynamic (MHD) stability of the 
toroidal plasma. Experimentally, stabilization is evidenced by a 
reduction of the density fluctuations coincident with the forma
tion of the rings (C-T transition). The observed features of the 
rings are diamagnetic effects, electrostatic potential, and brems-
strahlung distributions. 

Measurement of the ring diamagnetic flux (stored energy) is 
made with a pair of pickup coils surrounding each of the 24 cavities 
of EBT. The geometry of these coils is close to a Helmholtz 
arrangement so that the coils are sensitive to the total stored 
energy in the rings, independent of their size and location. The 
stored energy W. is low at high neutral density in the C-mode; it 

begins to rise at the C-T transition and continues to increase as 
the neutral density decreases. At the C-T transition W, is ob
served to be nearly constant, independent of neutral pressure (or 
microwave power levels). If the ring geometry is assumed to 
remain constant for the various power levels, then the ring beta 
at the transition also remains invariant. This observation is 
consistent with the theoretical predictions of the threshold ring 
beta necessary to produce a min-B stability for the toroidal 
plasma [4]. Until the T-M transition is reached, W. continues to 

increase with decreasing neutral pressure; at this point it is a 
factor of 5-10 times larger than that of C-T transition and exhibits 
large fluctuations. 

The location of the ring was determined by introducing a 
skimmer probe to interrupt the rings and noting the position where 
the stored energy was destroyed. The rings are located at the 
second harmonic of the local cyclotron (nonrelativistic) frequency, 
and they change position as expected when the magnetic field is 
changed. Similar results were obtained by measuring the space 
potential with an ion beam probe for various magnetic fields [14], 
as shown in Fig. 2. Under typical T-mode operation the potential 
profile shows a well structure that peaks near the ring position. 
The second harmonic location, which in every case is near the peak 
of the potential, is shown in Fig. 2 as a hatched region. The 
electric field is radially inward inside the ring and outward 
outside the ring. 
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FIG. 2. Horizontal scan of space po ten tial profile 
for various magnetic field strengths. The location of 
the second-harmonic resonance is shown as a 
hatched region. 

An analysis of the bremsstrahlung distributions emitted by 
these high-energy electrons yields the ring temperatures and 
densities. In EBT-I, power was available at 10.6 GHz (up to 
30 kW) and 18 GHz (up to 60 kW). In EBT-S, with the addition of 
a gyrotron, power has become available at 28 GHz (presently up 
to 60 kW). The temperatures and densities for these three fre
quencies are shown in Fig. 3. The measured electron distribution 
functions are Maxwellian, monotonically decreasing from the 
toroidal core to the ring [Fig. 3(a)]. In Fig. 3(b), the 
range of points at each frequency corresponds to a range of 
experimental conditions (e.g., power, neutral density, and ring 
position). For a given microwave frequency (and magnetic field), 
the ring temperature is almost constant with changing pressure and 
power [Fig. 3(c)]. On the other hand, the density increases as 
the neutral density decreases (or as the microwave heating power 
increases). The variation of stored energy W. (as discussed 

earlier) with pressure and power is partially due to the variation 
in ring density. Additional variations may be due to changes in 
the ring volume; however, these changes have not been measured. 
Figure 3(b) demonstrates that the temperature increases more with 
the microwave frequency (resonant magnetic field) than does the 
density, as expected from the EBT scaling laws. 
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FIG. 3. Experimen tal observations of ring properties for various operating conditions: 
(a) hard-X-ray spectra with 10.6, 18, and 28 GHz of microwave power; (b) variation of ring 
temperature and density with frequency; and (c) variation of ring density and temperature 
with neutral density. 

4 . HEATING 

The annulus is observed to form at the location of the 
second harmonic resonance. However, for a low-temperature core 
plasma, as in C-mode operation in EBT-I/S (T 'v* 20-30 eV) , the 

linear second harmonic wave/particle interaction is quite weak and 
is reduced by a factor J?(k, p ) = k?p2 <v !QTh from that of the 

J- J- e l e 
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6.3 (2.5 18.8 25.0 
ut /2 i r U10 3 ) 

6.3 12.5 18.8 
« l / a r (xlO3) 

FIG.4. Particle energies (solid curve) and z-positions (dotted curves) as functions of time 
(in wave periods) for initial \Jc = 1.0 X 10~2 and vz/c = (a) 0.0; (b) 0.5 X 10~3; 
(c) 1.0 X 10~3; and (d) 2.0 X 10~3. 

fundamental. Analysis of the usual stochastic or quasi-linear 
heating model shows that the second harmonic heating is highly 
pitch-angle (v,/v ) dependent and given by 

— <W> ^ 
d t m£2 jfO^P.) 

where p = v e l / f l e ' 
E, = E + iE . + x y ! and L is the characteristic 

magnetic field scale length [15]. For typical EBT-I/S parameters 
the energy gain in a single bounce <AW> is comparable to the 
average particle energy for particles having v./v > 10. Elec
trons with such large pitch angles are confined close to the 
midplane and never leave the resonant interaction region. The 
quasi-linear model breaks down for the most rapidly heated par
ticles, which are of most importance in annulus formation. 

The coherent interaction of deeply trapped electrons with the 
microwaves has been investigated. The relativistic equations of 
motion have been numerically integrated for a realistic mirror 
equilibrium field [15]. Figure 4 shows the results of these 
calculations for the parameter characteristics of EBT-I. It is 
evident from the figure that there is a rapid energy gain until 
the detuning effects of increased relativistic mass and Larmor 
radius drive the gyromotion of the particle out of phase with the 
driving field, at which point the energy drops. The net effect is 
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periodic energy sloshing. The energy excursion is more than a 
factor of ^40, taking particles initially at ^20 eV to >800 eV in 
a time comparable to one mirror bounce time. It is also clear 
from the curves (dotted) that the wave profoundly influences the 
parallel motion. For sufficiently large v , however, the energy 

gain does appear to be stochastic with large increments as the 
particles pass through resonance. 

These calculations suggest that for a finite region in 
velocity space near v = 0 , the simple stochastic heating model 

breaks down and that coherent, long term wave/particle interac
tions may be important in producing the annulus. The rapid 
energy gain at the second harmonic occurs because the interaction 
strength is proportional to j|(k,p ) «• W. . It is conjectured 

that some of the energetic particles are scattered into the 
stochastic region of velocity space and constitute a small "seed" 
population for which the linear second harmonic heating is 
enhanced due to the increase in k?p2. Thus, the usual linear 

l e 
second harmonic heating serves to establish the relativistic 
annulus with TA > 100 keV. A 

5. STABILITY 

The stability requirements of hot electron rings and toroidal 
core plasma are closely coupled and their interaction defines 
stable operating regimes for the toroidal core plasma and predicts 
3 limits I16,17J. As has been observed in earlier electron 
core 
cyclotron heating (ECH) experiments in simple mirrors 12,18], 
the rings may be subject to various macroscopic and microscopic 
instabilities. Because of the simultaneous importance of kinetic, 
finite geometry, and profile effects, the general problem of ring 
stability is complex and has been examined only with simplified 
models. The major experimental manifestation of these modes is 
expected to be near the T-M transition; however, the threshold 
for this transition may also be related to transport phenomena 
affected by wall conditioning rather than ring stability limits. 

One of the more fundamental electron ring stability limits 
is the mirror instability, which may be related to a loss of 
equilibrium. Conditions for the stabilization of this mode 
(driven by pressure anisotropy p. » p., ) relate to properties of 

the ECH process, particularly the effective (mirror) ratio at the 
resonant magnetic field. Both in theory and experiment [18], if 
B /B . > 1.2, then T, /T« [=(B /B . - l)"1] can be kept below 
res m m ~ J- II res mxn 
certain threshold and the plasma is relatively free of the insta
bility. In addition, a class of MHD instabilities occurs at 
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n K ~ 4 » 1019 

~ n CUT-OFFAT 2nd HARMONIC 

TA, ANNULUS ELECTRON ENERGY (keV) 

FIG.5. Contours of constant microwave power density necessary to sustain the rings as a 
function of ring energy TA and ring density (or fraction of cold-to-hot electrons 
R̂ = ncokl/nhot = np/*W f°r an EBT reactor are shown for full power losses given in Ref. [3]. 

The fraction of microwave cutofffc = 1 (i.e. np = ncutoff> of second harmonic) and BA =• 2 T. 
The C-, T-, and M-mode boundaries are indicated with (SA= 10% and 50% curves. The 
marginal stability curve (from Ref. [13]) for 6 A = 10 cm (ring thickness) and £ = 5 
(poloidal mode number) is also shown as an example. Stable operating regimes for ring 
electrons are bounded by the /3A curves from the sides (T-mode) and the marginal stability 
curve from below. 

fairly low values of ring beta; these are flute interchanges, or 
line-preserving displacements. Interchange modes have been 
examined using both guiding center theory [19] and Vlasov-Maxwell 
kinetic models [20], These show that the modes could be stabi
lized by the self-dug well, provided 3 £ 15% [19], and by the 

presence of sufficient cold plasma density [20]. At sufficiently 
high annulus beta, ballooning modes are also energetically 
possible, but kinetic treatments of these instabilities have 
indicated that they may be significantly stabilized by the large 
drift frequency of the hot electrons relative to the ion cyclo
tron frequency [21] and by the presence of cold plasma [13]. 

Most of the possible ring microinstabilities are driven by 
the anisotropic nature of the ring distribution function. Such 
modes could potentially have an adverse effect on ring power 
balance. However, it has been experimentally observed that 
nearly classical ring energy losses are obtained if off-resonant 
heating is applied [5]. An example is the Whistler instability, 
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which is an electromagnetic mode. A relativistic analysis [22] 
of this instability indicates that sufficient relativistic spread 
in the electron cyclotron frequency results in resonant particles 
in the high-energy tail contributing damping rather than growth. 
Such instabilities could be suppressed by building up the tail 
density of hot electrons to some critical level. A second type 
of microinstability is the Timofeev half-harmonic modes. These 
are electrostatic modes and are commonly seen in ELMO but not in 
EBT. The modes are stabilized if T„ /T^ is sufficiently large 

(i.e., T.. /T. > 1/6) [23]. In the experiments this is attained by 

added off-resonant heating 15]. 

6. POWER BALANCE SCALING 

Good agreement between the experimental measurements and the 
theoretical estimates of ring power losses for past (ELMO) and 
present (EBT-I/S, NBT) experiments provides confidence in the 
identified energy loss processes (drag, scattering, and radiation) 
and in the estimates of energy loss as a function of ring and 
toroidal plasma parameters [2]. Por ring temperatures charac
teristic of EBT's (T. < 1 MeV), drag losses dominate [2,11] and 

the microwave power required to sustain the annulus, P , can be 

approximated (in mks units) to be (see Refs. [2], [3], and [11] 
for details) 

P A y 3ABj 
- ^ (MW/m3) = 2.5 f — = = iLjL-
V A

 C v V - 1 (TA/511) 

Y 3ABA i Y e2 BA 

s 1.2 f . A A s 1.2 eP A 
R V Y 2 - 1 (TA/511)

2 " f R V Y
2 - 1 (Tep/511)

2 

where $ (œ n T /B2) is the toroidal oore electron plasma beta ep ep ep A c 

near the vicinity of the annulus and T is the plasma electron 

temperature (other quantities are defined earlier). An accurate 
determination of P . requires knowledge of all the ring and 

ring/core interface parameters mentioned in Sect. 2. As pointed 
out, most of the dimensionless parameters of the rings are 
constant; however, uncertainties do exist in ring volume scaling 
to a reactor and ring/core interaction because all the past 
mirror and EBT/NBT experiments have had similar device and 
toroidal plasma parameters, although magnetic fields (B. ̂  

0.2-0.7 T ) , frequencies (8.5-28 GHz), and ring temperatures 
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(T. ^ 80-750 keV) have been varied over a wide range. Neverthe
less, it .is possible by parametric analyses to determine the 
boundaries of possible operating space for a reactor. One such 
scaling curve is shown in Fig. 5. Plotted in Fig. 5 are contours 
of microwave power densities (in MW/m3) as a function of ring 
density and temperature (see Ref. [3]). Also shown are the 
boundaries of C-, T-, and M-modes and the marginal stability 
boundary [13] of the hot electron rings themselves. For the 
stable operating regime, the microwave power required to sustain 
the rings in an example reactor is in the range of 3-7 MW/m3 with 
corresponding f̂  > 20. 

Assuming a thermal conversion efficiency of 0.35 and a 
microwave conversion efficiency of 0.5, the overall reactor Q_ 
(Q . . ) value can be given as [3] 

1 P V 

Q E S 6 P 7 S 7 ' 5 X 1 0 1 V • fR 
uA A 

-SE 
vCTT 

< a V > DT 

Here V is the toroidal plasma volume and P̂ , is the total 
p r th 

thermal fusion power {« <CTV> $ 2 B V T 2 , with T = T. = T, toroidal 

plasma B ̂  n(T + T.)/B2 ^ 2nT/B2, and magnetic field B ~ 2B ]. e x A 

Assuming that the fraction of microwave cutoff is the same for 
fundamental and second harmonic, and taking the toroidal plasma 
burn temperatures to be T ^ T ^ 15-25 keV, and recalling from 

Fig. 5 that TA ^ 700-1500 keV and fR > 20, gives Q ^ (0.3-0.6)V /VA. 

Here VA/V = (<SA/a) (Ija) (a/R) (N/TT) , with major radius R (>30 m 

in a reactor {8]) and number of sectors N (>24). From dimension-
less parameters, &./a < 1 and as per experiments two possibilities 

emerge for ¿A/a: (i) 6 J a. is constant and M3.1, which corresponds 

to (3-6) p A in EBT-I/S but to (40-60) p . in a reactor; and 

(ii) p J&L is constant (M./3-1/6). Note that both cases fairly 

well represent the past and present experiments and that both 
indicate favorable reactor performance [i.e., (i) Q > 10; 
(ii) QE > 100]. 

The tradeoff between ring thickness, toroidal core stability, 
and transport properties should be considered simultaneously. 
Although minimum toroidal core density scale lengths (of a few 
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ion gyrodiameters) and minimum ring thicknesses (of a few rela-
tivistic electron gyrodiameters) are compatible, a possible 
limitation on the thinness of the ring will result from ring 
stability requirements or from the minimum ring dimensions 
required for core stability, both of which are presently under 
investigation. 
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DISCUSSION 

T. CONSOLI: Could you specify the frequency that would be required 
for a reactor? 

N.A. UCKAN: As we see it now, the required frequencies for reactor 
plasmas are in the range 110— 120 GHz. This is, of course, on the assumption 
that one can only form the hot electron rings with second harmonic heating. 
On the other hand, if we can demonstrate the successful formation of the rings 
with fundamental (first-harmonic) heating only, the required frequencies will 
be only half the value (in the range of ~60 GHz). 

I might add that this new mode of operation has been tried recently on 
NBT, where they seem to observe ring formation and stable toroidal 
plasma operation. 

R.N. SUDAN: Could you tell us whether the /? of the toroidal plasma 
has approached the calculated j3crit? If not, what do you think limits j3 in 
the present experiment and how do you propose to increase it in future work? 

N.A. UCKAN: No, it has not approached /3crjt- It is not, in fact, possible 
to demonstrate the jS-limit of a toroidal plasma in the present experiments 
(EBI-I/S and NBT) because j3toroidal is limited by heating and transport 
considerations to ~0.5—0.7%. One can write a simple expression to show this: 
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|3 ~nT/B2 ~T (due to n ~ B2 scaling) 

~B1-2/(^/í2)0-4 

Here B ~ fy (microwave frequency) is associated with heating and v/Sl 
(collisionality) is associated with the transport. 

In future experiments with higher magnetic fields and higher temperatures 
(lower collisionality) one would expect to have higher /3. In particular, the 
next planned experiment, EBT-P, is expected to have toroidal plasma j3 of a 
few percent. 

S. MERCURIO: Are the orbits of the relativistic electrons in the annulus 
also (if X 3 ) drifting? 

N.A. UCKAN: Yes. 
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EXPERIMENTAL STUDIES OF PLASMA CONFINEMENT IN THE BUMPY TORUS. 
In the Nagoya Bumpy Torus (NBT) and the Elmo Bumpy Torus (EBT), the plasma 

is generated, stabilized and heated by high-power steady-state electron cyclotron heating 
(ECH). MHD stability is obtained by generation of intense, diamagnetic electron annuli 
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and can be used to define a generic device. Stable operation with both fundamental and 
second harmonic resonance present within the device or with fundamental resonance only 
depends critically on the ambient gas pressure, the ECH power and the ability to propagate 
the wave energy. In the fusion-relevant T-mode, a stable, clean, warm, moderately dense 
toroidal core plasma threads through the hot electron rings around the torus. Transport 
studies indicate that the electron particle and power balances are neoclassical for both machines. 

I. INTRODUCTION 

Bumpy torus plasmas employing electron-cyclotron heating 
(ECH) are currently being studied in the ELMO Bumpy Torus (EBT) 
[1] at Oak Ridge National Laboratory and in the Nagoya Bumpy 
Torus (NBT) [2] at the Institute of Plasma Physics, Nagoya 
University. A consistent and expanding data base exists for the 
two machines — EBT, which has been operating since 1973, and 
NBT since 1978. Similar operation is observed in both devices, 
so that a generic machine can be defined. 

Both NBT and EBT consist of 24 mirror sectors of nearly 
identical dimensions (see Table I). The vacuum wall in EBT is 
aluminum,while in NBT it is gold-plated stainless steel. For all 
frequencies except the 28-GHz power on EBT, ECH power is fed to 
each mirror sector by means of a fundamental waveguide distribu
tion system, and the polarization at the injection port is in the 
ordinary mode. 

The EBT machine is referred to as EBT-I when 18 GHz is used 
as the primary heating frequency and as EBT-S when 28 GHz is used. 
The plasma diagnostics used for all measurements are essentially 
the same diagnostics currently employed on tokamak experiments 
for measurements of density, temperature, impurities, etc.,with 
two notable additions — a heavy ion beam probe to determine the 
local plasma potential (EBT) and a Li beam probe to determine 
the local electron density (NBT). 

Since NBT and EBT are closed field line devices, it is 
necessary to maintain magnetic field errors as low as 10"4 for 
single particle confinement. Toroidal currents of several tens 
of ampères can result from field errors [3,4]. In order to 
cancel the effect of field errors and to optimize particle con
finement, a set of global correction coils has been installed to 
apply vertical and horizontal correction fields. For the data 
which follows, field errors have been compensated by the correc
tion coils. 
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TABLE I. PARAMETERS OF NBT AND EBT 

847 

EXPERIMENTAL VALUES 

M i r r o r Rat io /Aspect Ratic 

res 

Bulk Heat ing Power 

P r o f i l e Heat ing Power 

Power t o Core Plasma 

Average Core Plasma Radius 

Major Radius R 

Centra l Densi ty n 

Central E lec t ron Temp. T 

Central Ion Temp. T 

Ion T a i l Temp. T t 

Po ten t i a l Well Depth V 

Neutra l Densi ty n 

CALCULATED VALUES 

D Experiment 

Dne T h e o r y 

TE 

nrE 

(0) 

(0) 

( 
( 

( 

(T) 

(W) 

(H) 

(W) 

(m) 

(m) 

(m - 3 ) 

(eV) 

(eV) 

(eV) 

(V) 

(m"3) 

mV1) 
mV1) 

(s ) 

m"3s) 

NBT-SR 

1 .9 :1 /8 :1 

0.3 

3 x 104 (8 .5 GHz) 

1 x 104 (10.5 GHz) 

-v 5 x 103 

0.06-0 .09 

1.6 

3-5 x 10 1 7 

50-140 

50-70 

(0 .5 -1 ) x 10 1 6 

0.19-1 .2 

0 .12-0.82 

(2 -4 ) x 10 " 4 

( 0 .6 -2 ) x 10 1 4 

NBT-FR 

1 .9 :1 /8 :1 

0.48 

6 x 104 (8 .5 

1 x 104 (10.5 

0.09 

1.6 

^ 1 x 1 0 1 8 

10-20 

(0 .5 -1 ) x 10 

GHz) 

GHz) 

16 

5 x 

2 x 

2 

EBT-1 

2 : 1 / 9 : 1 

0.65 

104 (18 GHz) 

104 (10.6 GHz) 

8-11.4 x 103 

0.077 

1.5 

10 1 8 

250 

80-90 

^ 400 

-N- 190 

(0 .25-1 ) x 10 1 6 

(1 

(1 

0 .16-0.65 

0.34 

-3 .4 ) x 10" 3 

-3 .4) x 10 1 5 

EBT-S 

2 :1 /9 :1 

1.0 

4.4 x 104 (28 GHz) 

5 x 103 (18 GHz) 

6.9-10 x 10 1 3 

0.068 

1.5 

1.2-2 x 1 0 1 8 

* 500 

•v. 100 

% 400 

<v- 250 

(0 .25-1 ) x 10 1 6 

0.17-0 .7 

0 .24-0 .4 

( 2 . 7 - 4 . 1 ) x 10 " 3 

( 3 . 2 - 8 . 0 ) x 10 1 5 

OR-MOOi 
1.8 KO 
1.37 OHl 

• WITH KINO 
O WITHOUT KINO 

EX-mode 
f «10 GHz 

FIGA. (a) Ordinary wave power (P) transmitted across the plasma versus electron density (n). 
P0 is the power received without plasma, and nc is the cutoff density cope = co^. The solid 
line is derived from theory with refractive effects taken into account, 
(b) CMA diagram with data points for extraordinary wave transmission. coce is calculated 
using the value of the magnetic field on axis in the midplane of a sector, and cope is determined 
from microwave interferometer measurements assuming £ = 25 cm. 
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II. DESCRIPTION OF EXPERIMENTS 

Microwave transmission experiments have been conducted on 
NBT in order to understand the mechanisms of plasma production 
and heating. Ordinary and extraordinary waves of frequency 8-12 
GHz were launched horizontally in the midplane of one sector. 

Figure 1(a) shows the fraction of the power received when 
the ordinary wave is launched as a function of toroidal plasma 
density for various frequencies of microwaves, both with and 
without hot electron rings in the test cavity. It may be noted 
that the received power vanishes as the cutoff density is 
approached, and that a substantial fraction of the power is 
absorbed by the ring, when it is present. The extraordinary 
mode is normally near the cyclotron cutoff and transmission of 
the extraordinary wave is studied for lower plasma density (Fig. 
Kb)). 

Electron-cyclotron-heated bumpy torus plasmas exhibit three 
distinct operating modes (called C for cold, T for toroidal, and 
M for mirror). The dependence of several plasma parameters on 
ambient neutral gas pressure is shown in Fig.2, which covers 
those three modes of operation for constant ECH power and mag
netic field. The C-mode is characterized by a relatively high 
electron density but a low electron temperature and no appreci
able hot electron ring. The T-mode is characterized by the 
existence of high-e hot electron rings, an electrostatic poten
tial well, and improved confinement. The M-mode is characterized 
by a wery tenuous and unstable plasma with extremely high-3 
rings. Confinement results hereafter are presented only for the 
T-mode. 

Flat spatial profiles of density and temperature inside the 
rings in the T-mode are measured by Thomson scattering, Li beam 
probing, and multi-chord soft x-ray diagnostics. Spatial profile 
measurements in NBT of the Oil impurity line radiation show that 
the light emission peaks at the ring and falls off by an order 
of magnitude in the center of the plasma, in agreement with 
results from EBT [5]. This fact suggests the operation of a 
natural divertor. 

Electron-cyclotron-heated bumpy tori can be operated in two 
magnetic field resonance configurations. The traditional or 
standard resonance (SR) configuration has the fundamental ECH 
resonance (wy = a)ce) located near the mirror throats and a second 
harmonic resonance (coy = 2o)ce) located at the position of the hot 
electron ring. All EBT operation and the majority of NBT opera
tion has been in the SR configuration. NBT has examined another 
called the fundamental resonance (FR) configuration which has 
only a fundamental resonance at the position of the ring. 
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density in EBT-I. Also shown is the stored ring energy Wj.. 
(b) Line integral density, x-band synchrotron radiation, and diamagnetic loop signal as a 
function of ambient neutral density in NBT. 
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FIG. 3. (a) Line integral density and diamagnetic loop signal as a function of ambient neutral 
pressure for NBT operation in the FR configuration. 
(b) Line integral density versus toroidal magnetic field. The abrupt increase of electron 
density indicates the transition from SR to FR configuration. 

Experimental results from NBT-FR operation are shown in Fig.3. 
The line density and stored energy exhibit similar behavior 
in both the SR and FR configurations except that the existence 
of a hot electron ring is extended to higher density, as shown in 
Fig.3(a). As with the SR configuration the density profile is 
observed to be flat inside the hot electron ring although the 
electron temperature is much lower. The line density is always 
measured to be much higher in the FR configuration. Figure 3(b) 
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shows that, when the magnetic field is reduced, there is a rather 
abrupt decrease in <ne&>, indicating the transition from the FR 
to the SR configuration. 

Operation in the FR configuration demonstrates that ring 
formation is possible via fundamental resonance heating, and 
that plasma densities approaching cutoff, albeit at lower tem
perature than in the SR configuration, are produced. 

III. RING MEASUREMENTS 

The hot electron rings play a crucial role in plasma con
finement in NBT and EBT. Amoderately high temperature toroidal 
plasma is stably confined when energetic (100-500 keV) high-3 
rings are formed surrounding the toroidal plasma in the midplane 
of each sector. A compilation [6] of the ring density and tem
perature data from NBT and EBT, as well as from simple mirror 
experiments such as ELMO [7] and TPM [8] shows that both the 
temperature (Tn) and density (nn) of the ring electrons increase 
with increasing magnetic field strength and ECH frequency. 
Detailed analysis of ring physics data is reported by N. A. Uckan 
et al. at this conference (IAEA-CN-38/BB-3-2). 

Theoretical analysis of the rings indicates that the 
toroidal plasma stability depends sensitively on the shape as 
well as the 3 of the rings. Measurements of the radial extent 
of the rings by movable skimmer probes combined with numerical 
calculations of the axial length imply that the ring radius and 
length are comparable [9], 

The diamagnetic signal ((j)d) is proportional to nn, T^, and 
geometrical factors related to ring position relative to the 
detecting loop. At constant power and with the ring radius 
adjusted to be the same for SR and FR heating, it is found that 
ring 3 (« <{>d/B) is constant for both cases, indicating that nnTn 

is proportional to B2. This is consistent with hard x-ray 
bremsstrahlung measurements. 

IV. BUMPY TORUS CONFINEMENT 

One measure of bumpy torus confinement properties is the 
comparison of the particle diffusion coefficient calculated using 
experimentally derived values with those obtained from the 
bounce-averaged drift kinetic equation [10]. The diffusion 
coefficient for electrons can be written as [10,11] 
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where 

D = - r 
ne er 

rf 
r = r_1 
er 

Sn , gin ^ e . ^ r - - 1 

8r Te 9r Te 

n(r)n (r)<av>jrdr is the particle 

flux, <av>i is the ionization rate coefficient for neutrals, 
aj « 2.0 is derived from the work of Spong et al.[10], Er is the 
electric field, and other parameters are given in Table I. Diffu
sion coefficients calculated from the above formula and theoret
ical neoclassical diffusion coefficients determined from,the 
work of Spong et al.[10] are given in the lower part of Table I. 
The agreement between theory and experiment is generally within 
a factor of ̂  2. 

Likewise, values of theoretically and experimentally 
derived electron power balance can be compared. The power dissi
pated by electrons is given by 

ye 
4ir2RrenD 

ne 
a2 IT W + asEr + â  8r + P. 

ei 

where Pel- is the power transferred from electrons to ions by 
collisions, and the coefficients a2 - a3 - 3.5, ah * 9 are deter
mined from the bounce-averaged drift kinetic equation [10]. Com
paring calculated values of Pye with estimates of the microwave 
power transferred to the core plasma, good agreement is again 
obtained,indicating neoclassical electron behavior. 

The ion power balance is more complicated. Ions are in the 
plateau regime [12], and it is easily demonstrated that more 
power is lost via charge exchange than is input via Coulomb col
lisions with electrons. This implies a source of additional ion 
heating power such as wave heating or stochastic electrostatic 
acceleration heating. However, there is no evidence of anomalous 
ion heat loss. In fact, in the central core plasma region T-¡ s 
90 eV; Vn £ 200 eV implying that bulk ions are trapped in the 
potential well. The measured charge-exchange spectrum has three 
energy groups [13] including a cold component, a component repre
senting the bulk ion temperature, and a high-energy tail. Only 
ions in the tail population, which represents ̂  1 % of the total 
ion population, have enough energy to diffuse over the potential 
well barrier. The potential is generated in a consistent manner 
so as to balance the electron and ion diffusion rates. Further 
theoretical and experimental studies are underway for better 
understanding of these mechanisms. 



852 FUJIWARA et al. 

V. CONCLUSIONS 

In the SR configuration, the data bases of NBT and EBT can 
be combined to define a generic device. Operation in the FR 
configuration indicates the possibility of stable operation at 
densities closer to cutoff, but at lower core temperatures. Ring 
formation is critical for MHD stability, and stable operation has 
been demonstrated over a large range of magnetic fields and ECH 
frequencies. Plasma generation studies using microwave trans
mission of ordinary and extraordinary waves confirm basic ideas 
of plasma heating. The electron particle and power balances in 
the SR configuration are neoclassical for both machines. Ion 
transport should be elucidated by the addition of a direct ion 
heating source such as ion-cyclotron heating (ICH), which is 
particularly attractive as a way to heat ions in a steady-state 
bumpy torus. Aggressive ICH programs are planned for both NBT 
and EBT, and preliminary experiments at low power have 
begun on NBT using half-turn antennas located in a cavity mid-
plane. Furthermore, the data base is being expanded through the 
application of higher ECH frequencies and powers. 
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DISCUSSION 

J.D. CALLEN: Could you say something more about possible higher-
density operation? 

M. FUJIWARA: A completely new type of operation, called FR, has just 
started in NBT. This takes place in a higher magnetic field configuration with 
the fundamental resonance only, and it enables us to obtain a stable high-density 
plasma sustained by high-j3 hot-electron plasma rings. The density is close to 
the cut-off density of the ordinary mode. An additional heating method is 
being developed. This operation has the advantage that we can obtain a 
high-density plasma by a relatively low-frequency gyrotron. 

T. CONSOLI: Is the stability of the hot-electron rings and the microwave 
plasma compatible with that from RF additional heating? 

M. FUJIWARA: The RF (ICRH) field does not have a significant effect 
on the ring in the present experiments. However, the ambipolar potential is 
strongly affected by ICRH because the increase in ion temperature changes the 
balance of the transport between ions and electrons. In fact, the value of the 
plasma potential increases by a factor of four when ICRH is used. 
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Abstract 

FLUCTUATION STUDIES IN THE CULHAM LEVITRON. 
Further results on fluctuations and confinement in the Culham Levitron are described 

for plasmas both with and without current. Long-wavelength fluctuations which are seen where 
VB'Vn>0 have many of the characteristics of the low-/? resistive-g/ion temperature-gradient 
instability. However,probe measurements of the equilibrium radial-E field show E r >0 and 
introduce a disagreement between the observed mode frequencies and those expected for the 
resistive-g instability. Detailed profile measurements of the effect of current (?=Vd/ve<0.1) in 
the steady-state discharges show that, for f £ 0.04, changes to the amplitude of the long-
wavelength modes and to the particle confinement are small. However, the fluctuation amplitude 
and particle transport are enhanced when heating which is due to the applied current leads to an 
inversion of the temperature gradient (r)e<0) and more collisionless conditions (Xej/Lc> 1) 
near the plasma edge. Enhanced fluctuation levels and particle transport are also observed in 
the absence of current when a second electron cyclotron resonance region is used to heat the 
edge of the plasma. 

1. INTRODUCTION 

Previous studies [1—3] of instabilities in the Culham Levitron have found 
long-wavelength modes (kyai < 0.1 ) in regions where VB • Vn > 0. Many of the 
characteristics of these modes fit those expected for the low-|3 resistive-g/ion 
temperature gradient instability [4] (resistive-g for short). The modes may be of 
more general interest since the resistive-g instability may be unstable in the edge 
region of tokamak discharges [5] and for finite-j3 the g-mode is expected to be 
unstable in the reversed-field pinch [6]. Further measurements related to these 
modes are described below. 

855 
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Experiments on the effect of current in the plasma have been described 
before [7]. In those experiments the particle confinement time, rp , was reduced 
and fluctuation level enhanced when the drift parameter f (= Vd/ve, where Vd 
and ve are the electron drift and thermal velocities respectively) exceeded 5 X 10~3. 
Theoretically we expect that the effect of current on the resistive-g modes will be 
small. This is because the correction term to the growth rate, y, is of the form 
kn Vd/co and this is of the same order as f for Levitron parameters. Gladd and 
Liu [8] have shown that the drift-wave can be driven unstable by current if 
both Vd M and *>ei/w*e are sufficiently large Oei and oo^ are frequencies for 
electron-ion collisions and diamagnetic drift respectively). Our parameters lie 
outside the range they considered but their results suggest that the necessary 
conditions for instability may be present in our experiment. Results are reported 
here on the effect of current in steady-state discharges. Detailed measurements of 
changes in the plasma profiles show that, at high currents, edge heating of the 
plasma is an important effect. 

Heating of the edge of the plasma gives rise to a region where r?e (
= Vfin Te/ 

Vfin n) < 0 and Xei/Lc > 1 (Xei is the mean free path for electron-ion collisions 
and Lc is the connection length, « 0.8 m). Measurements have been made under 
these conditions both with and without current. High-frequency fluctuations are 
observed and particle transport is increased. Chen et al. [9] and Cordey et al. [10] 
find that the collisional drift-wave is stable for all r)e in the slab approximation. 
Rogister and Hasselberg [11], however, find that in toroidal geometry the collisional 
drift-wave is unstable for r¡e < 0, and they suggest that this instability may be 
relevant to problems such as the anomalous skin effect in tokamaks. 

2. EXPERIMENTAL CONDITIONS 

The Culham Levitron has a single levitated ring with a major radius of 0.3 m. 
For the present work the ring current, IR , is 110 kA. The shear (Ls ), averaged 
around the flux surface, is proportional to the ratio I J / I R where lj is the total 
current in the toroidal winding. Steady-state plasmas are created by electron 
cyclotron resonance heating (ECRH) in helium at filling pressures between 
2 X 10"6 torr and 2 X 10~s torr. A 4-mm interferometer measures the line-average 
electron density, n, and profiles of electron temperature, Te(eV),and n are 
obtained by means of a swept double probe with automatically controlled sweep 
voltage [12]. High-impedance probes are used to measure fluctuations in the 
floating potential, 0f, and floating double probes at fixed bias are used to measure 
fluctuations in ion saturation current, Is. Standard data recording and fast Fourier-
transform techniques are used to analyse the signals. 
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FIG.l. Fourier spectra of'fa as a function of position on the outer density gradient. Darker 
shades refer to larger amplitude with logarithmic steps between shades. 

3. THE LONG-WAVELENGTH MODES 

The long-wavelength modes [2] observed in the steady-state discharges have 
the following characteristics: 

(a) The wavelength in the toroidal direction X0 is such that m X ^ pitch 
length of the field lines; 

(b) kyai < 0.1 where ai is the ion Larmor radius; 
(c) Modes with m = 1, 2, 3 and sometimes 4 are observed, the m = 1 mode 

usually having the largest amplitude; 
(d) The modes are centred on the mode-rational surfaces; 
(e) They are stabilized by increasing the shear; 
(f) They are only seen where VB*Vn>0; and 
(g) They propagate in the direction of electron diamagnetic drift in the 

laboratory frame. 

The properties (a) and (d) imply a strong preference for k| » 0. The fre
quency spectra of 0f observed on the outer density gradient, where VB*Vn>0, 
and at medium shear ( I T / I R = 0.8) are shown in Fig.l as a function of distance 
from the ring. In this diagram the darker shading represents larger amplitude of 
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0f in logarithmic steps. Localization in frequency and space is evident. The 
positions of flux surfaces with integral rotational transform (q-1 ) are indicated 
along the abscissa. These mode properties in our relatively collisional plasmas fit 
those of the low-0 resistive-g/ion temperature-gradient instability [4]. It is 
predicted for this instability that OOR< GO^, where COR is the real frequency of 
the mode, but observed and predicted frequencies cannot be compared without 
allowing for any Doppler shift between the laboratory and the reference frame 
of the theory. 

A partially ionized simple classical plasma has essentially no bulk-ion motion 
owing to the rapid loss of ion-fluid momentum by charge exchange with the 
neutral gas. This causes a radial electric field to be set up such that the E X B drift 
just cancels the ion diamagnetic drift, i.e. 

E r =( l + l/r7i)VTi 

Thus the plasma potential 0(r) « - (1 + l/r?i) Ti + const, and a potential well a few 
Tj deep should be observed. This has been investigated with the swept double 
probe which simultaneously provides Te and 0f. The plasma potential is calculated 
from the relation 0 = 0f + FTe where F is evaluated using the work of Laframboise [13] 
and Kiel and Gustafson [14] and a numerically obtained expression for the effect of 
magnetic field on ion collection. The profiles of 0 produced by this technique invari
ably have a slight positive hump in the middle, i.e. 0 « + (0.5 ± 0.5) Ti+const. This 
disagreement raises a question about mode identification, as shown in Fig.2, where 
the m = 1 mode frequency is plotted as a function of position from the ring. The 
dotted Unes (a) and (c) are frequency values calculated by assuming Doppler shifts 
based on zero ion-mass-motion while the dashed lines (b) and (d) have Er = 0 as an 
approximation to the probe measurement. The 'drift wave' frequencies (a) and (b) 
are simply coJ(.e/27r with and without Doppler shift, while the 'resistive-g' curves 
(c) and (d) are calculated assuming COR=0 in the stationary electron guiding 
centre frame as an approximation to the theoretical value. Even with Er = 0 (d) 
this becomes Doppler-shifted by the electron VB drift giving f=47rkiTe/B rB, 
where TB is the magnetic field gradient scale length. Figure 2 shows that the 
resistive-g identification of the mode is unlikely if the probe results are to be 
believed, though it is in reasonable agreement with observation if the zero ion-
mass-motion model is correct. The small values of kya¡ make identification with 
drift-wave-like modes difficult. 

4. CURRENT-DRIVEN EFFECTS 

Current is induced in the plasma by modulating the toroidal field B<¿ at a 
— * —• 

frequency of 50 Hz. This generates an electric field E nearly parallel to B since B# >B<£. 
The peak modulation amplitude is varied from zero to ± 15% and is defined here by the 
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FIG. 7. Fourier spectra ofls taken at zero 
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rms current I n , flowing in a 36-turn section of the toroidal field winding. The 
field diffusion time is typically 10"5 s so that E on a given flux surface is simply 
related to the changing toroidal flux within that surface calculated from the 
winding current and is an increasing function of distance from the ring. 

Profiles of n and Te obtained for l£2= 0, 100 and 200 A and medium shear 
conditions ( I T / I R = 0 . 8 , rn/Ls= 0.05 at 30 mm) are shown in Fig.3. The data 
points are those taken at the time of peak current. The calculated values of f 
are shown in Fig.4 for Spitzer resistivity and clearly become large near the plasma 
edge (£ «TeE/n). Ohmic heating by the current at 1^= 200 A raises Te at the 
plasma edge with the result that 7?e<0, n is reduced and the plasma becomes 
collisionless (Xei/Lc> 1) in this region. We discuss first the regions where rje>0. 

At the lower values of Ij2(< 200 A) the amplitude of Is is modulated at 
50 Hz with some 100-Hz component. At 1^= 200 A the modulation becomes 
predominantly 100 Hz. Fourier spectra taken at times corresponding to peak 
positive and negative current and at 23 mm from the ring are shown in Fig.5 for 
1̂ 2 - 50 A. The resistive-g modes dominate the spectra with a large change in 
amplitude between the two conditions. It should be noted that both 50-Hz and 
100-Hz modulation could arise because of the movement of mode-rational 
surfaces as B^ changes during the cycle. The probe is drawn across the profile 
during the discharge but moves only 0.6 mm radially per cycle, and narrow modes 
located on the mode-rational surfaces would be moved across the probe tip 
(0.6 mm in diameter) during one cycle. Good agreement is obtained between 
the predicted modulation on this model and the observed modulation as shown 
in Fig.6. However, not all the data are fully explained in this way and a small effect 
on the fluctuation amplitude could be present owing to the current. 
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Where 77e<0, higher-frequency activity is observed. Fourier spectra taken 
at 36 mm from the ring and at times of zero and peak current are shown in Fig. 7 
for Ift = 200 A. Clearly, a new instability is occurring between 30 kHz and 
60 kHz. The estimated kyai values lie between 0.1 and 0.2, suggesting drift-wave
like modes. 

To discuss the particle confinement we calculate the total outward particle 
flux across a surface. This is given by 

T(r)= / n0n<av>dV (1) 

where rc is chosen to be the point where n <av> is maximum, n0 is the neutral 
density and <av> is the ionization rate coefficient. Figure 8 shows T at 36 mm 
from the ring as a function of l$i for two values of n0 , and there is clearly an 
increase in F for 1^=200 A. A value for r p is obtained by carrying out the 
integral in Eq.(l) over the whole plasma and dividing by the total number of 
electrons. Values of r p for I T / I R = 0 . 8 are plotted in Fig.9 together with the 
previously published data. Some changes in the behaviour of rp between the two 
experiments could be expected owing to the presence of temperature gradients in 
the steady-state discharges. 

5. EDGE HEATING WITHOUT CURRENT 

In the steady-state discharges the electron cyclotron resonance (ECR) exists 
for small ITAR> on a toroidal surface located 15 mm from the ring. However, 
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FIG.10. Profiles ofn,Te and fluctuation amplitude (ls)/n for lT/lR= 1.57, 1.87and2.16, 
showing the effect of edge heating. 

when B0 is increased so that I T / I R ^ 2, a second ECR surface exists around the 
centre column on the outer flux surfaces, and significant heating of the edge of 
the plasma occurs. Profiles of n, Te and fluctuation amplitude <IS> are shown in 
Fig. 10 for I T / I R = 1-57, 1.87 and 2.16. These illustrate the edge heating effect, 
the appearance of a region where r?e < 0 and, simultaneously, a large increase in 
fluctuation amplitude. At these values of IT / IR the shear strength is large and the 
resistive-g modes are fully stabilized. Fourier spectra taken at 36 mm for the 
three cases of Fig. 10 are shown in Fig. 11 with the values of u^Jl-n indicated for 
an m = 1 mode. At I j / IR = 2.16 the spectrum extends over the whole frequency 
range, suggesting rather turbulent conditions. The variation of rp with I T / I R is 
shown in Fig. 12. Initially rp rises with increasing IT / IR (increasing shear), which 
is thought to be due to stabilization of the resistive-g mode [1 ]. A sharp fall 
occurs at I T ¡ I R ^ 2 for I R = 110 kA when the edge heating is effective. 

6. CONCLUSIONS 

(a) The long-wavelength modes seen under weak-to-moderate shear 
conditions and where VB* V n > 0 have many characteristics in common with the 
low-|3 resistive-g/ion temperature gradient instability. However, attempts to 
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determine the real frequency of the modes have resulted in some ambiguity. If 
the sign of Er is that given by the probe measurements, then COR« cu^e and there 
is disagreement with the resistive-g theory. This requires mass motion of the plasma 
and a continuous source of momentum to overcome what is lost by charge 
exchange. The small values of kyai make identification with drift-wave-like 
modes difficult. 

(b) The presence of current in the plasma produces only small changes in the 
resistive-g modes and the particle transport. This is consistent with the theoretical 
expectation that the effect of current will be small. When sufficient current is 
applied to heat the edge of the plasma and produce a region where 7?e < 0, 
^ei/Lc> 1 and f is large, more drift-wave-like modes appear and transport is 
enhanced. The work of Gladd and Liu [8] indicates that drift waves could be 
driven unstable under these conditions although the reduction in i>ei would tend 
to reduce the growth rate. 
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(c) The edge heating effects produced without current also give rise to a 
high-frequency instability (cj>coslee) and enhanced transport. The work of 
Rogister and Hasselberg [11] shows that toroidal effects combined with r¡& < O 
will drive the drift wave unstable in the absence of current. It is possible that, 
with the higher frequencies, higher mode numbers are present and mode coupling 
will then be possible under our conditions. The effects due to edge heating with 
current may also be due to this mode and not due to the presence of current, but 
in both cases further work is needed in order to confirm the mode identification. 
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DISCUSSION 

S. MERCURIO: Could you say whether the fluctuation level that you 
measure when you have edge heating is as high as that which has been measured 
in the shadow of tokamak limiters? 

A.C. RIVIERE: I do not know the full range of fluctuation levels observed 
in the shadow of tokamak limiters but when edge heating without current is 
introduced in our plasma the fluctuation in the probe saturation current ranges 
from ±0.2 to ±0.3 of the mean value. 
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The following conversion table is provided for the convenience of readers and to encourage the use of SI units. 

FACTORS FOR CONVERTING SOME OT THE MORE COMMON UNITS 
TO INTERNATIONAL SYSTEM OF UNITS (SI) EQUIVALENTS 
NOTES: 

(1) SI base units are the metre (m). kilogram (kg), second (s), ampere (A), kelvin (K), candela (cd) and mole (moll. 
• indicates SI derived units and those accepted for use with SI; 
> indicates additional units accepted for use with SI for a limited time. 
[For further information see The International System of Units (SI). 1977 éd., published in English by HMSO, 
London, and National Bureau of Standards. Washington, DC, and International Standards ISO-IOOO and the 
several parts of ISO-31 published by ISO, Geneva. | 
The correct abbreviation for the unit in column 1 is given in column 2. 

(4) • * indicates conversion factors given exactly; other factors are given rounded, mostly to 4 significant figures. 
s indicates a definition of an SI derived unit: [ ] in column 3+4 enclose factors given for the sake of completeness. 

(2) 

(3) 

Column 1 

Multiply data given in: 

Column 3 

by: 

Column 4 

to obtain data in: 

Radiation units 

^ becquerel 1 Bq (has dimensions of s"1 ) 

disintegrations per second (= 

> curie 

> roentgen 

• gray 

> rad 

•• dis/s) 

sievert (radiation protection only) 

rem (radiation protection only I 

Mass 

• unified atomic mass unit (^ of the mass of ,2C) 

• tonne (= metric ton) 

pound mass (avoirdupois) 

ounce mass (avoirdupois) 

ton (long) (= 2240 Ibm) 

ton (short) (= 2000 Ibm) 

Length 

statute mile 

nautical mile (international) 

yard 

foot 

inch 

mil (= 10"3 in) 

Area 

> hectare 

> barn (effective cross-section. 

square mile, (statute mi le ) 2 

acre 
square yard 
square foot 

square inch 

Volume 

• litre 

cubic yard 

cubic foot 

cubic inch 

gallon (imperial) 

gallon (US liquid) 

nuclear physics) 

1 s " ' 

1 Ci 

1 R 

1 Gy 

1 rad 

1Sv 

1 rem 

1 u 

1 t 

1 Ibm 

1 ozm 

1 ton 

1 short tor 

1 mile 

1 n mile 

1 yd 

1f t 

1 in 

1 mil 

1 ha 

1 b 

1 mi le 2 

1 acre 

1 y d 2 

1 f t 2 

l i n 2 

1 1 or 1 Itr 

1 y d 3 

1 f t 3 

1 in 3 

1 gal ( U K ) 

1 gal (US) 

= 1.00 X 10° 

= 3.70 X 1010 

[= 2.58 X 10"4 

1= 1.00 X 10° 

= 1.00 X 10"2 

[ = 1 . 0 0 X 10° 

[= 1.00 X 10"2 

[= 1.660 57 X 10" 

1= 1.00 X 103 

= 4.536 X 10"' 

= 2.835 X 10' 

= 1.016 X 103 

i = 9.072 X 102 

= 1.609 X 10° 

= 1.852 X 10° 

= 9.144 X 10"' 

= 3.048 X 10"' 

= 2.54 X 10' 

= 2.54 X 10"2 

[= 1.00 X 104 

1= 1.00 X 10"2* 

= 2.590 X 10° 

= 4.047 X 103 

= 8.361 X 10"' 
= 9.290 X 10"2 

= 6.452 X 102 

[= 1.00 X 10"3 

= 7.646 X 10"' 

= 2.832 X 10"2 

= 1.639 X 104 

= 4.546 X 10"3 

= 3.785 X 10"3 

Bq 

Bq 

C/kgJ 

J/kgJ 

Gy 

J/kg] 

J/kgJ 

' " kg.api 

kg] 

kg 

g 

kg 

kg 

km 

km 

m 

m 

mm 

mm 

m2] 

m2 j 

km2 

m2 

m2 

m2 

mm2 

m3J 
m3 

m3 

mm3 

m3 

m3 

* 
* 
* 
* 
# 
* 
* 

j rox 

* 

* 
* 
* 
* 
* 

* 
* 

* 

Velocity, acceleration 

foot per second (= fps) 

foot per minute 

mile per hour (= mph) 

p> knot (international) 

free fall, standard, g 

foot per second squared 

1 ft/s 

1 ft/min 

1 mile/h 

1 knot 

1 ft/s2 

3.048 X 10"' 

= 5.08 X 10"3 

.470 X 10"' 

.609 X 10° 

= 1.852 X 10° 

= 9.807 X 10° 

= 3.048 X 10"' 

Í4.4 
= \1 .€ 

m/s 

m/s 

m/s 

k m / h 

k m / h 

m/s2 

m/s2 

This table has been prepared by E.R.A. Beck for use by the Division of Publications of the IAEA. While every effort he» 
been made to ensure accuracy, the Agency cannot be held responsible for errors arising from the use of this table. 



Column 1 

Multiply data given in: 
Colur 

by: 
Column 4 

to obtain data in: 

Density, volumetric rate 

pound mass per cubic inch 

pound mass per cubic foot 

cubic feet per second 

cubic feet per minute 

Force 

• newton 

dyne 
kilogram force (= kilopond (kp)) 
poundal 
pound force (avoirdupois) 
ounce force (avoirdupois) 

1 lbm/in3 = 2.768 X 104 

1 lbm/ft3 = 1.602 X 10' 

1 ft3/s = 2.832 X 10"2 

1 f t3 /min = 4.719 X 10"4 

1 N 
1 dyn 
1 kgf 
1 pdl 
1 Ibf 
1 ozf 

[ = 1.00 X 10° 
= 1.00 X 10"s 

= 9.807 X 10° 
= 1.383 X 10"' 
= 4.448 X 10° 
= 2.780 X 10"' 

kg/m3 

kg/m3 

m3/s 

m3/s 

nvkg-s"2]* 
N * 
N 
N 
N 
N 

Pressure, stress 

• pascal 
• atmosphere3, standard 
• bar 

centimetres of mercury (0°C) 
dyne per square centimetre 
feet of water (4°C) 
inches of mercury (0 C) 
inches of water (4°C) 
kilogram force per square centimetre 
pound force per square foot 
pound force per square inch (= psi) 
torr (0°C) (= mmHg) 

Energy, work, quantity of heat 

• joule (sw-s) 
• electronvolt 

British thermal unit (International Table) 
calorie (thermochemical) 
calorie (International Table) 
erg 
foot-pound force 
kilowatt-hour 
kiloton explosive yield (PNE) (= 1012 g-cal) 

Power, radiant flux 

• watt 
British thermal unit (International Table) per second 
calorie (International Table) per second 
foot-pound force/second 
horsepower (electric) 
horsepower (metric) (= ps) 
horsepower (550 ft-Ibf/s) 

Temperature 

• temperature in degrees Celsius, t 
where T is the thermodynamic temperature in kelvin 
and T 0 is defined as 273.15 K 

degree Fahrenheit 
degree Rankine 
degrees of temperature differencec 

1= 

Thermal conductivity 

1 Btuin/( f t2-s-°F) 
1 Btu/(ft-s-°F) 
1 cal,T/(cm-s-°C) 

(International Table Btu) 
(International Table Btu) 

1 Pa 
1 atm 
1 bar 
1 cmHg 
1 dyn/cm 
1 f tH 2 0 
1 inHg 
1 inH20 
1 kgf/cm2 

1 Ibf/ft2 

1 Ibf/in2 

1 torr 

1 J 
1 eV 
1 Btu 
1 cal 
1 cal IT 

1 erg 
1 f t - Ibf 
1 k W h 
1 kt yield 

1 W [-= 
1 Btu/s 
1 cal)T/s 
1 ft-lbf/s = 
1 hp 
1 ps 
1 hp 

1.00 X 10° 
1.013 25 X 10s 

1.00 X 10s 

1.333 X 103 

1.00 X 10"' 
2.989 X 103 

3.386 X 103 

2.491 X 102 

9.807 X 10" 
4.788 X 10' 
6.895 X 103 

1.333 X 102 

N/m2] * 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 
Pa 

1.00 X 10° 
1.602 19 X 10"19 

1.055 X 103 

4.184 X 10° 
4.187 X 10° 
1.00 X 10~7 

1.356 X 10° 
3.60 X 106 

4.2 X 10'2 

1.00 X 10° 
1.055 X 103 

4.187 X 10° 
1.356 X 10° 
7.46 X 102 

7.355 X 102 

7.457 X 102 

N-m] * 
approx.] 

J/s] 

W 
W 
W 
W 
W 
W 

t = T - T0 

t o F - 3 2 

ATon(=Atoc) 

t (in degrees Celsius) # 
T (in kelvin) * 
AT (= At) * 

5.192 X 102 

6.231 X 103 

4.187 X 102 

W-nT ' -K " 
W m " ' - K " 
W m " ' - K " 

atm abs, ata: atmospheres absolute; Ibf / in 2 (g) (=psig): gauge pressure; 
atm (g), atii: atmospheres gauge. Ibf/in2 abs (=psia): absolute pressure. 

The abbreviation for temperature difference, deg (= degK = degC), is no longer acceptable as an SI unit. 
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