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PREFACE 

This volume contains the texts of Invited Papers presented at the 9th European 
Conference on Controlled Fusion and Plasma Physics. The speakers were chosen by the 
Papers Selection Committee and their papers appear in the order of presentation at the 
Conference. 

Following the invited papers are the four-page texts of those contributed papers which 
arrived too late to be included in the first volume. of the post-deadline papers presented 
at the Conference. together with supplementary pages to some contributed papers. 

A fmal Ust of Participants appears at the end of this volume. For easy referencing. the , 
page numbering of the two volumes is consecutive . 

Direct reproduction by photographic processes means that the authors must bear 
responsibility for their texts; only the minimum of editorial work has been done. We wish 
to thank the authors for providing copy suitable for this type of publication. 
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R S PEASE Introductory Address 

INTRODUCTORY ADDRESS BY R S PEASE 

Ladies and Gentlemen, it is my honour and pleas ure to wel come you to 

Britain and to Oxford for this meeting of the Plasma Physics Division of the 

European Physical Society, the ninth in the series "European Conferen ce on 

Controlled Fusion and Plasma Physics". This meeting is now held every two 

179 

years. The first such meeting was held in Munich in 1966, indeed s omewhat before 

the formal establishment of the European Physical Society itself; and i n line with 

this vigorous beginning, plasma has become one of the most active and expanding 

of the Society's Divisions. With this expansion there has been a growin g 

world-wide interest in the European research work, so that this year we are 

pleased to welcome colleagues from many countries of the world - Australia and 

New Zealand, from Japan and America, and India, for example; who come of course 

not only to listen but also to present accounts of their work, which i s on a very 

substantial scale and is a major contribution t o the progress of our s ubject. 

Particularly noteworthy are the numerous and interesting papers from t he United 

States of America. 

This year a new group of scient ist s is contributing t o the m eeting. We a re 

especially grat eful t hat P rof L i Zhengwu, Mr Ye Youzhang a nd Mr Gu Yon gnian 

have come to the conference from research laboratories in the People ' s Republic 

of China. A number of workers from Europe have been privileged to vi s it 
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laboratories in the People's Republic of China, so we are beginning to learn 

something of their substantial and growing activity. But we must be very pleased 

that Prof Li, Director of the South-western Institute of Physics, ha s acco.pted 

the invitation to give us a paper describing the research work on controlled fusion 

in China. The search for the route to the practical realization of controlled 

nuclear fusion as a major new source of energy is a task of very great significance 

to mankind. We must all warmly welcome this new research and look forward to 

a great contribution from the People's Republic of China. 

If we look a little closer to home, at the European scene, this conference 

is marked by the appearance of some of our colleagues in a new affiliation, for, 

since the last Plasma Physics Division meeting, the governments of the European 

Community countries have established the JET Project - the Joint European Torus -

a Joint Undertaking under the Treaty of Rome, and many of our colleagues - though 

not yet enough - are now members of this Joint Undertaking. The physical 

construction now started is a concrete realization of the determination of the 

countries of Western Europe to work together to solve the very difficult probl ems 

which still lie ahead in controlled nuclear fusion. The Director of JET, 

Dr Hans -Otto WUster, and myself are naturally very glad that conference delegates 

will be able to come out to see the work in progress at Culham, both in the 

laboratories and on the buildings for JET. We should recall that it was our 

European colleagues from the Soviet Union who carried out so much of the 

critically important pioneering work upon which JET is based. 

Your Programme Committee, for whose work we must be deeply 

grateful, has attracted a broad range of contributions in which are de-scribed 

researches on the many different systems which might achieve thermonuclear fusion. 
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To the large range of magnetic field systems studied are added a gratifying 

number of most interesting papers on the so- called inertial confinement - both 

by lasers and relativistic beams. This is a rapidly progressing sub.iect where 

we can now look forward to comparing the local products with those from 

California. The programme - rightly in my view - starts and ends with papel's 

dealing directly with the hoped-for end-product of our work - energy-producing 

thermonuclear systems. 

If we look a little outside our laboratories or outside this hall today, 

we must be aware that the problem we study, the physics of the release of 

controlled thermonuclear energy, is beginning to impinge more directly on the 

needs of ordinary people; for new large- scale sources of energy are now perceived 

to be essential to provide a good standard of living for all in the world and if the 

world is to avoid the dangers of stresses arising from real energy shortage. 

It is our urgent task to show how or if fusion may be developed to be a realistic 

option to be compared with the other possible sources of energy, both nuclear 

and non-nuclear, for the 21st century. Therefore it is of more than academic 

interest to society to know how our work is progressing. 

To many of the delegates this broad situation is familiar. Both by 

using magnetic field systems, and by using so-called inertial confinement methods, 

it is now routine for experimental apparatus to generate, control and sustain 

matter at temperatures exceeding those in the centre of the sun - say 20MoK -

for times of about a second in the case of the magnetic systems. The maximum 

temperatures achieved so far - about 70M
o 

- exceed the minimum for a net 

production of energy and are only a short way from the 100-200M
o 

needed for 

energy production in reactors outlined by engineering studies. Likewise the 
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magnetic thermal insulation achieved is such that those needed for a reacl:or 

also seem to be within the possible range of experiments now under construction. 

I am very grateful to Prof Husimi for the opportunity to show you his 

new form of presentation of our progress. You will recall that the tan,"'" 

thermonuclear conditions can be described roughly by the triple proril.lct or 

plasma number density n , confinement time 1:::02 and temperature '['. 

When the experimental achievement is plotted as a function of the cumulative 

number of scientific papers (on a log-log plot), a straight line is obtained, as 

shown in Fig. 1, In this conference there are 210 papers, and on this basis 

the nL' -r e should be advanced by only a rather modest amount - r leave 

the detailed comparison between observation and theory to Dr Engelmann's 

expertise in his closing address, but hope indeed that we can do better than 

prediction. 

We must conduct our studies with a real sense of urgency if we are 

to be able to place before sOciety a convincing account of the fusion option before 

the 21st century. And, for this reason I believe, there has been a very generous 

response from all countries involved to the needs of the study group set lip by the 

International Atomic Energy Agency - the so- called rNTOR Study Group - set up 

to make suggestions of the magnitude and objectives of the next big step i.n 

magnetic confinement which might be taken following the present generatioJJ of 

large to\mmaks under construction (TFTR in the USA, JET in Europe, .1T-G O 

in Japan and T-15 in the Soviet Union), in an international effort to speed the 

progress. So far the work of this study group is by no means complete. l3ut 

it is evident that in trying to forecast the performance of large systems, we are 

still seriously hampered by the inadequacy of our understanding of the physics 
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of high temperature plasmas in magnetic fields. Even in the most widely 

studied magnetic confinement system - the Tokamak - the experimental 

observation of that key quantity describing the magnetic thermal insula tioll - the 

energy confinement time - still e ludes a soundly based simple explanation . 

'We are, anyhow before the start of this conference, unable to give a C01l vi.nGing 

physics account of the observed confinement time in' existing experiments and 

how it will extrapolate to large systems and in the presence of thermonuclear 

reactions. Indeed the empirical formula used so far by the INTOR Study Group 

cannot, it appears, be explained in terms of simple basic plasma physics. 

Of course we are not wholly ignorant, but I at least am in that well-known grey 

area of "I should understand this better than I do, but I don't"; a state in which 

countless men have entered this Examination Hall. 

It is my conviction that a major function of this conference is to 

improve our knowledge and understanding of plasma physics, so that this kind 

of serious lacuna in our ability to describe and forecast the behaviour of high 

temperature plasma is eliminated, so that we can forecast more generally and 

reliably for serious engineering work the conditions in which high temper,ature 

plasma can be produced, controlled and contained for adequate times and with 

sufficient amounts to enable practical energy production to be achieved. The 

hopes of many ordinary people who help pay for this work must therefore be linked 

with the success of this task. 

For this week, Culham Laboratory's particular role - that of the host 

organization - is to ensure that at the conference you have both a useful and 

enjoyable time. This task has been delegated almost entirely to the Local 

183 



184 R S PEASE Introductory Address 

Organizing Committee chaired by Dr R J Bickerton. They and their associates 

on the Ladies Committee must take the credit for any success we may achieve. 

And I hope that in the course of this week you (and your famili es when present) 

will find time to see and enjoy something of the interesting and beautif\ll city of 

Oxford, its colleges and the surrounding country. 

May I now .close by wishing you every success, and pass the proceedings 

to your chairman, Dr F Engelmann. 
ntT (keV aec ID -3 ) 
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K V ROBERTS Theory of a fusion reactor 

THE THEORY OF A FUSION REACTOR 

K. V. Roberts 
Culham Laboratory,Abingdon,Oxfordshire OX14 30B. 
England. 

(EURATOM/UKAEA Fusion Association) 

1. Introduction 

The intention of the Organizing Committee cannot have been that 
this opening paper should present an account of progress in an 
alreddy well established area of fusion research, but rather that 
plasma theoreticians and computational physicists might be pro­
voked into helping to fill an evident gap in our knowledge. Indeed 
there are very few contributions that deal explicitly with reactors 
at this Conference. with the notable exception of the final invited 
paper [1 ] which is a Review of Fu sion Rea ctor Problems by Dr.Grieger. 
Nevertheless even that paper concentrates on DEMO or even pre-DEMO 
devices rather than on a working commercia l reactor. 

During the last few months there has however been muc h activity 
i n at l east a closely-related area. namely the theoretical and com­
putational basis for the INTDR project, a joint international design 
study involving teams from the USA,U SSR, Europe and Japan. INTDR is 
not intended to be a commercial thermonuclear reactor nor even a 
demonstration reactor or 'DEMO', but it represents the furthest a l ong 
this path that theoretical analysis has reached so far and many 
detailed computer calculations have by now been carried out. The 
INTOR study throws a good deal of light on how a tokamak reactor is 
ex pected to operate and on what further experimental, theoretical, 
computational and technological res ea r ch is required. Although i t 
would not be appropriat e to quote the INTOR results in detail i n 
advance of pUblication [2 ] , many peopl e at this Conference will have 
taken part in the study and had access to the July 1979 Draft Report. 

This paper re cal l s briefly and in broad outline some of the 
reactor plasma problems that we still face and indicates the dire c ­
t i ons in which future theoretical and computational research may be 
expressed to go. It is concerned almost entirely with the tokamak 
reactor in its ignition form, since although the beam-driven tokamak 
reactor has been worked on actively during recent years in several 
variants it has been well reviewed in an artic l e by Jassby [3 ] . 
Concentration on the ignition tokamak does not imply that the author 
necessaril y believes this to be the most likely candidate. The 
engineering complexity of toroidal devices together with the long 
breeding tilll8 and high power density in fast fission reactors suggests 
that a mirror hybrid reactor might soon become increasingly recogni zed 
as an attractive option . However although all thermonuclear reactors 
have many features in common, the mirror is sufficiently different to 

. the ignition tokamak, being an open-field-line, steady -sta te system 
driven by continuous neutral-oeam injection, to make a parallel dis­
cussion only confusing, and of course there are the variants such as 
the tandem and reversed-fi e ld mirrors which have their own particular 
feature s . Alternative closed - line systems such as the reversed - field 
pinch and the stellarator are less well understood than the tokamak 

185 
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and once again sufficiently different to merit a separate 
discussion. 

Since ignition may we ll be achieved in tokamak devices 
such as JET, TFTR and JT60 which are now under construction 
it is pertinent to consider the direction which plas ma theory 
ought to take once this goal has been reached. Some people 
may believe that the task of the plasma physicists will by 
then have been fulfilled and that it will then 6ecome the job 
of the engineers to enclose the burning plasma by an appropriate 
blan ket. This would be a serious over-simplification. All 
inrlication~ are that an ignited plasma is a highly -struc t ured 
dynamical system requiring a great deal of detailed diagnostic 
experimentation and theoretical analysis, followed by careful 
design and optimization. Since a thermonuclear reactor will 
certainly be an expensive installation costing more than £lOOOM 
at present prices it is important to get it right. Therefore 
the theo r etical and ex perimental under standing obtained from 
existing devices must be buil t into sophist i cated computer 
codes which are validated by the availa ble information and then 
used as extrapolation tools in the design of future, larger 
devices. This has of course been the situation for many years 
in fis sion reactor engineering. 

Nevertheless, it appears that plasma theory may undergo 
a change of life once ignition has been achieved since above 
the igni tion point many of the usual concepts are reversed. 
The energy and particle confinement times in a stable plasma 
may be too long leading to thenna l instability, as·h and 
impurity concentration and fuel depletion. In order to attain 
the Nirvana of a quasi-steady state with high B and optimum 
profi les, thermal energy produced by a-particle heating must be 
extracted from each element of t he plasma as fast as it is 
generated, and in fact the electral power of the reactor is 
directly proportional to the rate at which thermal energy can 
be removed from the plasma. In addition new fu el must be con­
tinuously fed in and ash and impurities removed. An interesting 
question is whether instabilities can provide a steady state, 
and if so, will it automatically turn out to be the optimum 
steady state that we require or will some detailed feedback 
control be required? Instabilities and transport processes 
whose deleterious consequences below the ignition point have 
previously been studied will therefore need to be re-investi­
gated as possible mechanisms for the technological cont rol of 
the burning plasma. One example is temperature control by 
ripple diffusion [1,2]. Indications are therefore that plasma 
theory will De at least as vigorous after the change of life as 
before. 

2 . Heat Transfer Pr oblem 

Plasma physicists have been concerned with the particle 
and energy confinement probl em for so long that it is perhaps 
necessary to remind ourselves of the dual problem of heat 
transfer, name l y that 1/5 of the thermon uclear energy output is 
deposited in the plasma by a-particle heating and mus t be 
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continuously extracted if a quasi-steady state is to be 
maintained. We therefore need an effective mechanism for 
energy extraction, i.e. for losing heat from the plasma. 
(At least in tokamaks - in mirror devices heat conduction 
along the field lines is too high and must be reduced in 
some way J . 

This leads to a paradox: at the operating temperature 
during the burn phase we must achieve an energy loss rate of 
about ~ the net electrical output from the station, (assuming 
40% overall efficiencyJ, but while the plasma temperature is 
being increased during the start-up phase the energy 1055 rate 
has to be much lower, otherwi s e the cost of auxiliary heating 
such as neutral beam injection or radio-frequency will be too 
high. To take a numerical example, a 5 GW thermal, 2 GW 
electrical station must achieve a 1 GW rate of extraction of 
heat from the plasma during the burn phase. During the start­
up phase the energy loss rate of this magnitude Cat 50% 
efficiencyJ an electrical supply of more than 2 GW into the 
auxiliary heating system, so that for this phase of each pulse 
the network would see a negative power station even taking into 
account the fact that the thermal capacity of the blanket would 
keep the main generators running. 

Empirical indications are that the energy loss rate during 
the start-up phase will be sufficiently low for auxiliary 
heating to work economically. We do not of course know yet 
what the natural loss rate will be during the burn phase but 
there is no reason to believe that it will be suffic~ently 
high, indeed the Alcator scaling s hows that the energy contain­
ment time increases with density and tRsre is some indication 
that it also increases with temperature, both opposite to what 
would be needed for control. 

An analogous situation occurs- tn ffss-ion reactors, where the 
growth of the neutron population must be stopped as soon as the 
operating flux level is reac lled, and th-e problem is solved quite 
simply by t ile insertion of absoroing control rods. In a thermo­
nuclear reactor we need some mechani'sm for enhancing the energy 
loss in a controlled way. Ih the absence of such a mec hanism 
what happens is well known: due to the fall of ohmic heating 
power with temperature and the strong temperature dependence of 
the thermonuclear reaction rate th ere is a temperature range 
Tl< T < Tu in which the net input power PiTY is negative, followed 
by a range T < T < T 2 in which it is positive. This lead s to two 
st~bl~ operatting points Sl l' S2 and one ullstable point U Cthe ignition 
pOlntJ. The range (Sl,UJ can be crossed by auxiliary heating,but 
then in the absence of additional heat losses or of a 8-limit the 
temperature will stabilize itself at the upper point S . This 
occurs at some 50 Kev which is well above the temperat6re of about 
15 Kev at which the available 8 is used most efficiently. To avoid 
loss of containment by exceeding 8 it will then be necessary 

max 
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to lower the density, leading to a s ubstantial reduction in 
thermonuclear power output. 

In an experimental apparatus such as INTOR it may be 
possible to control the burn phase by adjusting the thermo­
nuclear reaction rate, e.g. , by raising and lowering the 
density or by adiabatic change of temperature by major radius 
compre9~ion and decompress ion [4). But in the commercial 
reactor our problem must be to get the energy out wh ile keep-
ing the reaction rate at the max imum allowed by B and the 
cross-section curve, partly to achieve full efficT~Acy and partly 
to avoid thermal cycling of the blanket structure. Such schemes 
therefore do not seem to help : instead of adjusting the thermo­
nuclear energy production rate to the available heat loss, one 
must instead adjust the heat loss to be the ma ximum obtainable 
energy produ ction rate determined by B2 B" since both B 
and the maximum magnetic field strengthmax Bmax are already max 
rather low. Therefore it seems to be necess~¥~ to have some 
method for adjusting the energy containment time in a co ntroll ed 
way, analogous to the insertion and removal of control rods in a 
fission reactor. The timescale required is of order seconds,and 
some excess containment must De kept in hand to allow for fuel 
depletion and impurity influx. 

Controlled energy extraction is a mejor problem and insuffi­
cient is known about it. Methods that have been proposed include 
enhancing the ripple diffusion by reducing the uniformity of the 
magnetic field, and the possibility that turbulence due to non-
linear instabilities when B is exceeded might adjust the energy 
loss rate automatically (B-T~~iter or thermostat effect). 
RadiBtive cooling by controlled impurity injection ha s also been 
proposed but such radiation would fall on the first wal l: for a 
given maximum permissable wall loading the output of the reactor 
will be increased if as much as possible of the energy is removed 
via a divertor rather than being allowed to rea ch the wa ll itslf . 
Therefore only particle or collective plasma transport processes 
rather than radiative processes should preferably be employed. 

3. Profile Control 

In ad dit ion to heat extraction, another whole area of 
interest for any combustion system is fuel injection and heat 
removal. In the case of a toroidal thermonuclear reactor we must 
include the control of the density and temperature profiles as 
a fun ction of ~ (the poloidal flux), and of the profiles of 
fuel mix or O-T ratio, of the helium ash and of the severa l 
impurity species and ionization l evels. Subject to the various 
constraints there will be an optimum set of profiles, and 
methods are required for controlling the profiles and for 
stabilizing as close as possible to this optimum. 

Control of the temperature profiles is of course part of 
the energy extraction problem, but may also be required in order 
to control the radial transport of fuel, ash and impurity species. 
Temperature control near the wa ll is also important t o minimize 
wa l l damage and impurity influx. 
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A third area of interest is magnetic control. If the 
problems of continuous fuel injection and of ash and impurity 
removal can be solved. then we ma y wish to extend the burn 
phase for as long as the available volt-seconds will allow. This 
means that the pressure profile p(~) and the q-profile q(~) which 
maximize B should be maintained quasi-constant in time. So far 
such profiles have been investigated analytically and compu tationally 
and some consideration given as to how they might be set up; it i s 
clear that the requirement that they should be maintained for an 
extended period is compatible with the various evolutionary trans­
port, diffusion and heating processes that take place within the 
plasma and some additional control may be required . 

Magnetic control of the overall position and shape of the 
plasma should howeve r De more straightforward . In addition to such 
control of the equiliorium, some feedback stabilization may be 
needed for low-n free-boundary modes due to the absence of a perfectly 
conducting wall. 

4. EVolution Codes 

So far we have considered only proolems that arise during 
the burn phase, which is tne main oper ating phase of the reactor. 
In fa ct three phases have been identified oy the INTOR Workshop 
[2] namely start-up, burn and shutdown, together with a number of 
sub-phases (Table l), and the sequence should be much the same 

Phase 

1. START - UP 

2. BURN 

3. SHUT -00W'J 

Table 1, Reactor Phases[2] 

Sub-phase 

Ionization and current initiation 
Current rise, Te ~ 100ev 
Current rise, 100 ev ~ Te ~ 1 Kev 

(I~Imax ' main ohmic heating) 
Additional heating to ignition 

Initiation of shut-down 
Shut-down paper 

Cool 
Decrease current 

in a r eactor. These have been simu lated on the computer and 
discussed by the INToR Workshop but will not be discussed 
further here. 

One of the principal aims of 
computational plasma physics must 
by computer the time evolution of 
subphases,sufficientl y accurately 
engineering decisions can be made 
and operation of fusion reacto rs. 

plasma theory and of 
ind eed De to simulate 
all these phases and 
so that appropriat e 
about the optimum design 

This is the stage which 
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fis sion-reactor theory reached man y yea r s ago, where one has 
a number of empirically-validated, internationally -avail able 
codes embodying past reactor experience. 

At the heart of fusion reactor theory we shou ld therefore 
put the evolution codes (Table 2) . These are usua ll y r eferred 
to as tokamak transport co des but it shoul d be emphasized that 
processes other than transport are becoming increasingly i mportant, 

Table 2. Evolution Codes 

(Desc r ibe stable , intended mode of operation, + limited classes 
of instabilities) 

Type 

OD 

10 

l~ D 

Data 

Geometry Independent Ins tabil ities 
Variables 

Globa l t 
(point) 

Cylindrical (r, t) 

Toroidal (R,z , t) 
or (l/I , t) 

Base 

Theor etical equations 
Theoretical rate and transport coefficients 
Empirical data and sca l ing laws 

temporal 

temporal 
radial m=n =o 

temporal 
n=o 

Intuition (e . g . for turbulence not yet observed) 

for exampl e ohmic, au xiliary and a -particle heating, 
re-adjustment of equilibrium, f uel dep l etion by burnup 
and so on. 

These evolution codes are first of all used to describe the 
stable intended mode of operation of the reactor, but depending 
on their geomet r y they can also describe limited classes of 
instabilities. All of them can describe tempora l instabilities 
in which parameters such as the ion and electr on tempe r atu res, 
the Band q(a) values a nd the species ratios depart from their 
intended norms. The ID can desc r ibe radial, m=n=o instabilities 
in which the profiles become incorrect, for example if the 
plas ma becomes too hot or too cold at the ce ntre or the outside . 
The l~D codes can describe shape and posit ion i nstabilities,the 
class of deformations which is included depending on whether or 
not symmetry is imposed about the horizonta l midplane. But 
none of them describe helical instabilities in which azimutua l 
symmetry (i .e. rotational symmetry in the ~-direction about 
the vertical axis) becomes broken . 
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The data base for the codes is partly theoretical, 
partly empirical and partly intuitive. At present our 
knowledge of transport coefficient is quit limited, as can 
be seen from the empirical Aloator Scaling law [1,2,5) 

T = 5 10-21 n a 2 (sl 
e 

which appears to be much too simple and whose significance 
is not well understood, and from the wide scatter in the plots 
of measured energy containment times. The data base will 
become more reliable as more calculations are carried out and 
compared with each other and with better experimental measure­
ments, and must indeed do 50 if reactor performance estimates 
are to have quantitative significance. 

There is much more work going on than is reported at this 
Conference, the DD and ID codes being used for INToR as well as 
for JET, and the other large tokamaks now under construction 
and for existing devices, while there are several l~D codes 
already in operation but still under active development. 

The DD codes average across the whole plasma and lead 
to coupled ordinary differential equations. Their advantage 
is that they are easy to program, fast to run and produce 
only a limited amount of output. But radial profiles and 
radial transport processes are not yet well understood and 
it is difficult to know how to do the averaging. It seems 
however that these global codes are useful at the present 
time for overall surveys and will remain useful even when 
computers become larger and faster, because the profiles will 
themselves become better understood by then both from 
experiment and from ID and l~D simulations so that the DD codes 
can be better normalized. The ID codes are of course the work­
horses 6ftokamak simulation theory and an irrmense number of 
runs have been carried out. 

5. l~D Evolution Codes 

l~D codes require much more computeI"' storage and computer 
time, and although several successful codes now exist they are 
so far less well developed and include fewer physical processes 
than the established ID codes. Physically we imagine the plasma 
as confined by a set of nested topologically-toroidal shells 
which are in fact the magnetic surfaces whose projections in 
the (R,Zl-plane are the poloidal field lines 0/ = constant. The 
timestep calculation takes place in two stages. In Stage I we 
think of the shells as fixed in space and allow a number of 
entropy-generating processes to take place, for example heat 
production and diffusion, particle diffusion, thermonuclear 
burning, relative motion of the BT flux through the Bp surfaces 
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and so on. Then in Stage 11 we temporarily freeze all the 
entropy-generating processes and re-adjust the positions of 
the surfaces to restore pressure equilibrium V = j x B. 

. --p -

Thi s algorithm was put forward by Grad and Hogan (6) and 
has also been used in the ATHENE1 code by Christiansen.Roberts 
and Long [7.B.9) for high-S 10 reversed field pinch rRFP) 
calculations. There are a few complexities in the 1;0 model 
and the final version may not yet have been achieved but 
physically the picture is rather clear. The model is ca lled 1;0 
because the entropy-generating processes of Stage I are 
averaged over the surfaces calculated in Stage 11 using W as 
an effective radial co-ordinate. For much of the complicated 
phy sics one can use an ordinary 10 evolution code and there 
is no need to go to 20MHO, in fact it wou ld be inappropriate 
because the time-scales for processes across and along the 
magnetic field lines are quite different. 

There are several reasons why a 1;0 evolution code will 
be essential for quantitatively-accurate reactor simulation. 
A O-shaped or other non-circular cross-section is like ly to 
be used. the aspect ratio Rla will be relatively small. and 
we shall be working as close to the maximum S as possible. 
~istortions from cylindrical symmetry will therefore be sub ­
stant ial and equilibrium calculations show that the magnetic 
surfaces are likely to be much closer together at the outside 
of the torus than at the inside. The effect of finite wal l 
conductivity and of the lumped poloidal field coils must also 
be allowed for. A 110 code will be the basis for realistic 
ca l culations of the evolution of FCT equilibria. ideal and 
resistive MHO instability. trapped-particle effects. neutral ­
beam injection. RF propagation and absorption. the evolution 
of fast-ion and a-particle populations. impurity Behaviour. and 
the transport of neut r al atoms (e.g. by Monte Car lo). An 
interesting question is whether the compression of the magnetic 
surfaces at the outside of the torus might provide an automatic 
S-limit. e.g. by increased neoclassical ion thermal conductivity 
or a -particle loss. It will also be necessary in future tokamak 
evol ution codes to adopt a high-S approach as the RFP codes 
already do and to treat BT as a variable rather than as a 
geometrically-given construct proportional to l/R. 

6. Other Plasma Codes 

Sevoral other types of plasma code will be r equired by the 
fusion reactor engineer (Table 3 : the list is meant to be 
illustrative rather than exhaustive). 
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Table 3; Some otnertypes of plasma code 

Equilibrium (included in 110 evolution) 
20 ideal MHO stability (ERATO.PESTJ 
20 resistive MHO stability 
20 ballooning 
3D non-linear consequence of instability 
Neutral beam injection 
RF heating 
Penetration of neutrals (Monte Carlo) 
Oivertor operation 
Wall interaction 
Ripple effects 
Likelihood of disruption 

One of the best-developed areas 
is ideal linear MHO stability theory. where we have 20 codes 
such as ERATO and PEST for the low-n modes and more recently 
ballooning theory and codes for high-no Since MHO stability 
presumably controls the safe 8-limit at each instant of time 
in a working reactor, and since it is desirable to keep as near 
to the limit as can safely be done in order to maximize the 
thermonuclear output. we need to be able to make a 20 stability 
analysis at each stage of an evolution calculation. and perhaps 
also to provide such a facility as a routine diagnostic tool 
for the reactor operator for monitoring the stability of the 
plasma during a long pUlse. In a similar way the possibility 
of a major disruption may also need to be continuously monitored 
by computer in view of the damage that it might cause. 

There is a good deal still to be achieved in stability 
theory. Resistive and other non-ideal effects must be incor­
porated into the 20 codes. including the influence of a 
resistive wall. plasma rotation and feedback stabilization. 
and we also need to understand the non-linear consequences of 
high-n and internal low-n modes. Do they actually matter or 
could they be beneficial or even essential in keeping the 
centre of the plasma well stirred. so controlling the tempe­
rature and density profiles. fuel miX. ash and impurity con­
centration etc? How low could the ion-temperature fluctuations 
be in a reacting plasma undergoing relaxation oscillations or 
small-scale turbulence. and would the corresponding fluctua­
tions in the neutron output be acceptable from the standpoint 
of thermal shock? 

7. International Collaboration 

Clearly a rather large suite of fusion reactor codes will 
be needed. It will take a long time and effort to write these 
and to verify that they are indeed correct, and I hope that 
before long we shall be able to establish more fully. just as 
in fission reactor work. the three main principles of: 

1. An international library of fusion reactor codes 
2. Adequate code documentation 
3. Code validation 
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The codes need to be portable between different types of com­
puter, but they also need to be compatible with each other so 
that the output from one code is in the right format to be used 
as the input for another. In the fission reactor field the 
AEA reactor physicist s and engineers have developed the COSMOS 
system for this purpose. and COSMOS is now widely used through­
out the UK nuclear i ndust ry, particularly for data and codes 
assoc iated with the fast reactor project. The OLYMPUS Program­
ming System [10]which has been developed at Culham for the design 
construction,documentation,operation and exchange of codes might 
also be extended to meet this r equi rement. Both systems are 
analogous to the CAMAC system us ed in electronics. 

The Magnetic Fu sion Energy Computer Centre (MFECClnetwork 
operated in the USA provides a powerful tool for collabora ­
tion between all the various US fu s ion groups, who are 
access their codes from any site, to exchange codes readily and 
to build up a common ono-line library. A similar network would be 
advantageous in Europe , particularly in association with the JET 
Project and with the CRAY- l computer now installed at Garching. 

Another development which ca n be foreseen is the estab­
lishment of direct data li nks between the US, European 
and Japanese fusion computer networks. 

Theoretical and experimental physics rely on the 
publication of ref ereed papers in the open journal litera­
ture . For physics computer codes the journal 'Computer 
Physics Communications ' (CPCl [11] provides a similar facility 
and several hundred well-documented,tested ,refereed codes 
have oy now been published in this journal and are avail­
able from the CPC International Phys ics Program Library, 
including the laser and magnet ic fusion codes MEDUSA t 12], 
ATHENE 1 [9], CASTOR 2 [13 ] which are in widespread use. 
It is intended to publish ERATO and other important fusion 
codes in a s i milar way and to make the CPC library available 
on-line on the main fusion computer systems. 

8. Concluding Remarks 

I hope to have made it clear that theoretical plas ma 
physics will not come to an end once ignition has been 
achieved; an ignited tokamak pla sma is a compl ex engineering 
mechanism and a whol e new set of interesting problems is 
beginning to emerge concern ing the control of such a mechanism 
and its maintenance in an optimum state throughout the pulse. 
Table 4 indicates some of the items in a f uture theoretical 
reactor programme ; it is of course a s hopping-list which is 
quite incomplete, and a similar list 
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TaBle 4. Future Theoretical Reactor Programmes 

1. Develop a scheme for exchanging codes and for 
collaborati ng in their use. 

2. Build up an international Library of fusion codes. 
3. Validate them oy comparison with empirical data and 

with each otner. 
4. Study metnods for : 

Extracting thermal energy from the plasma 
Keeping the plasma well stirred 
Keeping the plasma clean 
Opt1m1s1ng the n,T profiles 
Maintaining a quasi-steady FeT State 
Operation of the divertor 

S. Examine tAe non-linear consequences of instabilities 
6. Sear ch for useful applications for the wide range of 

instaBilities that is now available. 
7. Look for a S-limiter . 
8. I"s it pos sib le for instabilities automatically to 

maintain an optimum steady state (as in the Taylor 
RFP mechanism) or will continuous feedback control 
be needed? 

9 . How close to the rocks of low-n MHO modes and major 
disruptions can one in practice sail? 

could be given for other reactor lines such as the mirror, 
stellarator and reversed-field pinch. 

• 
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U . S. PLANNING FOR FUHON ENERGY DEVELOPMENT 
A REPORT ON WORK IN PROGRESS 

I. INTRODUCTION 

Dr. Michael Roberts, Director 
Division of Planning and Projects 

Office of Fusion Energy 
V.S. Department of Energy 

In the past year, there have been significant scientific and techno­
logical advances in fusion. Not only is there a set of achievements 
in individual a reas, but there is importantly a growing understanding 
of the synthesis of various pieces in the fusion program. These 
technical achievements coupled with a growing appreciation of the 
energy situation have led the V.S. program into a serious replanning 
effort. The work presented in this paper represents a current 
"snapshot" of the thinking that is resulting from discussions within 
the Office of Fusion Energy and with a broad consensus of the V.S. 
fusion community. 

The policy of the Department of Energy for fusion energy is to develop 
its highest potential. This policy represents a significant evolution 
of thinking about the fusion program that has been intensified with the 
establishment of the United States Department of Energy. Two elements 
of the policy represent a continuation of earlier views, the first is 
the maintenance of the breadth and strength of the scientific base and 
the second is the belief in a strong and fruitful participation in a 
growing internationa l cooperation program. The evolution is toward 
four elements, the first is a clear and strong focus on the Engineering 
Test Fa c ility; the second, supporting the ETF, is an emphasis on reactor 
ori ented concepts aimed at developing an economically competitive energy 
option; the third is defining a goal of fusion's highest potential which 
results in our program developing not simply the first way to produce 
fusion but a sufficiently broad set of options so that the fusion tech­
nology that is developed represents an economically competitive option 
with the other energy options at the time; lastly, the policy represents 
an evolution toward a program that is consistent with the nation's over­
all energy policy as it develops. The planning described in this paper 
supports that policy and presents a number of different paces covering 
the range from current support of the program to a significant a cceler­
ation of that program. 
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II. THE TECHNICAL BASIS FOR. THE R.EPLANNING 

Since the contributions to this conference cover the fnll range of 
technical progress in considerable depth and expertise, this paper 
will only present a sampling of these technical advances as support 
for the thesis that the technical status today is well advanced beyond 
that of 1976 and is sufficient to replan the program with some confidence. 
Figure 1 illustrates perhaps the most striking measure of overall progress 
toward the fusion goal--namely the steady and considerable increase in 
the energy gain, Q, with time. The neutral beam power used for supple­
mental heating is shown in parentheses next to the name of the device 
used in these experiments (TFM stands for Tokamak Flexibility Modification 
and represents a set of improvements to the basic TFTR. facility). 

In the years before the 1976 plan (ERDA 76/110-0, 1, 2, 3, 4), reactor 
studies projected plasma betas on the order of one or two percent with 
consequently large sizes and low power densities . In the past two years, 
the ISX device was used to investigate the experimental limits of high 
beta tcikamak plasmas . Figure 2 illustrates the fact that the betas 
already achieved in ISX are at or above the earlier projections used in 
the reactor studies, hold promise of higher betas that would lead to 
economic operation of reactors and already represent achievements that 
will allow a fusion reaction to be ignited in a tol~mak. 

Over the past year, five new signif icant D.S. devices have been put into 
operation . The experimental programs of PDX, Doublet-Ill, ISX- B and 
Alcator C are expected to continue the steady growth and understanding 
and achievement exemplified by the high t emperature results from PLT in 
1978. The fifth device, the Tandem Mirror Experiment, TMX, has recently 
been commissioned and the first TMX resu lts are encouraging for the 
tandem mirror concept . A steady state has been maintained for 25 ms, 
long compared both to the longest previous tirees ~ 10 ms and very long 
compared to characteristic stability times. In terms of the actual 
characteristics of the tandem mirror operation, there appears to be 
evidence that the system is working as expected. Beta in the end plugs 
is five to fifteen percent with a five percent beta in the solenoid; the 
objective of 50% is within a factor of five. There appears to be good 
electron heat confinement as measured by an elec tron temperature ~ 166 eV 
in the end plug, c los e to the obj ective of 200 eV and these also is 
evidence of end-plugging . 

These three samples represent a picture of experiQental achievements in 
both the tokamak and mirror field. Based upon these recent advances in 
the tokamak area and with increased expec t ations as well, we now believe 
that the TFTR. should provide more information and more achievements than 
simply breakeven which was the objective at the Ini t ia tion of the project. 
Figure 3 illustrates this change in expectation and projections for the 
TFTR. based upon t he higher B and longer pulse lengths now believed appropriate. 
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As bright as the pre~ent situqtion looks and bright as the expectations 
are, it is clear that not all the problems have been solved. In parti­
cular, there is a crucial phy~ics issue remaining and that is the control 
of particles (e .. g •• i.mpurities) on a long time. With this recognition, 
there is associated a broad attack on the problem. There are four 
diff erent techniques being employed in this attack: materials choice 
for the li.miter and liner; magnetic diversion; start up methods; and 
flow control. Facilities of significant size and importance around the 
world are being .used to study this particular problem. In the United States, 
the ISX-B and PLT devices are already being used for this purpose and the 
PDX and Doublet-Ill devices now coming into operation will be addressing 
similar issues. Addressing these problems will also be the ASDEX and 
TEXTOR facilities in Germany and the JT-60 in Japan. Even with the 
uncertainties in the full solution of the long time particle control 
problem, we do have sufficient understanding today from the PLT and 
ISX data to know that the impurity status today will allow us to do 
reactor experiments, i.e., generate plasmas in the reactor regime even 
though we cannot know today that full reactor operation is possible. 

A prinCipal difference between the status today and that three or five 
years ago is that in the technological area. Figure 4 is a schematic 
diagram of the large coil project being built in the United States with 
participation from Euratom, Switzerland, and the Government of Japan. 
In this project, which is now in the design and fabrication stage, 
superconducting coils of the type to be used in subsequent large reactor 
experi.ments will be tested at half (ETF) scale in a six coil array. The 
experiences developed from the LCP operation will feed dir ect ly into the 
coil design for the next large step in the fusion program. 

An i.mportant problem recognized early in the fusion program is that of 
materials development for rea c tor operation. Figure 5 illustrates the 
two phases, near and long term, into which the materials development 
can be divided and indicates schematically the role played by FMIT. In 
addition to magnet and materials development as well as neutral beam, 
vacuum systems and other hardware areas, issues of concern in the field 
of environment and safety have been identified (tritium, activation, 
biological effects of magnetic fields, lithium safety and accident 
analysis) and programs initia ted to deal with these issues . 

The preceding paragraphs have discussed highlights of both the scientific 
and technological advances over the past few years. In addition to the 
separate physics and technology v iewpoints , we must also look at the 
growing synthesis across the program. This synthesis is both among the 
scientific concepts, that is, among the tokamak, the mirror, and the 
pinch devices and is also among the various components of the fusion 
program, i.e ., science, technology, and engineering. A direct outcome 
of the understanding of the tokamak and mirror results is in the area 
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of the evolution of new synergistic concepts. A number of examples can 
be given.. The energy transport theory of ERT is based on the tokamak 
developments. A.s a result of the knowledge developed in the tokamak area 
and the resurgence of interest in the stellarator, the modern stellarator 
characteristics now approach the basic tokamak parameters. In a third 
area, the calculations of spheromak stability are based upon the tokamak 
analysis and in a fourth area, the tandem mirror which represents an 
important evolution in the mirror development is based itself on simple 
mirror concepts. 

In addition to the straightforward applications of the tokamak and mirror 
theory as mentioned above, one of the most exciting ideas, that of the 
compact toro id concepts, has come from and is supported by all of the 
base programs, the tokamak, the mirror and the theta pinch programs. 
Figure 6, illustrates this concept in two embodiments, the spheromak 
coming from the tokamak and the field reversed mirror from the mirror. 

Although each of these advances and elements of synthesis can be under­
stood individually, it is in the reactor systems studies that all the 
elements are put together into a coherent whole. Based on this tech­
nical progress, the current reactor systems studies do reveal an 
increased flexibility for the fusion power generation. There are a 
number of reasons for this view . Firstly, looking over the period of 
the 1970's , our projections of tokamak reactors have been scaled down 
in size and scaled toward more simple devices. In the early part of 
the 1970 's, we were dealing with experiments whose minor radius was on 
the order of a few tens of cent imeters . At the same time we were 
projecting reactors whose minor radius was in terms of meters . Over the 
period of the '70's, the experiments that we are now dealing with and 
have under construction approach 1 meter in radius and the projected 
sizes for reactors have come down to where minor radiuses on the order 
of one and a quarter to one and a half meters are being used for the 
designs of the ETF and Intor . Secondly, in the complementary area of 
mirror reactors, the expectation for energy gain Q > 1 has increased 
significantly with the development of the tandem mirror concept. 
Thirdly, as we strive for steady state or long pulse operation in a 
tokamak, the EBT concept offers steady state operation as an inherent 
part of its characteristics . With progress in each of these areas, now 
the convergence into the idea of the compact t or us promises small and 
simple reactors. Underlying each of these approaches is the fact that 
they all utilize common scientific principles and, by and large, common 
tec hno1ogies . 

Ill . THE ELEMENTS OF THE PLAN AND DESCRIPTIONS OF THE PLANS THEMSELVES 

Engineering Test Facility 

A direct result of the technical advances, thoughtful discussion and 
policy evolution of the past year or two is the identification of the 
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Engineering Test Facility (ETF) as a central element of the D.S. fusion 
policy. The ETF has two principal technical objectives. The first is 
to test, develop and demonstrate technological feasibility of fusion; 
the second affiliated objective is to provide the bulk of the engineering 
data base for fusion. From a programmatic standpoint, the Engineering 
Test Facility provides a clear, strong and timely fbcuS for effectively 
all the activities in the program. The ETF emphasizes system integration 
which makes clear the evolution in thinking from earlier views of the 
next step which emphasized physics scaling as much as engineering. 

To illustrate this changing orientation, one can enumerate the basic 
characteristics as shown in Table 1. The ETF must be first and fore­
most a fusion source. This fusion source then is used in a device with 
characteristics that do emphasize the engineering orientation. These 
can be enumerated as shown in the table. 

A question central to the ETF dec ision-making process is the importance 
associated with choosing one particular confinement concept for the 
ETF driver and the applicability of the information gained. Figure 7 
illustrates the thesis that the knowledge gained from the ETF is applic­
able to advancement of any confinement concept. In this chart we have 
enumerated some of the outstanding t echnology areas in the ETF and 
compared the requirements and the kind of knowledge gained from the 
operation of an ETF based on a tokamak with the requirements of the other 
leading concepts. The notation "similar" means that the requirements 
and the information gained from a tokamak based ETF would either be 
directly applicable to the others or would be results of tests even more 
severe than those required by any of the other four. In the fueling 
area, the solid dot indicates that the RFP requires a batch burn rather 
than the cont inuous flow in the other devices. In the next group of 
areas, the solid dots indicate no pulsed requirements. The notation 
ACPTF refers to an alternate concepts physics test facility described 
in a subsequent paragraph. Thos e items in a box have substantially 
different requirements and those items marked with a circle have no 
requirements in that area. On the basis of information such as that 
present ed in Figure 7, we have made the judgment that a tokamak-based 
ETF would provide the overwhelming majority of the engineering data 
base for all fusion concepts and that using a mirror-based ETF would 
pr ov ide a significant fraction of the informa tion for the other concepts 
with correspondingly lower percentages for the other concepts. 

Major Fusion Assessment 

The question of how and when and in which direction to proceed with the 
ETF is c learly the most important near-term decision for the U.S. fusion 
program. As we prepare for this decision, we are also looking at the 
overall program and have identified the next major program decision 
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following the operation of the ETF as an overall assessment of the status 
of the fusion progr~. As indicated in Figure 8, at the point of oper­
ation of the ETF or some time shortly thereafter, we intend to make a 
major fusion assessment leading to a decision, which would be made some 
time in the decade beginning arollnd 1990 to select one of three paths as 
shown. 

The plans discussed in this paper are all based upon taking a confident 
path and advancing directly to a demonstrat i on plant. This change in 
viewpoint is a significant one and represents a key advance since the 
1976 plan, namely that there is a strong likelihood of satisfying the 
EPR function in the engineering oriented ETF and demonstration plants. 
This view is based on both the recent scientific advances and technological 
advances and that our expectations for TFTR and JET operation are certainly 
mu ch higher today than they were in 1976. 

Rol e of Alternate Concepts 

Alt ernate concepts are being pursued in the U.S. program for two 
programmatic objectives. The first is t o develop reactor des igns that 
are more economi cally attractive than the present tokamak design--
in particular, that means looking for designs that are smaller in 
size, that are simpler in mechanical design and preferably are long 
pul se or steady state. This has clearly been fruitful in the compac t 
torus reactor design area . The second objective is to stimulate new 
insights that are helpful to the overall fusion program. In particular, 
work originated for alternate concepts has had significant impact on 
the mainline program. For example, theoretical work on stellarators 
is now being applied to tokamaks to study ripple and bund l e divertors. 
The work in the area of 3D equilibrium calculations represents a 
particular example of sophisticated techniques for computing stel l a rator 
equilibria with finite beta which were developed at New York University 
and Los Alamos Scientific Laboratory. These techniques are now being 
applied to tokamaks with ripple to determine finite beta equilibria and 
will be used to compute the resulting particle orbits in transport. 
These are the only 3-D codes availabl e for these problems. 

The role of alternate concepts in the fusion program is a strong one and 
is central l y represented in the pla ns as illustrated in Figure 9. The 
ACPTF wo uld be used to bring the level of physics knowledge for the most 
attractive alternate concept up to the point of being able to make a 
choice between the ETF driver and the alternate concept for the EPR or 
Demo. The solid and dashed lines represent likely and less likely 
probab ilities for each of the choices. The notation "alterna te applications" 
indicates how non-electric applications development could move through 
an ACPTF into a demonstration plant activity. 
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International Cooperation 

To speed fusion development, the D.S . pa,t:i,c;Lpates in many productive 
international cooperative activities. In particular , our joint activities 
with the European Community center informally about Zephyr, the ignition 
test reactor experiment being studied at Garching and the Reversed Field 
Pinch experiment being considered in Culham and with the Italian labora­
tories. At the same time, there are agreements in place and in progress 
with the 'USSR and with the Government of Japan on bilateral bases for 
personnel exchanges and in the Japanese agreement for large project 
involvements, in particular with Doublet Ill . On an international 
organization level, the United States participates in IAEA activities, 
in particular, the exciting and productive INTOR workshop and the predeces­
sor and parallel large tokamak workshops. In addition, the United States 
participates through the lEA with other member countries in the Large Coil 
Project and in a number of materials development projects . 

In addition, we work with a number of other countries, whose fusion 
interests are on a somewhat SlIlaller scal~ through personnel exchange 
to the benefit of both sides and to the overall fusion program. Many 
of these vigorous international cooperative activities have come into 
being since the time of the previous plan. They represent a strong new 
element in the overall fusion program. 

Included in our planning is a range of cooperative activities providing 
significant benefits to fusion . These activities begin with the longest 
standing and traditional element--personnel exchanges--in which individual s 
contribute their knowledge and experience to joint discussions with 
colleagues in other countries. These exchanges range from short visits 
and tours to meeting participation and workshops . Beyond personnel 
exchanges comes the area of hardware support in which particular elements 
and designs are exchanged or provided to support one another's experiment s. 
As we move toward larger experiments in which the individual magnets, 
beams and other systems become of significant complexity and cost, this 
element becomes an ever more important part of the cooperative activities. 
A step beyond these first two activities is one of joint experimental 
testing in which participants from one country are involved with experi­
menta l activities in the facilities of another . As examples, the 
United States has been privileged to have participants in the TEXTOR 
program and numerous countries have had scientists participating in 
experiments in the various V . S. laboratories. A new area coming from 
the various bilateral exchanges is that of joint planning in which two 
or more countries work tog ether in developing a most effective way of 
dealing with a multitude of ideas and avenues on relatively restricted 
resources . Perhaps the highest order of cooperative activities is a 
participation in the conception, development, construction and operation 
of major facilities. A principal example of a start in this area is the 
enthusiastic involvement of the four major fusion blocs in .the INTOR 
workshop . 
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Schedular Planning 

The two el ement s of the planning implementation that can b e quantified 
directly are the times required for major f acilit i es and the overlaps 
between s ucceeding maj or facilities. In Figure 10 is shown the nominal 
succession of even t s fo r a l arge facility using the ETF as a specific 
example in this case. Proj ec t time is considered t o start when a 
commitment i s made to conceptual design which itself is actually bas ed 
on earlier work of definition and scoping. 

In Figur e 11 are shown three different paces or overlaps between t wo 
succeeding ma jor facilities which are dis tinguished by patterns of 
information flow. In particular, the ETF and EPR/Demo fac ilities are 
shown . 

The Pla nning Cases 

In developing specific cases for the fusion program planning, there has 
been an evolution in methodology from the 1976 plan through to the 
pla nning cases s hown in this paper. The 1976 plan developed five logics 
covering a range from cons t ant budge t to a maximum accelera tion case. 
As the program has evolved, t hose five cases appear to transform naturally 
into three, examples of which are shown here. In the first case, defined 
in Base Case A, shown in Fi gure 12, the outcome is deve l oped on the basis 
of funding constraints which are a constant budget plus increments for 
the construction cos t s of the ETF and EPR/Demo device. The Department 
of Energy's f usion program plan is consistent with Case A for the near 
term through the ETF decision but would be reassessed as the situation 
warrants at that time. Planning Case B, a l so sho>m in Figure 12, i s 
de f ined principally by technica l considerations. Case B requires a 
serious start on the ETF Conceptual Design in the next year and also 
requires a start on the prelimina r y design before the output of th e 
TFTR which would then serve to confirm the design choices . The MFTF 
program is assumed to continue through to a situa tion that would 
allow the tandem mirror to be a candidate for the EPR/Demo and another 
alternate con finement scheme cou l d be carried through t o t he Demo stage 
as we ll. Case C, illustrated in the lower part of Figure 12, is an even 
mor e rapid case which aims at a demonstration plant on the line in the 
year 1995. Case C results in completion dat es even earlier than Case B 
but r equir es additional funds to cover the costs associated with 
speed-up, early starts, and increased risk. 

In each of the planning cases, what is shown is the schedule and arrange­
ment of the principal facilities with the clear understanding that this 
program includes a wealth of information associated with smaller 
faciliti es, international activities, t heoret i ca l and technological 
support. The principal near term decision is that associated with 
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beginning the ETF but in each case there are also three other major 
events listed, the major fusion assessment described earlier, the oper­
ation on line of the demonst,ation plant, and the initial operational 
capability crOC) which defines the availability of a fraction of a 
quad of electrical energy on the grid. 

The near term yearly costs associated with these three cases are basically 
the current rate of expenditure in Case A, an approximately 50% increase 
in Case B and for Case C an approximate doubling. It must be pointed 
out tha t the choic e of paces is not a simple one derived from the dates 
and costs associated with this planning exercise. There are certainly 
at least two other types of considerations--differences in cases within 
the fusion option, and comparison of the fusion option with other competing 
options. In the former case, one must evaluate the difficult issues of 
financial and programmatic risk and applicabl e methods of discounting 
or assessing cost/benefit. In the latter case, difficult choices must 
be made based on a perception of urgency for the eventual pay-off of 
fusion, for market needs in different forms of energy and the status 
of competing energy options. 

IV. SVMMARY 

The V.S. fusion program planning process can be characterized in a few 
statements. One, it is appropriate now to replan the V.S. fusion program. 
Two, there is a constantly improving technical situation which results 
in an improved basis for pl anning projections. Three, the program logic 
has two principal points, 1) an ETF providing generic engineerihg infor­
mation paralleled by an ACPTF for the development of an alternate concept(s) 
with the two facilities leading to a choice of pace and direction at the 
EPR/ Demo stage; 2) the overal l plan is expected to be strongly supported 
by a range of international cooperation activities. Four, three cases 
can be used to characterize the range of projections as shown in 
Figure 12. 

• 
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FIGURE 1 
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Disruption investigations 

at the Institute of Plasmaphysics Garching 

Gerhart v. Gierke 
Max-Planck-Institut fUr Plasmaphysik 

0-8046 Garching, IPP-EURATOM Association 

Introduction: The investigation of the current 

disruption played animpor~t role from the beginning of the to­

kamak research. The main features of the external disruption have 

already been reported by our Russian collegues in the early toka­

mak publications . At this time ·the disruption was observed and . 
investigated mainly by electric and magnetic measurements like I, 

I, the loop voltage and the signals of distributed Be coils for 

mode analysis. In the following years many sophisticated diagnos­

tic tools have been developed and nowadays the full spectra of dia­

gnostics contribute to our knowledge. The development of surface 

barrier diodes for measuring the soft X-rays, turned out to be es­

pecially informative as they gave insight into the behaviour of the 

plasma interior. A lot of work - all over the world - has been put in­

to the measuring of the current distribution. Unfortunately all 

these methods have not been developed to a state that guarantees 

the accuracy we need for the understanding of the current disrup­

tion. The use of resonant hel ical fields at the Pulsator gave the 

~irst experimental hints of the important role of island formation 

and profile shape for the development of the disruption 1). 

Whereas the Pulsator has already a long tradition in the field of 

current disruption it turned out during the last year that the 

Wenci.elstein WVII A is an extremely useful experiment for s 'uch in­

vestigation - paradox ly enough just because the disruption can be 

avoided by the Stellarator field. 

Discharge conditions, usually not accessible in a pure tokamak, 

are accessible by this means. Both e xperiments gave new insights 

into current disruption during the past year. 

The different types of disruptions and the new findings at Garching 

shall be discussed in the order of importance for the tokamak dis­

charge. 
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Internal disruptions: Garching did not contribute to the know-

ledge of the hollow current disruption. Such a disruption seems 

to ·be no danger for the tokamak discharge. It rather helps to es­

tablish a sound current profile. Some authors report that such a 

discharge is later on stronger endangered for following disrup -

tions than others . But this may also be caused by impurities pre­

sent from the very beginning and not as a consequence of the dis­

ruption. 

To the understanding of the internal disruption Pulsator contribu­

ted the knowledge during the last years that the hard X-rays are 

modulated by the sawteeth. The investigation, how the runaways res­

ponsible for the hard x-~ay burst, manage to leave the confinement 

region lead via the calculation of the drift orbits to a possible 

explanation of the high density limit of Pulsator which is charac­

terized by a hard disruption 2) . This will be discussed later on. 

At Innsbruck 3) Pulsator reported on the observation of accumula­

tion of impurities in later stages of the discharge. These results 

can now be affirmed by a refined diagnostic 4 ) 5). This prove of 

inward diffusion of high Z impurities as it is predicted by the 

neoclassical theory has directly nothing to do with the subject 

of this talk . The observation a nd explanation connected with this 

experiment justifies however, the mentioning of it here. 

The observation is that the accumulation of impurities starts 

slowly but that with increasing density and disappearing of the 

sawteeth the increase of the accumulation becomes steeper and 

steeper till the discharge is terminated by an external disruption 

(Fig . 1) . A possible explanation is that in a normal tokamak dis­

charge the neoclassical inward diffusion is much smaller than the 

anomalous outward diffusion which is independant from Z. In the 

inner part of the discharge the sawteeth are also responsible for 

a very effective convection and therefore mixing of species. 

With increasing density the ratio of the diffusion coefficients 

alters till the neoclassical contribution starts to win. But now 

the sawtooth osc illation is stopped as a result of the increase 

of high Z materia l and the increase of resistance in the inte rior 

of the discharge, the current profile broadened and qo prevented 

from dropping below 1. 
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There remains no driving mecKanism for internal disruptions. And 

now the high Z material can diffuse inward unhindered. Thus we 

have here not only the proof of neoclassical inward diffusion but 

also the proof that by altering the resistance we can influence 

the current profile and prevent the internal disruption. Naturally 

by broadening the profile the edges are steepened and an external 

disruption is caused in due course. 

The critical density above which the accumulation occurs is de­

pendant on the density increase· The density increase is 

achieved by neutral gas inflow which alters also the current pro­

file. A peaked current profile responds by an increased sawtooth 

activity so that a higher density is necessary to overcome the 

anomalous diffusion. 

In the light of these findings we have to consider the non-neo­

classical behaviour of the transport and the sawteeth oscilla­

tions as a windfall which - by preventing the accumulation of 

high Z impurities - enables the development and the sustaining 

of the normal tokarnak discharge . 

Main disruption: The most dangerous disruption is the main dis­

ruption. It is now the more or less general opinion that the 

m=2, n=l tearing mode is mainly responsible for the development 

of this instability but that another helicity is needed in addi­

tion to trigger the instability (usually 3/2). This mode is nume~ 

rically always observed when the gradient of the current dis­

tribution is steep enough. As an example some results of the nu­

merical three dimensional calculation by D.Biskamp 6) are shown. 

Fig.2 demonstrates the dependence of the calculated fictive is­

land width as it is growing with time (measured in poloidal Alfen 

times, S = magnetic Reynolds number). One observes that the 2/1 

island is growing linearly with time but that the growth of the 

3/2 island, after an initial linear increase, is accellerated 

considerably. This happens when the two islands are touching 

each other as it can be seen in Fig.3 of the magnetic surfaces 

where in a short time a strong ergodization takes place which 

eventually fills the whole confinement region. 
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Su ch calculations with simifar results have also been done at 

Oak Ridge. The calculations including viscosity , finite resis­

t ance etc. are extended now to finite Bpol to see whether t h e 

lat er on mentioned Bpol effect can be observed . 

Though in Wendelstein VII A not much e xperimental time has been 

d evoted to investigations connected with disruptions,a rather 

i n formative picture of the tearing mode activity and its depen ­

dence on different parameters can already be drawn 7) 8) 9 ) 

For l ow external rotational transform, to ' the ohmically hea ted 

Ste llarator behav es like a tokamak . Differences come up at h i gher 

t o' To first order the q value of such a discharge is given by 

1 
q = t 

p e nde nt on r 

p ro f i l es . 

1 
t + t I o p 

. As to in WVII A is approximately inde-

the q profiles are qual i t a tively similar to tokamak 

The d ependence of the observed modes on the q value at the e ffec-

t i ve l imiter radius q (a) is shown in Fig.4 at higher rotat ional 

t r a nsfor m to = 0 . 11 . F i g .5 shows the dependence at fixed value 

q (a ) , to = 0.14 on the plas ma density. The behaviour of the main 

mode 2/1 can be unde rstood qualitatively by looking on Fig.6 which 

shows the different c urrent density profiles (profile 5 whi ch 

wa s measured with He + 0 2% Ne, is equiv alent to a profi l e i n pu re 

He with n = 8.5 10 1 3crn- 3 ). The rad i us 0 : the q =2 s urface sta y s 
eo 

a l most constant , . but the gradient of the current density near t o 

thi s surface changes considerably . Fig . 7 shows now a 

compar i son of t h e experiments with nuirer i ca l calculations of t he 

2/ 1 tearing mode saturation amplitude . The current profile is cal­

c ulated from temperature profile assuming proportionality to Te 3/2. 

The meas u red temperature profile is fitted by 

1 
Te (r) = Te (0) 1 + (i

o

) 20(. 

r o def i nes the width and depends mainly on lp' ~ is a measure for 

t he steepness and depends ma i nly on ne ' The saturation width of 

the tearing mode i s l and is c alculate d in t he usual way 10 ) 11) 

t ermin i ng thereby al so the a mplitud e of the pe rturbation field. 



G VON GIERKE Disruption investigations at IPP 

~hough this procedure is only approximative and one-dimensional, 

the calculations are in good agreement with the experimental re­

sults. It has been reported earlier that an increasing external 

rotational transform to decreases the relative amplitude of the 

2/1 mode. But as the numerical comparison and Fig.8 show, this 

can be explained without assuming a direct stabilizing effect of 

the Stellarator fields . The observed influence is mainly due to 

the changed current density profile in the neighbourhood of the 

q=2 surface on the 2/1 mode. 

In W VII A the density limit due to disruption is a strong func­

tion of t as shCMIl. in _FIG.9. At low t it is fixed by the Murakami-o . 0 

limit well established for ohmically heated tokamaks . The mode be-

haviour is described by the already mentioned Fig.4. Though the 

numerous observations can not easily be brought into one picture, 

the 2/1 mode and its dependence on to and ne as described earlier 

could be made responsible for the disruptions. In the higher re­

gime only the 3/2 mode with small amplitude isf observed-. Whether 

this mode, stationary 2/1 islands or some other not well identi­

_fied and rapidly growing modes are responsible for the disruption 

is still unclear. 

It can be shown that the Stellarator field has a stabilizing ef­

fect on the equili~rium position of the current column. Due to 

the large aspect ratio already a very small rotational transform 

(t -- 0.003 ... 0.004 ) has in W VII A the same positioning effect o . 
as the usual inhomogeneous vertical field in a tokamak. At norma l 

operating values the discharge is ther~fore much better stabilized 

against perturbations of the temperature profile or loss of inter­

nal inductance or B 1 than a tokamak. Therefore it is quite plau-
po 

sible that changes in these parameters in a tokamak may cause a 

complete loss of the equilibr ium and consequently of the current, 

whereas in the Stellarator only a soft disruption occurs after 

which the discharge recovers and the original values may be ob­

tained if sufficient energy resources are made available. Such 

minor disruptions are freque ntly observed . It therefore seems 

possible that also in a tokamak the difference between soft and 

hard disruptions is only quantitatively and depends on whether 

the equilibrium is completely lost or can be reestablished. 
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In Pulsator various conditions have been identified which lead 

to a current disruption 12) '. 'Here practically in all cases 

a growing 2/1 mode is preceeding the disruption. But a detailed 

analysis shows that the different cases have quite different 

reproducible features which can be classified according to 

growth rate, frequency, change in frequency, poloidal symmetry 

and radial extent . The final evolution of the gross instability 

is very similar in all cases observed, it will however, be quite 

difficult to identify and classify the upcoming instability in 

time in order to find the proper remedy. 

The question arises whether one Single feedback system would be 

sufficient to stabilize the different disruptions . An attempt was­

made to change the current density profile with superimposed a.c. 

currents (\"Ii th 100 to 2000 Hz) 1 3) 1 4). Though the calculations 

show an effective heating of the edges and drastically changed 

profiles no s uch effects could be observed. It is surprising that 

the medium-sized current oszillation «20 %) have no effect on 

discharges as long as they are far from the critical values (q, 

ne ). Large amplitudes up to 80 % show growing m=2 modes and lead 

to disruptions. The already mentioned tearing mode calculations 

show that with small amplitudes the 6' varies sinusoidally around 

the d.c.value but that with large amplitudes the average over an 

a.c.period is inc reas ed strongly above the d.c.value . The calcula­

tion shows also that the large a. c. modulation alters the distance 

between the 2/1 and 3/2 islands. It was therefore tried to in­

fluence the stability behaviour by sawtooth modulation with dif-

ferent sign, Though qualitatively the observed 2/1 mode showed 

the expected differences in the two different cases, the expected 

improvement of the gross stability could not be obtained. 

The disruptions mentioned so far can all be at least qualitative ly 

understood by the tearing mode theory with usually 2/1 mode as the 

initiating effect. But the surprising sharp high density limit 

~= 1 . 15 . 1020 m- 3 ) in Pulsator is difficult tu explain. The 
e 

B 1 values at the density limit varied for different discharge po 
parameters in such a way that B 1/ =const.=O . 36 was found with po qa 
an accuracy better than 10 %. 

Many of the observed features as the increasing and saturating 

2/1 mode, the starting of the disruption after the sawtooth has 

... 
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broadened the profile, corresponds with the tearing mode picture. 

However, the sharp limit is asking for an explanation 15). It 

has been reported already at Innsbruck that with increasing apel 

the compression of the magnetic surfaces at the outside of the 

torus produces a deformation of the magnetic islands which sup­

ports the ergodization of the field lines. This effect can be 

simulated with the help of the m = 2/n = 1 helical windings on 

the Pulsator. Fig. 10 shows the calculated magnetic surfaces at 

different a pol ' which shows the sudden ergodization between 

1.5 < a pol <1. 6. Preliminary experiments 16) confirm these findings 

with the helical fields disruptions are triggered at various 

densities. The critical helical current decreases with increas­

ing density. The absolute values coincide fairly well with the 

calculated ones. It therefore seems plausible that also for the 

high density limit a sudden ergodization due to the increasing 

a 1 is responsible. Also the observed increasing runaway losses 
po 

before the disruption can easily be explained by an increased 

ergodization. 

Finally I would like to show a new diagnostic tool which is ex­

tremely useful for the investigation of fast events like dis­

ruptions 17). The University of Stuttgart developed a Ruby-Laser 

Amplifier System which delivers about 25 equidistant pulses of 
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Wti peak power during one flash la:np discharge. Fig. 11 and 12 shm~ the 

first application on Pulsator during a disruption where the nor­

mally used ruby laser was replaced by such a spiking laser. 

Conclusion: Though therewas much progress made in the understand­

ing of the disruption phenomena during the last years we are far 

from the goal . Nearly every parameter which we would like to im­

prove (q, energy content, E, confinement) seems to bear danger 

for the stability of the discharge. Only little experience is 

available on non-circular cross-section which allow larger plas-

ma currents to be used at given q~ but where the tendency to-

wards the mode coupling should increase and thus the ergodization 

may become worse. No reliable method for accurate profile shaping 

has been proven yet experimentally. No reliable stabilization or 

feedback scheme has been demonstrated. One hope, though very little, 

is that stability will improve in the collisionless regime we are 

approaching now. However, the larger machines which will confine 
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such plasmas will have difficulties to investigate disruptions 

thoroughly , because due to the large energy content: only oc­

casional disruptions can be tolerated. Therefore we have to make 

use of the present-day machines as much as possible to perform 

experiments for the investigation and the control of the disrup­

tion. 
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Figure Captions 

FIG. 1 

FIG. 2 

FIG. 3 

FIG. 4 

FIG. 5 

FIG. 6 

FIG. 7 

FIG. 8 

FIG. 9 

FIG. 10 

FIG. 11 

FIG. 12 

Two nearly identical shots of Pulsator showing the 
sharp increase of the X-ray signal after the saw­
teeth oszillation has stopped (a) 

Numerically calculated "fictive" islands with vs 
time. Note the sharp non-linear increase of W32 

Calculated magnetic surfaces at different times. The 
fast ergodization takes place if the 2/1 and 3/2 is­
lands are overlapping 

Mode behaviour (amplitude, frequency) in W VII A vs 
plasma current resp. q . In the upper picture the 
density and confinemen~ time dependence is shown. 

The same as FIG. 4 vs density 

Current profile in W VII A at different densities. 
The radius , of the q=2 surface is nearly independent 
of density 

Comparison of a rough tearing mode calculation with ex­
periment (W VII A) 

W VII A discharges with similar ne(r} and j (r) but 
different to 

Disruption limit in W VII A 

Calculated magnetic surfaces for Pulsator with super­
imposed helical 2/1 field with different BpOl 

Measured signals of the spiking Ruby-Laser system 
during a disruption in Pulsator 

Evaluation of the spiking Ruby-Laser signals during 
a disruption 
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By 
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The scale and rate of the stellarator researc1, is not so high now, 

t hat is wh~ the volume of informa tion, obta ined for the last yeal', is not 

so large.However,du!'ing this :year there was continued workiIig out of 

the data obtained, finding out the role of the stellarator programme in 

creating a future reactor, and picking out the most important problems 

requiring urgent solution. We must note that the stellarator programme can­

not be treated in isolation from tokamak research. We must direct our at-

t ention not on comparing which of the systems is the best one but on an 

understanding of the deep similarity of plasma containment physics in 

bot h s;j1sterns.But the difference between these systems yields muc]) ir,f or. 

ma t i on about the physics of plasma containment in toroidal systems as 

Vlell as about the development of various types of tokamaks ,stellarat ors 

and their hybrids. It is not reasonable to neglect the large and valu-

ab l e information obtained on tokamaks ln stellarator research, and in 

the tokamak pr ogramme some important results obtained on stellarators 

must be taken into account.First of all,we must note the possibility to 

overcome the disruption instability, the problems of the initial stage 

of a discharge, a magnetic limiter, and divertors. We are going to discuss 

these questions below. 

In the introduction we would like to treat some general questions. 

The stellarator programme may have different purposes. The most ambitious 

one is the creation of a thermonuclear reactor on the basis of a stel­

l arator.But due to the similarity of the physics of tokamaks and stella 

ratllrs,which we have centioned above, there are possible some other 

programmes, which are less ambitious. On the one hand, we may study 

how to improve tokamaks and divertors by using helical windings and 

on the other hand, we may use stellarators to understand deeply the 

physics of toroida l containment. Our opinion is that all these three 
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directions should exist . But we must carefully define our problems 

in projecting and research on the devices in order not to draw 

groundless conclusions . When we are concerned with tokamaks, the 

system is well defined in practice. Some improvements of tokamaks 

don't change the system itself; when you construct a tokamak you 

may be sure of satisfactory results. 

The term "stellarator" covers numerous very different devices. 

Sometimes they have new names: heliotron, torsatron etc. It is 

important to realise that among them there are bad as well as good 

systems . If you are going to construct stellarators with regard only 

to the main parameters: major and minor plasma radius, rotational 

transform angle, magnetic field, then there is a high probability of 

obtaining a "bad" system. It is necessary to calculate in advance 

such characteristics as banana and superbanana orbits, the mean 

minimum value for magnetic field, the the limiting current. 

As for the reactor based on a stellarator, there are two problems 

achievement of high Band superbanana diffusion and ion thermal 

conductivity . Our opinion is that it is possible to achieve 

sufficient values of B and thermal conductivity. For this purpose it 

is necessary to have systems with a mean minimum magnetic field and, 

possibly, a three dimensional magnetic axis . Thus the stellarator 

may be used for a futur e reactor, its merits and demerits will mainly 

lie in the solution of technical and engineering problems. 

In the meanwhile, the stellarator programme is not directed towar 

the construction of a reactor, the stellarator-reactor programme is on 

just beginning to develop. The main emphasis of the operating devices 

are directed on the studying of the physics of toroidal plasma 

containment. A large volume of information has been obtained on the 

physi cs of current carrying plasma containment in a modern stellarator 

Of course, a large amount of important data was obtained from the 
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stellarators of the previous generation. we must mention the 

work on the currentless plasma production by ion cyclotron heating 

on the Uragan I in 1973 15. The main conclusion of this work 

is that the ion loss channel in a current less stellarator is classi-

cal. But now we are going to discuss the transition to the modern 

plasma parameters in the temperature range of 1 k eV and densities 

14 -3 up to 10 cm . Unfortunat e ly , only the first steps have been 

done in this direction on the Cleo and the w-vii A. In the near 

future we expect new results from the L-2, Urugan 2, and later 

from the Urugan -Ill devices. But in the meantime we are forced 

to turn our attention to the ohmically h eated plasma. We may study 

the nature of the energy losses o~er electron and ion channels, 

the problem of the disruptive instability, magnetic limiter, and 

the nature of plasma losses in a stellarator. The main data 

are obtained for the plato regime but there are also some data 

on the bananan regime and stabilisation of the banana diffusion 

in IVint-20". 

The present report has 

rial presented at Innsbruck 

been based pr~ncipally on the mate-
10,11,16 , 5,6,7 , Zvenigorod 

on papers presented at this conference 

ings at Zdikov 13 and Inssbruck 14 and 

publications 1-4, 8, 9, 12, 15, 27, 28 

17-26 , on working meet-

on several earlier 

• In the preparation 

of this report very useful discussions were held with practically 

ij, everyone working in the stellarator programme ,and with their 

associates and rivals. Especially valuable were the discussions 

with H.G . Wobig, G. Grieger, G. Runner, S. Shohet, D. Lees, I.S. 

Spigel, I.M . Kovrizhnykh, I.S. Danilkin, S.E. Grebenshzh ikov, 
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- 4 

O.I.Fedyanin, V.D.Shafranov, V.T.Tolok, V.Aosuprunenko. 

There are 13 st e llarators operating in the work: five in 

the USSR, two in West Germany, one in France, one in England, 

two in Japan, and one in the USA. We know of another four large 

proj ected stellarators. 

Table one gives the parameters of three largest stellarators 

Table of stella~tors 

1. Maj or radius 

2. Minor radius of vessel 

3. Mean plasma radius 

4. Rotational transform on the 

axis 

5. Rotational transform ~t the 

edge 

6. shear 

7. Toroidal field 

8. poloidal (vacuum) field 

9. Equivalent current 

10.Discharge current 

11.0hmic-heating power 

12.Flux 

13.Meanplasma densi ty 

14.Energy lifetime 

15. Limi ter radi:Us 

16.Electron temperature 

17.lon temperature 

Rem 

r cm 

a cm 

t (0') ' 

tea) 

e 
B 

B 
P 

leq 

I 

r . 
l 

Te ev 

Ti ,eV 

Cleo 

_90 

14 

10 

o 

0 . 42 

20 

46-:-66 

8-25 

60 

0. 8 

0.3-6 

10 

13 

L-2 

100 

17.5 

11.5 

0.28 

0.78 

0.42 

20 

1.6 

55:-92 

12-:-20 

25-30 

0.2 

0.5-3.5 

12 

absent 

W-VlIA 

200 

17 

9 

0.23 

0.23 

o 

35 

0.35 

.8-:-16 

13-35 

350 

2.2 

1-10 

12 

13.5 

100-1000 200-600 200-700 

80- 300 90-150 100-300 

-
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§ 1. Magnetic field structure 

One of the most important characteristics of the stellarator 

in comparison with the tokamak is the possibility to vary widely 

the magnetic field structure. Figure I shows the rotational 

transform of magnetic lines of force in vacuum versus radius for 

the four largest stellarators, operating now: Wendelstein VIIA (West 

Germany), Cleo (England), L-2 (USSR) and. Heliotron-D (Japan). The 

field structure of the Wendelste in VIIA is practically without shear, 

and cleo, L-2 and Heliotron-D have rather large shear. 

In Cleo, the rotational transform at the centre is zero, in 

\V-IIIA and L-2 -t(Q)~0.2, in Heliotron-D 1:(0) = 0.5. The difference 

between the values of t(a)at the edge is especially strong: 

lc!).)= 0.23 for w-vii A, 0.6-0.8 for Cleo and L-2, and {{<l.) = 1.5 

fOl' Heliotron-D. 

All these differences in the vacuum magnetic fi e ld structure 

will play an important role in the experiments with current l ess 

plas·mas. But at present , these experiments have only just 

begun. In the meantime, the main data on plasma containment in 

stellara tors was obtained in the ohmic heating regime. 

In this case, a pol~idal current field being added to a poloi­

dal stellarator field change substantially the field structure. In 

order, to characterize a field in the current regime it is conVe­

nient to introduce the rotational transform angle S:- ~ est + (p 

and the reciprocal to it value of the effective safety factor: 

~ = ~ 
As in the W-VIIA stellarator t<;t = Const, the -CE(Il:) profile and, 

respectively, }C"i) remain qualitatively the same ones as in toka­

maks 28 
• 
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The region with CV= 1 is at the centre and the point 'Y = 2 

(t. = 0.5) is at the edge or is absent. (Fig.2). 
~ 

The stellarators with a large shear, where {st vary strongly 

with "L , may have very different magnetic field structure. It 

depends strongly on the radial current distribution and on the 

value of relative contribution of the current rotational angle 

tp , which is proportional to Ye Fig. 3 show 8 set of 

strongly differing current distributions. Figs 4,5 show the 

dependence for these current distributions in ~he Oleo and L-2 

stellarators for different values of the parameter ~~ • One 

may see that the field structure differs qualitatively from that 

one in.tokamak •. At low currents ~ = 2 is reached within the 

plasma column, but q/ decreases closer to the edge of the plas­

ma. With increasing the current, the dependence becomes complica-

ted and nonmonotonic . Depending on the current distribution ~ = 1 

may be reached close to the centre of t he plasma column, at the 

edge of the plasma or in both these points simultaneously. 

§ 2. Electron thermal conductivity 

In stellarators e lectron thermal conductivity rema ins 

anomalous as in tokamaks i . e. it exceeds neoclassical value. 

q- 5,6,7 A study of the dependence of vE on the current 

showed that it depends strongly on the drift parameter 

U J f- e "V 

I - -V;e ne0Te 
curent density (Fig.6). 

(r) 

where J is the 

Fig.6 show that with increasing the current, thermal isola­

tion in a plasma of the stellarator becomes worse after some 

critical value. However, the dependence on the drift parameter is 

-
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not important for tokamaks as the value: 

f = S,' 3 I f~--:,....:J3:....Jj(~<r:....--__ _ 
III e /"0 I V ,-=r=- Cl . 

/'/

1 V le l<ev V 

is low enough for the plasma of a reactor. 

If we assume the linear dependence 

(2) 

from an electron energy balance and neglect radiational losses 

and ion heating then we ob~ain the following formula for the 

maximum eleotron temperature: 

Te ~ ... x == COI'1-':>"f:. ~) 2 4 Cf.,J} ... -j) (4) 

This formula has been derived by G.E.Guest et al 27 for tokamaks 

assuming 1V~ ~ 4. It is supposed that current density at the 

centre is limited by the oondition: ~ =.1-
j 5"8 (5) 

~<>.x - 7f 1< 

In the case of a stellarator with the rotational transform at 

the centre not equal to zero {(a) = to 

j~){ = ;~ (i - fa) (6) 

and for Te W\tt)l we obtain 

Te~et)! = COM{VQS3elf(i-lo) (,7) 

This dependence was verified according to the data of the 

Wendelstein VII A stellarator 28 (Fig.7). There is also shown 

the point which is tipioal for the L-2 stellarator regime. 

However, from satisfying this scaling law as well as any other 

scaling law for f..e it does not follows that radial depen­

denc e is: feet) = ~-')t· )('l.)-:rr;;) 
~l.. Yle('t:) TeCz) 
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As in the case when ohmic heating makes the main contribu-

tion to plasma confinement and heating (this case takes place 

in the Wendelstein VII A experiments), the scaling law may be 

determined with an accuracy up to the arbitrary function of 

the combination of the following parameters: plasma current, 

density, temperature etc. That was studied in details in report 

of Dr.Mukhovatov at the Zvenigorod Conference 16 • 

In order to "separate the variables" in the scaling law 

it would be very valuable to make corresponding measurements for 

the Cl eo and the 1-2 stellarators where the current makes contri-

bution only in the plasma heating and the confinement is mainly 

due to a poloidal field of a stellarator. 

The dependence, Xe(t) calculated from the exper imentally measured 

electron temperature profiles, has a complicated nonmonotonous 

nature . Figures 8 and 9 show Te profiles for the Wendelstein VII A 

and 1-2 stellarators. In the case W-VIIA the data are obtained 

by means of laser scattering, for the 1-2 there also used 

the data of Te measur ements over soft X-ray radiation and spectro-

«copy. 

The particularity of the Te profiles is that they are flat 

at the centre. The calculation of ~(tj assuming iZ-3f = Const 

and allowing for the trapped particle contribution in the 

decrease of conductivity, show that this flat part corresponds 

to the region, limited by t- = 1. This conclusion is also 

verifi8d by measurements of the sawtoot~ oscillation profile. 

At the edge of the plasma, the electron temperature is 

rather low in the relatively large region. It is,apparently,due 

to the radiational cooling by the radiation of light oxygen and 

carbon impurities. 

-
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§ 3. Ion thermal conductivity 

The measured values of the ion temperature for stellara-

2,3,4 are lower than those predicted by the Artsimovich 

formula according to neoclassical theory if ~p is the sum 

of the plasma current and the "effective" current producing a 

pol oidal field identical to a stellarator one. 

Il == s:~~1 ("Jr B 1\ Vl, //3 j Jp = "J -+- 'Jet-- (Fig.1 0) 

With increasing ion temperature the relative deviation of -rz 
from the Artsimovich formula decreases (see Fig.11) • 

So far we refer to th e ion temperature of a hydrogen plasma . 

The data W-VIIA show that in th e case of h e lium the T. values 
1 

lie above the Artsimovich temperature curve.However, it is well 

known that the Artsimovich formula does not give the correct 

dependence of lrL on A also in the case of tokamaks. 

Excess heat losses of ions at the low ion temperature in 

stellarators may be associated with the flat temperature and 

density profiles which are natural for stellarators. It is possible 

that the excess heat transport is due to the large temperature 

gradients and is not associated with the large thermal conduc­

t ivity. An attempt to recalculate the ion heat transport, taking 

i nto account the actual temperature distributions, was made by Dr 

Wobig for th e We nde lste in VIIA (see Fig.12). 

IC51N'cl really goes 

We may s ee that with 

i ncreasing 1i the ratio to 1. 

In 1973 it was shown on the "Uragan" stellarator 15 that 

currentless plasma with hot ions ( lri = 500 ev, ~"'50 ev, 

in a 

when ion losses dominate, the ion thermal conductivity is close 

to the neoclassical one. 

) 
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-------------------------------------------------------------------------~ 

§ 4. sawtooth oscillations 

sawtooth osoillations of the soft X-ray radiation intensity 
18 were observed in the W-VII A and L-2 stellarators • 

Fig. 13 show typioal osoillations in L-2. The points, where the 

phase ohange its sign lie 4.5 cm upper and 3 cm lower the axis . 

The cause of this asymmetry is unclear. In the W-VII A stellara-

tor the oscillation distributions were taken off along the 

horiaontal axis. The phase-change point lie in the distance of 

6.5 cm from the axis. With the increasing ourrent the phase 

change point mOves closer to the edge of the plasma (see Figs 

14 and 15) • 

The phase-change point in \'I-VII A corresponds to the ?r ,= 1, 

calculated on the assumption that ~el ,= Conet from the ex­

perimentally measured current distributions (Fig. 15). 

In the case of the L-2 stellarator the situation is more 

oomplioate. The experimentally measured eleotron temperature 

profile's rather flat (see Fig.9). But the displacement of the 

phase-ohange point towards the plasma edge with the current inc­

reasing (see Fig.14) show that the ourrent distribution is 

peaked. But if we take into aocount the deorease in thermal 

conductivity due to the trapped eleotrons, than the current pro­

iil will be really peaked. In this case, the (~(~)dependence 
is not monotoneous (see 'Fig.16). The f}:::i point 

is almost in the required place and moves toward the edge with 

the increase in ourrent. 

But we must take into aocount that this calculation was 

made on the assumption of r€/ = C onst and We don't know 

the real distribution of CefC"t). 
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§ 5. Increase in plasma density 

In the Cleo, W-VIIA and L-2 stellarators the study of the 

increase in density by gas puffing during the discharge, was 

carried out (5, 6, 17) Figure 20 shows plasma density versus 

time at the pulse gas puffing during the discharge. We may see 

that the density increases almost linearly with time. The maximum 

density which may be achieved is limited by the discharge dura-

tion. The rate of the density growth is 15 -1 
~ 10 seo • 

An almOst identical rate is usual for the other stellarators. 

I t exceeds the rate of the density growth for tokamaks at the same 

conditions (i.e. heating power and wall cleaning). 

In tokamaks the maximum rate of the density growth is limited 

by the disruptive instability . The stability region is limited 

by the current density at q = 1 and by the q value at the 

edge of the plasma. 

Fig. 17 shows the discharge stability region during the 

pulse gas puffing in the W-VIIA, Cleo and L-2 stellarators. In 

stellarators, the current density at the centre at q = 1 is 

proportional to 

-} (i-to) 
At the small rotational transform angles {sf 0.14 the stability 

region corresponds to this one in tokamaks .And at the 'edge 

of this region the disruption instabilities are observed. 

When the rotation transform angle increases, -t.> 0.14 , the 
st 

disruption instabilities are not observed. In addition to 

that the stable regime, far over the stable region of tokamaks, 

may be obtained. 
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In this case, the maximum rate of the density growth, is 

limited Qy the available heating power. In the L-2 and Cleo the 

systematic study of the stab ility region was not conducted. 

In Fi g. 17 t here are shown the points which corresponds to the 

stable regimes with the maximum density. 

With the density growth, the electron temperature decreases 

and the ion temperature practically does not change (Figs 18, 19). 

At the same time the energy containment of plasma increases 

and ohmic heating power almost does not increase (Fig. 20,21). 

The radiational losses notably increase especially at the 

periphery. Careful investigations of the energy lifetime de­

pendence on the density were carried out on the W-iIIA stella-

rator (see Fig.22). At first increases with Vl e .But 

when the rate of gas puffing is high , in order to obtain high 

density , a series of phenomena aris~, which lead to the decrease 

in Te · 
The power of impurity radiation from the edge of the plasma 

increases sharply. As a result, the current channel becomes 

narrow due to the cooling at the edge. The region with high 

thermal conductivity limited by the surface with ~ = 1 

increases, and the region between ~ = 1 and the edge of the 

plasma where there are sharp gradients ~ 

narrow. As a result, the heating losses grow and 

becomes more 
r.-LE decreases. 

In the case of ohmic heating, the maximum availabl e density 

increases with current (s ee Fig. 22). 

At present with the avai labl e power heating it might b e 

14 -3 obtained with the plasma density up to 10 cm in t he W-VIIA, 

-
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3.1013cm-3, Cleo and 2.5.1013cm-3 in the L-2. 

The problem of increasing the plasma density is one of the 

most important problems in the stellarator programme. We expect 

that the progress in this direction may be achieved by using 

auxiliary heating methods. 

§ 6. Collisionless region 

As a thermonuclear reactor will operate at low collision 

frequencies then it is very important to study plasma behaviour 

in this condition. Unfortunately the present plasma parameters 

are not high enough to reach this region. For the majority of 

devices, the collision parameter corresponds to the plateau of t h e 

neoclassical curve. 

Under these conditions, the experimental data may be 

obtained only from the model experiments with low temperature 

plasma, when the required collision frequency is achieved due to 

the low density. 

Though it is not so easy to apply the results of suoh model 

experiments to the plasma with high density and temperature,but 

some results obtained in such experiments are very interesting. 

In the "Vint-20" torsatron it became possible to go for into 

the banana region with collision parameter up to 3.0-50, by 

decreasing the plasma density up to r1 e "-109cm-3• 

At the same time the measurements of plasma lifetime showed 

that the transport coefficient exceeds neoclassical values and 

grows while going for into the banana region. 

When the high frequency field is applied it becomes 

possible to decrease the transpo r t rate in some times. Apparent l y, 
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this phenomenon is due to the transform of a large number of the 

trapped plrticles into the free ones by us.ing high frequency 

field. 

If it will be possible to apply this method of decreasing 

the trapped particles contribution into the transport coeffi­

cient, on the devices with high plasma parametersJthan it would 

be of great importance for the construction of the reactor on 

the base of a stellarator and for the stellarator programme in 

general. 

% 7. Nonohmic heating methods 

The main contribution in information on plasma containment 

in stellarators is made by ohmic heating method. But this method 

(in contrast to that one in tokamaks) cannot be treated as the 

"natural" one. An use of this method in stellarators is forced 

and it may be treated as an artifitial one. The question of 

using a stellarator as the basis for a thermonuclear reactor 

depends on the results of a study of· the currentless regime.In 

the last few years some progress for applying non ohmic heating 

methods in stellarators has been achieved: the experiments on 

plasma heating by neutral beam were started on the Cleo and 

W- VIIA stellarators, the research on HF-plasma heating are 

conducted in the Saturn and Vega stellarators. 

In Cleo, in the first exper ime nt on plasma heating by ne utral 

b eam with the energy of 24 keY, th e power of 8 kW was contributed 

to a plasma . It s va lue was rather low in compar ison with the 

ohmic heating power (60 kw) though the power contributed to ions 

(4 kw) was an essential part of the power coming from electrons 

to ions (15 kw). There was observed the increase in the ion 

-
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temperatll'I'e A1i '" 30 ev :that is just 25% of Tt .This result is 

very important as it shows that there is no increase in the 

he at loss es due to ions during plas ma heating by neutral beam. 

Certainly, in the near futll'I'e the most important problem for 

these experiments will be the increase in neutral beam power, 

than the beam would make the main contribution in the heating 

power. 

In the Cleo there ·were also conducted first experiments on 

laser injection into plasma. 19 solid deuterium pellet 0.3 mm 

in diameter and 0.5 mm in length falled freely in the gravita­

tional field and at the moment when the pellet crossed the centre, 

the vacuum chamber was shooted by a powerful impuls of the CO2 
laser. The laser produced an energy of 1500 j at pulse duration 

of 200 nsec • 

In these first experiments there were obtained the plasma 
12 - 3 de nsity of 5 . 10 cm the i o n tempe rature of 500 e V (during the 

filling) th e e lectron t empe rature of 1 e V. Plasma d e nsity and 

temperature 

of neutrals 

decreased fast ( <"Lp""" 2 ""'sec) .A large amount 
11 

was observed (V\o ...... 10t~l). 

The r esults of th e first e xp e rime nts are to a large exte nt 

untlear and contradicto r y . The exp e riments must be continue d. 

At present our emphasis are directed on studying the new 

heating methods in stellarators but there is another problem i.e. 

to investigate currentless plasma or plasma which is heated in a 

large extent not by cll'I'rent. In stellarators, such a plasma was 

produced i n small size devices up to 1973 and now we expect the 

new stage in this problem. 
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§ 8. Magnetic limiter 

The magnetic field structure of stellarators out of the 

last closed magnetic surface is similar to the field structure 

of a divertor. The field lines near the angles of a separatrix 

goes far from the magnetic surface around the conductora of 

a helical winding. Therefore in the absence of a material lim1ter 

which is less than the dimentions of the last magnetic surface, 

stellarator may operate with the magnetic limiter.That made it 

possible to operate without the material limiter in the L-2. 

In the Yint 20 stellarators, there were made the measurements 

of the plasma which tlows to the wall in different points around 

the magnetic surface. The results of these measurements show 

that in the points which are located opposite to the angles of a 

separatr1x, the value of plasma flow exceeds essentially the mean 

over the cross section val u e (see Fig.23). A similar pattern 

was observed in the L-2, Uragan-2 and sirius. On a wall of a 

vacuum chamber it might be seen the helical line which was forme d 

by plasma wall interaction in the L-2 stellaratur (Fig.24). 

The surface of the he l ical line with the trace of plasma 

wall interaction in the vacuum chamber of L-2 is 2700 cm2• 

If we suppose that all the energy losses occur only into 

the surface of this helical line the load on the wall is about 

10 wt/cm2. In this case the value of eef and the impurity flux 

appears to be almost as those ones on the other devices (i.e. 
;t 

Cleo, W-YII A) which use the usual material limiters • 

In designing the new stellarators, it would be desirable 

to use the magnetic field structure which is out of the last 

closed magnetic surface in order to construct the divertor. 

-
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For this purpose it is sufficient to remove for a litle distance 

a wall of a vacuum chamber. The Uragan-) would be such type of a 

stellarator with the divertor. 

§ 9. Improoving of Tokamak by the helical winding 

Now it is already well known that the adding of a helical 

field improves essentially plasma containment in a toroidal trap. 

Fig.25 show that the energy lifetime values in stellarators lies 

above the curve which corresponds to the Mirnov sealing law for 

tokamaks. 
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If we take into account the contribution of a poloidal field 

of helical winding b,y the most simple way i.e. by replacing the 

poloidal current field for the total poloidal field than the points 

displace correspondingly towards the tokamak curve. 

Thus we may obtain an approximate estimate of the effect of 

plasma containment improvement due to the addition of a helical 

winding if we take the ratio 
("1St LE-/' 

/'Tr:T 

of the poloidal fields: 
s+ 

==- i +- Bp,­
Bp 

The manifestation of the stabilizing effeot of a helical field may 

be seen from the fact that no copper shell or vertioal field is 

required to maintain the plasma equilibrium. 

In the W-VIIA, there is no necessity in ~ transverse field when 

tS? 0.14. In the L-2 where the minimum value of -tS't-{o)= 0.18 there 

is allways equilibrium in the absenoe of a transverse field. When 

the external transverse field is added the displaoement of the 

current oentre of gravity is observed. The value of this displaoe­

ment has the dependenoe on the transverse field strength (see 

Fig.26). 
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The suppression of the disruption instability is the most 

important result of the introduction of a helical winding. The 

experiments in the W-VIIA stellarator showed that the s uppress ion 

of the disruption instability ocours when the value of an 

additional poloidal field which provides the obtaining of the 

rotational transform angle i s [>0.14. No disruption instability 

is observed in the L-2 and Cleo. The absence of the disruption 

insta bili ty provides more fast density growth and makes it pos­

sible to work with higher densities when the discharge dura­

tion is sufficiently long. 

§ 10. Conclusion 

Last year at the Innsbruck conference the stellaratar session 

was concerned with the problems which require solution in the 

framework of the stellarator programme: 

1) fur t her research on je and :f. i 

2) working in the currentless regime 

3) obtaining high density 

4) find i ng an adequate method of pl asma heating 

5) a study of the operation of the magnetic limiter 

6) study of limi ting (3 

7) study of state regime, fuel li nb, injecting pel l ets 

8) to make large the available · region of *S working with <1-< 1 

9) continuing the search for better ste llarator configurat ions 

force-free configurations, non round cross-section , various 

methods of helical field formation 

1 0 improving t okamaks par ameters by adding a hel i cal field 

11 co lli s i onless regime, superbanana problems 
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, -----------------------------------------------------------------
12) physical problems of stellarator operation as a reactor 

(behaviour of r;( -particles, steady-state burning 

13) developing a conceptual project of a reactor based on the 

stellarator 

As we may see from the information presented here, in some 

points of this programme an essential progress has been achie­

ved and new data were obtained. 

But there are some problems which progress very slowly 

especially in experiments. First of all it is t he question of 

th e finite ~ in stellarators. Plasma parameters in modern 

deVices may pr 'ovide only ft "'" 0.1% due to the a bsenc·'3 of the 

heating methods which are powerful enough. 

j3 - 2% - remains the most important success which has been 

achieved in Helitron D 32 at a very low plasma Tc."'re.",t""t~20 ev. 

I n the near future we expect the progress in the experimental 

study of finite J3 ' if the powerful nonohmic beating methods 

which are preparing now in some deVices, will be used. 

At present, we may expect to cbtain in stellarators 

ft"'10% which is necessary for the reactor.It is possible that 

for this purpose it would be necessary to use the devices with 

three-dimensional magnetic axis and the mean field mi n i mum. I n 

connection with deSigning stellarators of the next generation,the 

problem of finding better configurations plays more important r ole. 
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-------------------------------------------------------------------------~ 

In solving the engineering and technological problems (sfich as: 

formation of strong magnetic fields in large volume, applying 

superconductivity, production of devices operating stationary 

or for a longtime) the stellarators are more far from tokamaks 

than in researoh of the physios of plasma oontainment. 

At the same time the work whioh has been done show that 

the stellarator programme beoame an essential part of the whole 

controlled thermonuclear programme. And its role in the CTF 

programme grows with developing new heating methods in the 

present devices and constructing stellarators of the next 

generation. 
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~ ------------------------------------------
Figure captions 

1. Dependence of the rotational transform 

radius for the four stellarators 

in vacuum on the 

2. Dependence of the rotational transform on the radius for the 

different values of plasma current in "Wendelstein VIIA .' 

stellarator 

3. current density distributions, normalized to unit~ used to 

calculate Figs 4 and 5 

4. Total rotational transform for the current distributions shown 

in Fig.3 for values ~/B = 0.5 and 1.3 in Cleo (solid lines) 

and L-2 (dotted lines) respectively 

5. The same as Fig. 4 but for ~B = 2 

6. Dependence of the energy lifetime on the drift parameter 

f -==- Ut. -u;.e 
7. Maximum electron temperature corresponding to the Guest 

scaling law 

8. Electron temperature and plasma density profile in the Wen­

delstein-VII A stellarator 

9. ~lectron temperature profile in the L-2 stellarator 

10.Comparison between the experimentally measured ion temperature 

values and those calculated from the Artsimovich formula 

11.The same as Fig.10; data fran W VIIA 

12.Dependence of the ion thermal conductivity on the ion 

temperature 

13.sawtooth oscillations in L-2 

14.Dependence of the phase-change point on "/B for L-2 

15.The same as Fig.14; data from W-VII A 

16.Total rotational transform versus radiUII in the regime givElll 

in Fig.11 for L- 2 
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17. Limitations on the plasma density for different currents 

and rotational transform angles of the stellarator.The 

density is normalized to the value ~ (1. -to) whioh is 

proportional to the current density at the centre of the 

column 

18. Electron temperature as a function of the plasma density ;!on 

L-2 with pulsed gas puffing 

19. Electron and ion temperature as a function of plasma density 

in WVIIA 

20. current,plasma density and radiation power versus time in 

L-2 with pulsed gas puffing 

21. Ohmic-heating power and radiation in W VlIA 

22. Energy lifetime in W VlIA versus plasma density 

23. Plasma flux to the wall as a function of the azimuthal angle 

in Vint:-20 

24. Photo of the track on the wall of the vacuum chamber after 

20000 shots in the L-2 stellaratar 

25. Comparison of the experimental lifetimes for tokamaks and 

stellarators • The straight line re~esents the Mirnow 

scaling law. 

26. Dependence of tbedisplacement of the current centre of gra­

vity on the transvers magnetic field components B.l..J and B.l. 
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-

Fig , 3. current density distributions, normalized to unity, used to 

calculate Figs 4 and 5 
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Fig,4. Total rotational transform for the current distributions shown 

in Fig.3 for values '/8 = 0.5 and 1.3 in Cleo (solid lines) 

and L-2 (dotted lines) respectively 
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Fig.8. Electron temperature and plasma density profile in the Vlen­

delstein-VII A stellarator 
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Fig.11.The same as Fig.10; data from W VIIA 
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Fig. 23. Plasma .flux to the wall as a function of the aziml .. thal angle 

in Vint:-20 

Fig. 24. Photo of the track on the wall of the vacuum chamber after 

20000 shots in the L-2 stellarator 
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EXPERIMENTAL RESULTS FROM THE FT TOKAMAK 
.* U.AscoZi - Bar toZi , G. Bardotti , R.Bartiromo , M. Brusati , P.Buratt~ , 

A.De AngeZis , F.De Marco , M. Gasparotto, R.GianneZZa , M.GroZZ i, 

M.Martone , L.Pieroni , G. B . Righetti , M.SamueZ Zi, A.Tanga, V.Zanza 

Associazione EURATOM-CNEN sul la Fusione, Centro di Frascati, 
C.P. 65 - 00044 Frascati, Rome, Italy 

INTRODUCTION 
The Frascati To kamak ( FT) is a high field machine wit h main 

parameters re s ulting from a compromise between large current den ­
sities and relatively large size . They are major radius R = 83 cm , 

liner minor radius b = 23 cm, maximum toroidal field BT = 100 kG, 
BT f l at top duration 1 sec. All the windings and the copper shell 

are cooled at liquid nitrogen temperature. 
The machine has been operating at cryogenic temperature 

since April 197 8 with toroidal field up to 80 kG and plasma cur­

rent s up to 600 kA. The working gas was hydrogen and the limiter 
(molybdenum) had a radius of 18 . 5 cm. The first results have 

been reported elsewhere (Ref.l). 
Two major modifications have since bee n made on FT: 

a) the mo l ybdenum lim iter has been replaced with a stainless 
steel limiter of the same radius in order to reduce to a min­
imu~ the radiation los ses although radiation was not an i mpor­
tant loss for the plasma core . 

b) The inversion of the transformer generator. In FT an air core 
transformer i s used; voltage i s applied by discharging the 

primary magnetic energy into a resistor . Other resistors can 
be inserted at severa l programmed times. In this way only a 
voltage decreasing in time is produced and the plasma does 
not have an e xtended plateau. A system has been implemented 
which reconnects the generator to the transformer with invert­
ed polarity and thus app lie s a constant voltage of about 1. 5 

V to the plasma for about 1 sec. 
Using this system it has been possible to produce very long 

discharges routinely (Fig . l) operating at fields up to 80 kG. 
The pre se ntly available voltage has limit ed the possibility of 
producing such a very flat current plateau to relatively low cur ­
rents (I ~ 300 kA) and density (~ _ l xl0 14 cm- 3 ) . At higherdensi­

'tie s very l ong duration discharge s are again produced but the 

* On Zeave from ScuoZa NormaZe Superiore, Pisa , ItaZy 
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current has a slow decay. 
When the applied voltage terminate s, th e current decays with 

its L/R period . We have never tried to control the end of the 
current; therefore two different case s occur: either the plasmacur­

rent reache s the zero value without any disruption, or after a 
l ong decay it can terminate abruptly wi th a smal l di sr uption 

(Fig.2) . 
The ma xi mum va l ue of the peak density attained up to now is 

n = 4.5 x 1014 cm- 3 with a confinement time of 33 ms (see the Te 
and n profiles in Fig .3 ) giving a value of nT E of 1.5 x 1013 

-3 e 
cm sec. 

In section I we report the working procedures to obtain a 
g ood discharge in FT and the genera l plasma characteristics; in 

section 11 we describe a typica l hi gh density discharge i n de­
ta i l; i n section III we discuss pl asma confinement. Most of the 
work here referred has been done in D2 . 

I . GAS INFLUX, VERTICAL FIELD PROGRAMMING AND GENERAL PLASMA 
CHARACTERISTICS 

Gas is injected through a piezoelectric f as t valve. The gas 
pul se consists of a seq uence of e l ementary pu l ses, whose freque n­
cy ca n be varied at different presettab l e time s. In this way a 
highl y f l exib l e gas puff i ng i s obtained. 

In order to produce the current shapes shown in Figs 1 ,2 

and a discharge without disruptions and with good pl asma char­
acter i stics, i t is necessary to have an accurate adjustement of 
1) the center i ng of the pl a sma co l umn ; 2) the initial current 
and densit y rise. 

1) We have ver ifi ed tllat the ce nte r i ng of the plasma 
column is benef i cial to the energy confinement. Previousl y 
the d i scharge was s l ight l y d i sp l aced outward , since the ver­

tical fie l d was mainly generated by the copper she l l. By con­
tro l ling the pos i tion with a careful programming of gas puff­
in g and of the vert i cal field, for given current and average 
density the energy confinement time has increased by about 

50 %. 
In Figure 4 the electron energy confinement time versus 
<ne T e >/ lis s hown . The dots refer to di sc harges before the 

im proved positioning of the co l umn a nd the circ le s t he pres­
ent discharges. 

--
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In Figure 4 all the discharges with the better confinement 
are in D2 , whi 1 e the ones wi th the worst confinement are in H2; but 

we have checked that the improvement does not depend on the 

nature of the gas. The ma ximum energy confinemeht time obtain­

ed so far is 40 ms. 
The diffusion time of the copper shel l i s about 1. 5 sec at 
LN temperature; due to the four gaps in the shell the verti­
cal field required for equilibrium is to a larg e extent pro­
duced by external coils whose current must be empirically ad­

ju sted in relation to the gas puffing. 
2) Linear rise of the current to levels of 80- 140 kA in 10-12 ms 

followed by a slower rise i s essentia l (Fig.5). The filling 
pressure must not be too small in order to avoid run-away e­
lectrons and not too high otherwise it ca n influence either 
the risetime of the current or the level it reaches after 
10-12 ms inducing strong MHD activity that prevents the dis­

charge to develop in a smooth way. If these conditions are 
met the discharge attains its peak current without any dis­

ruptiv e instabilitie s nor any detectable MHD activity. 

Zeff as measured by resistivity and by soft x-rays radia­
tion is close to unity at all densities. To obtain this result 
a Ta y lor type discharge cleaning is performed for so me hour s 
every day after heating the vacuum vessel to room temperature; 
the cleaning discharges are made with a repetition rate of 1 Hz, 

a current of 3 kA and a duration of 10 ms. 
The H behaviour at the gas inlet port follows the gas in-

Cl 

flux and during the first 150 ms the measured ionization rate 
correspond s closely to t he rate of increase of the total number 
of electrons. At given machine parameters after a maximum value 
of den sity is reached, if we try to force more neutral gas in we 
have no disruptions. The only observed effect i s that the density 

doe s not increa se (Fig.6). In order to reach higher densities it 
is necessary to increase the plasma current. 

The inten sity of the vacu um UV lines of oxygen presents 
three distinct phases: a) the ionization peak; b) a low intensi­
ty plateau; c) a sharp increase of the emission when the mean e­
lectron density attains a value of about 10 14 cm- 3 . Even the H 

Cl 

(at a port different from the gas inlet port) presents a s imilar 
phenomenon with strong gas puffing. 

The ionization peak gives an oxygen concentration of 
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1-3 x lOll cm- 3 , while at the low intensity plateau the total 

power radiated by oxygen is about 80 kW which is sma ll compared 

with ohmic input power (about 700 kW). 
The subsequent emission enhancement is not associated wi th 

an increase of Zeff nor with an increase of the soft X rays emis­
sion from the plasma core. The tota l radiated power becomes an 

important fraction of the ohmic power. 
On the soft X ray spectra, line s of heavy i mpur i t i es (Fe, 

Mn, Cr) are observed (Fig .7) . The corresponding concentration i s 
estimated to be relatively low. For example, the iron concentra­
t i on is found to be about 10 10 cm- 3 . The radiation losses from 

the plasma centre appear relat i vely weak (_ .2 W/cm 3 compared 
with an average ohmic power density of 1.5 W/cm 3) . It turns out 

that the FT discharge is transport dominated except at the outer 
l ayers after the emission enhancement. 

At high density the ion temperature is close to the electron 

temperature . We have verified this by analys i ng fast neutra l s and 
ne utrons measurements. 

11. TIME EVOLUTION OF A TYPICAL HIGH DENSITY DISCHARGE 

In th i s sect i on we di scuss the results obtained in a typical 
hi gh de ns i ty 

-3 cm ). 

- 14 FT disc harge (B T = 60 kG, Ip _ 300 kA, n _ 2 x 10 

In Figure 8 the time behav i our of some plasma parameters are 
reported. 

The electron temperature shows a marked skin effect which 
d i sappears at 80 ms; Figure 9 shows the Te profi l es during the 
f i rst 100 ms. 

There seems to be evidence of a major readju ste ment of the 

discharge occurring between 250 ms and 500 ms; actually severa l 
phenomena take place in this time interval: a) a dip in the en­

velope of the radiol profiles of e l ectron temperature (F i g.8d); 
b) the rat i o TEeIl/ 3/ <n> which is general l y constant in FT (see 

sect.III), decreases slightly; c) there is the maximum of the 
emiss i on of the 0 li nes; d) the end of overthermal feature s in 
the soft X-ray and electron cyclotron em issi on (see below). 

Up to 400 ms the emission in the soft X-rays and in the e­
l ectron cyclotron harmonics i s strongly non th erma l. The X-ray 

spectrum is highly distorted and a st rong emission of the Ka 
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lines of Cr, Mn, and Fe is present (Fig.10). These lines,whose 

excitation energy ( - 6 keV) is much above the thermal energy, are 

effectively excited by overthermal electrons. The level of the 

emission at 2 wce is quite enhanced respect to the thermal 
values. These effects are discussed in detail in another paper in 
this Conference. (Bartiromo et al. Paper B2 . 5). 

In Figure Sc the time evolution of peak ion temperature as 

measured by neutrons is shown. In Figure 11 the ionic temperature 
in the centra l region is reported at 300 ms as measured by passive 
fast neutrals. As expected electron and ion temperatures are 

very close. Actually in the first phase of the discharge neutrons 
give a higher temperature probably due to non thermal effects . 

The emission of the 1032 A line of OVI and the 630 A line 

of DV along different plasma chords ha s been measured shot by 
shot with a scanning UV monochromator. The results have been 
Ab e 1 i n v e r t e d. 0 u rap par a tu s doe s not a 11 0 w to c h e c k the p r,e se n,ce 
of up and down asymmetry but we have computed that the ion toroi­

dal vertical drift is negligible in our case (Ref.2). During the 
low intensity plateau the density of the above mentioned two ions 
peaks in the extreme periph ery . During the emission enhancement 
and up to 400 ms ,at present there are not enough data for inter ­
pretation. Later on the OV and OVI densities peak quite inter­
nally (r = 12 - 11; Cl,,); assuming for t he ions an inward radial 
motion, the dri~t velocity turns out to be quite high (_105 cm/sec). 

The OVI peak density varies less than a factor 2 (_ 3 x 10 10 cm- 3) 
confir~ing that the enhancement is due to a ciisplacement of the 
ion position and a modification of their drift. 

Ill . SCALING LAWS AND DENSITY LIMITS 

Measurements of the radial profiles of electron density n 
and electron temperature Te' of plasma current I and resistive 
voltage V allow _us to calculate the electron energy replacement 

time T*E defined as e . 

( 1 ) 

where a, R are respectively the minor and major radii and < > is 
the vo lume average. Most of the work on FT has been at high den­
s ity (n 2 1 x 10 14 cm- 3) where the ion temperature is close to 
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* the electron temperature, and the therefore TEe is about one 
half of the tota l energy confinement time TE. 

When the dominant energy l os ses are the electron energy 
* losses (and ion losses are neg l igible) TEe can be identifiedwith 

the electron energy confinement time TEe defined as the ratio of 

electron thermal energy to the total electron power lost. 

The FT resu l ts show c l early a li near dependence of T~e on 
< n > and, by compari ng wi th other tokamaks, on a 2 . Furthermore 
on tokamaks (such a s A1cator A and ISX-A) where the ion losses 

have become non neg1igib1e,the dependence of T;e with n has shown 
signs of saturat i on at relatively high densities. (Ref.3,4) Such 
a saturation has not been observed up to now on FT therefore we 

wi 11 conti nue to i denti fy T;e wi th TEe' 
The analys i s of the FT data indicate s a further dependence 

of TEe on < Te > (w i th <Te > = <nTe >/< n » and I which is of the 
form TEe - n a 2 <Te >/I as ind i cated in Fig. 4 . It should be noted 
that a ll the FT resu l ts correspond to values of effective Z very 
c l ose to unity and therefore no Z dependence will appear in the 
following considerations. By comparing the FT data with results 

of other tokamaks ' the complete TEe dependence i s found to be 
(Refs 1, 5): 

and hence 

2 TEe - <n> a 
<T > 

e 

I 

( 2 ) 

( 3 ) 

However up to now FT is ohmica 11 y heated and therefore <T > and e 
I are connected. From Eq.3 and Ohm's law we have 

( 4 ) 

Therefore from a pure l y experimental 
c 1ude a dependence of the form 

point of view we cannot ex-

2 TEe -< n> a 

where Cl. is an unknown quantity (Ref . 6) . 
In Figur e 12 TEe i s s hown a s a function of <n>I p- u 3

• 

( 5 ) 
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It has been found also on FT that the peak density which 

can be reached (with ohmic heating) has a limit of the Murakami 
type with n (cm - 3 ) < 5 x 10 14 BT (kG)/R(cm) . 
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FIGURE CAPTIONS 

Fig . 1 - Plasma 
(n $ 1 

current evolution 
14 - 3 x 10 cm ) . 

for a l ow density discharge 

Fig . 2 - Plasma current,magnet current and l oop voltage evolution 

and their end. 

Fig . 3 - El ectron density and temperature profiles for a very high 
density discharge . 

Fig. 4 - Electron energy confinement time : the dots and circ le s 
refer to the discharges before and after the better 
centering of the discharge. 

Fig. 5 - Shape of the pl asma current at the beginning of the 
discharge. 

Fi g. 6 - Behavi our of the maximum average densi ty vs . the gas i n­

f lu x for fixed machine parameters. 

Fig. 7 - Soft X-ray thermal spectrum. 

Fig. 8 - Evolution of a typical high density discharge ; a) Pl asma 

current and loop voltage ; b) line average density and 

DQ radiation at the fast va l ve port ; c) peak ion temper­

ature as measured by neutrons; d) Te(r,t); e) ne(r , t) ; 
f) time ev olution of the electron energ y confine ment time; 
g) diametral brightne ss of the 1032 A and 630 A l ines 
of OVI and OV (arbitrary units not in scale); h) 

flux of the soft X-rays ; i ) emission of the e l ectron 
cyc l otron second harmonic . 

Fig . 9 - Initial evolutio n of the electron temperature. 

Fig . 10 - Non thermal X-ray spectrum . 

Fig.ll Ion temperature in the central region by passive fast 
neutra l s measurements. 

Fi g. 12 - El ectron e nergy confi nement time vs <n> 1- 113 • 
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PROGRESS IN JAPANESE TOKAMAK RESEARCH 

FUJISAWA, Noboru and MORI, Sigeru 

Japan Atomic Energy Research Institute, 

Tokai-mura, Naka-gun, Ibaraki-ken, Japan 

We shall describe in this report recent progress in tokamak experiments 

in Japan. Great progress in the understanding of tokamak confinement has 

been made in the past few years. In particular, notable developments 

in impurity control, low-q discharge, scaling law, scrape-off plasma and 

radiofrequency heating have been achieved. 

Several tokamak-type devices are now operating in Japan. Their 

machine parameters are summarized in Fig. 1.1. Details of their experi­

mental results are given in individual reports [1'" 59] 

Major significant progress in the Japanese tokamak experiments includes 

(1) Precise control of the plasma position, 

(2) Successful operation of non-circular tokamaks with and without a 

divertor, 

(3) Stabl e very low-q and high density discharges, 

(4) Understanding of the origin of impurities and their control, 

(5) Better understanding of scaling laws, 

(6) Scaling laws for plasma parameters in the scrape-off layer, 

(7) Successful radio frequency heating at 200 k\~. 

In the following sections, we are going to discuss tokamak experiments, 

which will be described by conventionally classifying into equilibrium, 

stability, confinement, impurity, scrape-off plasma and heating. 

2. Equilibrium 

We shall begin with the equilibrium of tokamak configuration. Japan has 

several tokamak devices of medium-ta-small size, in which plasmas with 

various cross-sections have been successfully obtained. 

Stable D-shaped plasmas have been made in TNT and HYBTOK. Figure 2.1 

shows a contour map of the electron temperature by the Thomson scattering 

in TNT[55], which is equipped with active and passive field shaping coils. 

The elongation ratio expected to be 1.5 with an average decay index of -0.2. 

The elongation is consistent with the outer magnetic .surface obtained by 

magnetic probes. Noreover, the elongation was confirmed directly by 

the plasma current distribution determined from the probe measurements in 

low current discharges[54]. In HYBTOK, which has shaping coils and no 
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WT - I 28 6 19 20 Wave 
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ASPERATOR-B 80 3 5 1 0 Helical 
Axis 

Fig. 1.1 Tokamak-type devices in Japan. 

conducting shell , D-shaped configurat i ons were confirmed with the obsevation 

of the mod e changes of mhd instabilities, which was also consistent with the 

outer magne tic field distributions[56, 57]. 

The s table teardrop-like configurations wi th a separatrix magnetic 

surface have been successfully obtained in DIVA by using a divertor coil and 

a copper shell[2l~23]. The configurations were investigated in detail by a 

several kind of measurements; (1) comparing the measured poloidal 

field distributions along the inne r surface of the shell with the numeri­

cally calculated r esults , (2) electron density profiles of the main and the 

scrape-off plasmas, (3) tracing the runaway e l ectrons during the discharge, 

(4) sawtooth oscillation profiles. These results confirm the teardrop-like 

configurations with separatrix magnetic surfaces. The discharges with 

the divertor are realized with ID/Ip=0 .7~2. 0 as shown in Fig. 2.2, where 

ID and Ip are the divertor and discharge currents, respectively. When ID/Ip 

<0.7 , plasmas have no separatrix surface and change into conventional 

teardrop-like plasmas . Figure 2.3 shows that the surface with a safety 

fac tor of q=l i s elongated in very low q discharges[45] . Furthermore, the 

dynamic magnetic limiter operations, which will be able to control the 
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plasma diameter and current profile, have been demonstrated[231. The con-

f igur at ions stably changed with a time constant of the energy confine-

ment time as shown in Fig. 2.2. 

A precise control of the plasma position has been successfully done 

over a period much longer than the confinement time in JIPP T-2[491 as shown 

in Fig. 2.4, and in TRIAM-l, both of which have resistive shells. The 

feedback and feedforward control system have been used in JIPP T-2 and the 

preprogramed one in TRIAM-l . 

In DIVA, super thermal electrons (100 eV~lOO keY) are well guided along 

the diverted magnetic field lines to the divertor. Figure 2.5 shows the 

path of the high energy electrons [291 . The spread of the path may be 

explained by the fact that a non-axisymmetric perturbation deforms the 

old separatrix magnetic surface and makes an ergodic region around the 

separatrix. The oB/B=O.l% is expected, where oB and B are the perturbation 

ideal separatrix magnetic surface and makes an ergodic region around the 

appears to give no adverse effect on the confinement, and contrari l y it 

could reduce the heat flux density on the material surface. 

In summary, the following results 

have been obtained concerning the 

equilibrium. 

(1) Stable non-circular configura-

tions have been successfully 

obtained. 

(2) The configuration stably changes 

with a time constant of the 

energy confinement time. 

(3) Precise plasma position control 

has been done. 

(4) It was indicated that a non-

axisymmetric perturbations 

deform the separatrix magnetic 

surface. 
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Fig.2.l_ Contour map of electron temperature of discharges with I p=20kA, 
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closed circles . Dashed line gives magnetic surface obtained probe 
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Sp=O. l , and In/Ip=0.9 from numerical calculation. (b) Profiles of i on 
saturation current IS in the divertor region. The solid lioe correspond to 
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3. Stability 
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Stable low-q discharges free from current disruptions offer a 

possibility for realizing a low-cost r eactor. It also reduces 

serious electrical and mechanical problems of a large tokamak device. Major 

progress has been made in unders t anding the current disruptions and obtaining 

the stable low-q discharges. Here, we describe the disrl-'Ptive instabilities 
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and the very low-q discharges. 

The discharges wi th qa=3'V4 disrupt in some cases. In particular, most of 

the dirty discharges often terminate in the current disruptions. The most 

suspicious candidate for them is the resistive tearing mode and in most of 

the cases the m/n=2/l tearing mode induces large negative spikes. These 

current disruptions can be easily suppressed by the choice of suitable 

current profiles. 

In JIPP T-2, low-q discharges have been obtained with additional gas 

puffing and the rise of the discharge current as shown in Fig . 3.1[51]. 

The rising current(or the gas puffing) alone heats(or cools) the peripheral 

plasma, and the plasmas become unstable. Both the current rise and gas 

puffing lead to a favorable current profile. The experimental results on the 

stabilization of the disruptions agree well with the estimate from the 

tearing mode analysis. 

The more effective method to control the current profile is the 

titanium gettering. Figure 3.2 shows that the attainable qa in JFT-2 

decreases wlth the reduction of radiation losses by the titanium gettering . 

These less impurity discharges with qa>2 can be easily disrupted by inject­

ing a small amount of impurities. This behavior can be well understood as 

a sudden growth of the m/n=2/1 mode and large island formation predicted by 

the linear tearing mode calculations. In the calculation, the impurity 

cooling and internal m/n=l/l disruption play an important role in the growth 

of the m/n=2/l mode[44] . 

The stable discharges with qa<2 can be successfully obtained in DIVA 

by the titanium gettering. The discharges with and without the divertor are 

both stable. The typical discharge characteristics with qa<2 are shown in 

Fig. 3.3[45] . When the discharge current crosses through the qa=2, the 

magnetic field perturbations grow, but they do not lead to the disruption. 

The minimum qa value obtained in DIVA in qa=0 .85 as shown in Fig. 3.4. The 

discharges with qa<1.3 have poor confinement. For example, the confinement 

time of the discharge with qa=1.05 is only 50 ~s, and the loop voltage is 

high. However, the discharges with qa> 1. 3 have quite .similarchaf:acteJ:-

is tics as. the normal ones. 

In other devices except DIVA, the qa=2 cannot be crossed stably. In 

JFT-2, just before the disruption , the radiation loss does not increase and 

remains around 10% of the Joule input as shown in Fig. 3.2. The observed 

fluctuation with the m/n=2/l mode is supposed to be a surface kink mode. 

Possible candidates which enable us to attain q l ess than 2 in DIVA are; 

(a) separatrix magnetic surface, 

(b) shell stabilization, 
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(c) non-circular cross-section, 

(d) curr ent profile. 

Japanese tokamak resea rch 

The presence of the separatrix r educes the magnetic fluctua tion as 

s hown in Fig. 3.5. It is quite probable that the separatrix s tabilizes 

the surface kink mode and that the stable very low-q discharges can be 

realized more easily in DIVA with the separatrix. The shell pl ays an important role 

in stabilizing the surface kink mode. In DIVA, which is usually operated with 

the ratio of radius of the shell to the limiter b/a=1.2, dischar ges with 

b/a=1 .35 can also stably cross the qa=2 and can r each qa=1.65. Hence the 

shell is not a definitive factor in stabilizing the surface kink mode. 

The noncircular cross - section and the current profile are both possible 

stabilizing factors . Up to now, however, there is no answer on which i s 

the most det ermining factor in stabili zing the surface kink mode. 

It should be noted that no major disruption takes place in discharges 

with qa <2 . Figure 3.6 shows the number of occurrence of the disrupt i ons 

at differenct qa, when neon is injected into stable qa=1 .6 discharges . 

The major disruptions never occur during the period with qa<2. This fact 

indicates that the surface with qa=2 inside the plasma is required in 

inducing the current disruption. 

In conclus ion, the following results have been obtained in the low-q 

discharges. 

(1) Stable discharges with qa<2 can be successfully obtained with and 

without the div ertor, and no major disruption is observed in both 

cases. 

( 2) The obtained minimum qa is 0.85. When qa>1.3, the discharges hav e 

good confinement characteristics, but discharges with qa<1 . 3 have 

poor confinement. 

(3) The sepa ratrix magnetic surface stabilizes the surface kink mode. 

(4) The disrupt ion-free discharges with qa>2 can be easily obtained by 

a suitable current profile control. 

(5) The current disruption in discharges with qa >2 seems tn he induced 

by the resistive tearing mode. 

4 . Confinement 

The und erstanding of tokamak con fin ement has advanced in the past few 

years . Simpl e scaling laws can cover most of the data in many devices. 

Titanium gettering reduces the radiation loss at the plasma periphery by 

preventing the r elease of light impuriti es , a nd yie ld a broad hot plasma core , 

improving in consequence the confinement time . Figu r e 4.1 s hows the 
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effect of the titanium gettering in JFT-2[11 1 . The reduction of the radia­

tion loss due to oxygen impurity broadens the hot plasma core. This results 

in the increase of the energy confinement time by a factor 1.6. It can be 

be seen that even the confinement time without the titanium gettering is 

longer than est imated from the ALCATOR scaling. This fact shows that larger 

machines are in a better position than small ones on the radiation loss 

due to light impurity . The titanium getter ing further increases the energy 

confinement time. 

I n DIVA, the energy confinement time and the average particle confine­

ment time with and without the divertor have been investigated over a wide 

range of the plasma parameters. The energy confinement time with the 

divertor is in good agreement with the ALCATOR scaling law, 

except that the divertor increases the energy co nfin ement time 

by a factor of 2.5. The divertor reduces the radiation loss 

due to the impurit ies and broadens t he hot core as in the 

titanium gettering as shown in Fig. 4.2 [43 1. In contrast with the energy 

confinement time, no significant improvement is observed in the average 

particle confinement time. 

The increase in the energy confinement time is due to the broadening 

of the e lectron temperature profile as mentioned above . In discharges with 

l arge radiation loss, the heat escaping from the hot core is radiated at the 

plasma peripher y. It is viewed as if an imaginary limiter exists at the 

plasma periphery and hence the energy confinement time decreases. On the 

other hand, the particle does not escape abruptly at the radiation-rich 

region. Therefore, the particle confinement time does not strongly depend 

on the radius of the hot core. 

The heat-diffusion coefficient in 

profiles with and without the divertor. 

the hot core is derived from the 
3 2 - 1 

They are (3~4)xlO cm's in both 

cases [34 1. This small difference is consistent with the fact the divertor 

increases the energy confinement time by increasing the effective radius. 

The radius of the plasma hot core is a more important factor determining 

the energy confinement t han t he normal limiter radius. So in Fig.4.3, the 

half radius of the electron temperature profile is used instead. This 

modified ALCATOR scaling describes well the observed energy confinement time 

in various conditions of many devices. 

Figure 4.3 includes the low-q discharges in DIVA. In the low-q dis­

charges the internal sawtooth oscillation governs the confinement. The 

period during the temperature rising phase has a good confinement time, and 

most of the energy is lost during the internal disruption. It is well 
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understandable that the confinement except for the internal d i sruption 

follows the modified ALCATOR scaling law. 

From a view point of the high S plasma ·confinement, it is very 

interesting to know the density limit in very low-q discharges with qa<2. 

Since they show no current disruption, it is very easy to increase 

the density. Figure 4.4 shows the normalized density, i.e. neR/Bt Up to 

now, neR/Bt=4~5 can be easily obtained in the very low-q discharges[451. 

The results on the confinement study are summarized as follm,s. 

(1) The reduction of the radiation loss by decreasing impurities increases 

the energy confinement time by a factor of 2~3 . The improvement in the 

confinement time is due to broadening of the plasma hot core. 

(2) The diffusion and thermal conduction coefficients hardly change by 

reducing radiation loss. 

(3) The particle confinement time is roughly equal to the energy confine­

ment time, and its scaling is in agreement with the ALCATOR scaling. 

(4) The modified ALCATOR scaling can well describe the observed energy 

confinement time obtained up to now. 

(5) The very low-q discharges have desirable aspects for the high S tokamak 

with the high density. 
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Fig.4.3 Modified empirical scaling 
law of energy confinement time where 
ahalf is a half radius of an 
elec tron temperature profile . 
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It is well known that impurities pose one of the most important problems 

to be so l ved to realize tokamak reac tors. Since t h e completely impurity-f r ee 

discharges cannot be expected, it is extremel y important to control the 

impurities. Great progres s in the impurity control has been made in the 

tokamak experiment in Japan. 

Metal impurities have s erious influences on future large tokamaks . 

The possible mechanisms of the meta l impurity influx ar e sputter ing, arcing 

and evaporation. In JFT-2, the limiter surface temperature has been 

measured with an infrared camera as s hown in Fig . 5 .1[16] . The limiter 

surface t emperature in discharges without runaway electrons can be inter­

preted by taking account of the heat flux of a Maxwellian plasma onto it [7]. 

In discharges with energetic e l ec trons , the limiter temperature becomes 

high. es. However, the surface temperature i s 400~600°C at most, and the 

thermal evaporation can be ruled out. 

In DIVA, aluminum samples ' are inserted into the diverted plasma to 

clarify the metal impurity origin. The arcing phenomena were observed only 

in cases with the dirty sample s ur face [30]. The arcing does not take place 

on the clean sample surfa ce in norma l discharges. 

These results sugges t that the major mechanism for the metal impuri ty 

production i s the sputter ing. The spu ttering yield depends on the s pecies 
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of incident particles and their energy. The incident particles are 

accelerated by the sheath potential in front of the surface, and hence the 

electron temperature in the scrape-off layer plasma is an important 

quantity. Figure S.2 shows that the impurity(Mo) in JFT-2 reduce with de­

crease of the electron temperature in the scrape-off plasma[18j. If metal is 

used as wall material, the electron temperature of the plasma which touches 

a wall must be enough low, for example, a few tens of eV. A carbon limiter was 

tested in JFT-2 and it was found that the macroscopic discharge character­

istics were almost equivalent to those with Mo limiters[lSj. 

The species of the incident particles is an another important factor. 

In Fig , S.3, the intensity of the Au-I line radiation in DIVA that correlates to the 

quantity of the metal impurity efflux is plotted as a function of applied 

voltage to the wall. The left region below 400 V can be understood with 

the self-sputtering of the gold[30j. The right region above 400 V can be 

interpreted with the sputtering by the hydrogen in addition to the self­

sputtering. The comparison between a hydrogen discharge and a helium one 

shows that the increase in the metal efflux is due to the difference 

between the sputtering yields of the helium and the hydrogen ions[18j. In 

discharges with the scrape-off plasma temperature of 20~40 eV and the large 

quantity of light impurities, the sputtering due to the light impurities 

becomes dominant, and the metal impurities decrease with reducing the 

light impurities[18j. 

When the impurities are released from the wall, it is important to 

know what percentage of the impurity goes into the plasma hot core. The 

impurity injection experiment has been done in DIVA[3S~39j . The impurity 

influx going t o the hot column are presented as shown in Fig.5.4. The 

injected impurities are screened out by shielding effect of the scrape-off 

plasma and by the anomalous transport in the peripheral plasma. In the 

discharges without the divertor, 80 % of the released impurities are • 
screened out. In the discharges with the divertor, 94 % of the impurities 

are shielded in the injection into the main plasma, and only less than 0.3 

% of the impurities injected into the divertor region flows back into the 

main plasma. Except for the above-mentioned shielding effect, the divertor 

reduces the plasma-wall interaction by guiding the loss plasma from the 

main chamber into the burial chamber . Figure 5.5 shows that the divertor 

reduces the impurity radiation loss by a factor of 2~4. The effective 

reduction i s observed in the high current discharges. 

In conclusion, the following results have been obtained concerning the 

impurity. 
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(1) The major mechanism of the metallic impurity production is the 

sputtering by the ions accelerated in the sheath potential in front of 

the surface. 

(2) The evaporation of the limiter surface takes place by the local 

deposition of high energy e lectrons in the low density discharges, and 

by arcing in an unstable discharge or in a dirty limiter surface. 

(3) The divertor reduces the impurity radiation loss by reducing the 

plasma-wall interaction and shielding the impurity influx. 

(4) The impurities released from the vacuum chamber are screened out by 

shielding effect of the scrape-off plasma and by the anomalous 

transport in the peripheral plasma. 

(5) The discharge characteristics with the carbon limiters are the same as 

with the Mo limiters. 
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6. Scrape-off plasma 

The plasma parameters in the scrape-off layer are important not onl y 

for studying t h e confinement characteristics, but a l so for the control of 

the impurity production. The energy and particle bal ances in the main 

plasma influence the plasma parameters in the scrape-off layer. The 

measurement of the scrape-off plasma is equivalent to the determination of 

the gross confinement. Inversely, when the scrape-off plasma is limited 

from the impurity contamination, the heat transfered to the scrape-off 

plasma is restricted within a limit, and therefore the main plasma energy 

must be radiated by some methods except the convection and the conduction. 

The heat flux into the scrape-off l ayer is (Pin-PR), where Pin and PR 

are the input power and the radiation loss power including the charge­

exchanged particle loss, respective l y. On the other hand, the heat loss 

from the layer is yTesFp, where the radiation loss in the scrape-off is 

negligible and y, Tes and Fp are the heat transmission rate, the average 

electron temperature in the scrape-off layer and the total particle loss 

flux from the main plasma, respectively . The energy conservation gives 

3 Tp re + Ti 
T =--

es 2 TE Y eV (1) 

where Tp, TE, Te, Ti are the particle confinement time, the energy confine­

ment time, the average electron and ion temperature of the main plasma, 

respectively [34 ]. Figure 6.1 shows the relation between the measured 

electron temperature T~s in the scrape-off layer and the yTes calcul ated 

from the parameters in the main plasma in DIVA[43]. The obtained y are 

well understood by the sheath model including the effect of secondary 

electrons and epithermal electrons. The profile of the electron temperature 

is nearly constant over the scrape-off layer[14]. 

When the modified ALCATOR scaling law is applied to the particle 

confinement time (Tp=O.5TE~ ;qnea~alf) ' as mentioned previously, the 

following relation is derived. 

(_.:'!a_ 
ahalf 

w (2) 
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where L(cm) is the length of the torus. When a/ahalf=l2, q=3, y=8, 

Pin - PR = 4.6 LTes W (3) 

In the medium-sized tokamak (L=5m), Pin-PR=100~200kW, therefore Tes=45~ 

90eV is reasonable values. This equation indicates that in the future 

large tokamak (L=20m, Pin=40MW), the electron temperature in the scrape-off 

layer increases up to 4.3keV with the impurity-free plasma(PR=O). The 

large machines have to be equipped with the divertor or the magnetic limiter 

which are able to receive the plasma of a few keY. When the normal limit er 

is used, the electron temperature in the scrape-off layer must be less than 

100eV in order to avoid the impurity contamination due to the ion sputtering. 

So, Pin-PR is limited within 0.9MW, and most of the input power must be 

radiated as a radiation loss. It is necessary to cool the peripheral plasma 

by the light impurity. 

The el ectron density in the scrape-off layer is determined by the 

particle balance between the influx into the scrape-off layer from the main 

plasma and the out flux consisting of the parallel flow 'to the magnetic 

field and the cross-field diffusion. Figure 6.2 is the electron density 

profiles in JFT-2, the density decays like an exponential, which is in good 

agreement with the simple model giving[14 ] 

A=(~)1/2 
2vf 

a - r 
n = naexp(---A--) , (4 ) 

where A i s the characteristic width of the scrape-off layer and L*, D, vf 

are the length of the magnetic field line between the material surfaces in 

the scrape-off layer, the cross-field diffusion coefficient, 

particle flow velocity to the field, respectively. In DIVA, 

the parallel 
1 1 

Vf=(2~3)cs 

(cs: sound velocity) is experimentally identified[43]. The region I and 11 

in Fig.6.2 correspond to the scrape-off layer behind the rail and the 

aperture limiters, respectively. The A in the 11 region gives the diffusion 

coefficient D =(1~4) m2 /s. This va lue i s of the order of the Bohm diffusion 

coefficient. In DIVA, the divertor efficiency np(=particle into the 

divertor/total particle loss flux) for the particle flux was investigated as 

shown in Fig.6.3. The observed results coincide in the parametrical 

dependence ,with the simple model using the Bohm diffusion[43]. 

The total particle out flux from the main plasma is N/ Tp, and when the 

modified ALCATOR scaling law is applied to the particle confinement time 

Tp=0.5TE' the out flux is given as follows 

~ = nL 1018
• lis 

Tp 

The average density in the scrape-off layer is 

n 
N/Tp 

2rraAvf (5) 
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The average electron density of the future large tokamak is almost same as 

one of the present tokamak, because N/Tp«L, 2rraAvf«a. 

The heat flow in the scrape-off layer has been intensively investi­

gated in DIVA and JFT-2[37,7J. The heat flux into the material surface is 

given as 

q = YTesnvf . (6) 

As shown in Fig.6.4, the observed heat transmission coefficient y is 8~16, 

which includes the effect of the higher electron component and the 

secondary electron emission. 

The following results have been obtained concerning the scrape-off 

plasma. 

(1) The energy and particle conservation laws give the simple formula for 

the plasma parameters in the scrape-off layer. 

(2) The average electron temperature of the scrape-off plasma is presented 

in Eqs. (1) or (2). The radial profile of the temperature is almost 

constant. 

(3) The average electron density in the scrape-off layer presented in 

Eq.(5). The density decays like an exponential in Eq.(4). 

(4) The particle flux parallel to the magnetic field is (1/2~1/3)ncs, 

and the cross-field diffusion is Bohm-like. 

(5) The heat flux density to the material surface is presented in Eq.(6). 

(6) The plasma parameters in the scrape-off layer are very important not 

only in the confinement study, but also in the impurity control . 

(7) The scrape-off plasma has an ability to shield the impurity influx. 
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7. Heating. 

Neutral beam heating, radiofrequency heating, turbulent heating, and 

compression heating have been studied in Japan. In particular, the radio­

frequency waves of about 200kW near lower hybrid and ion' cyclotron frequency 

have been successfully demonstrated to be effective in the ion heating. 

In JFT-2 and JIPP T-2, the ion heating has been obtained by the lower 

hybrid heating with a power level of 200kW[9,49J. The ion temperature rise 

is directly proportional to. the radio frequency power at a rate of about 

leV/kW as shown in Fig.7.1. The heating efficiency of ions is 15~30%. It 

is important to notice that the ion temperature rise shows no saturation 

up to a power level of 200kW, and no adverse effect on the plasma 

confinement. 

In comparison to the neutral beam heating, the physics of the lower 

hybrid heating is not clear. Some progress in that point has been made [20 J. 

The parametric decay into the cold lower hybrid waves and the ion cyclotron 

waves has been observed in the heating experiments. The observed decay 

takes place at the plasma surface and some fraction of the radiofrequency 

energy was absorbed nearby. The maximum ion heating takes place when the 

parametric decay remarkably reduces, as shown in Fig.7.2. More efficient 

ion heating will be expected if the parametric instability is well 

controlled. 

Recently, remarkable progress in the ion cyclotron heating with a power 

level of 200kW has been made in DIVA, as shown in Fig.7.3. The heating 

experiment using the second harmonic cyclotron frequency of a deutron plasma 

with a minority proton component was carried Qut under the extremely pure 

wall condition (Zeff"l). The good results is due to the improvement in the 
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antenna electrostatistically shielded by the full Farady shield, which 

increases the ion heating efficiency up to above 100%. The improvement of 

the heating efficiency increases the ratio of the ion temperature increment 

to the radio frequency power to ~2eV/kW, which is 2 times as large as the 

lower hybrid heating (Fig.7.4). The ion temperature exceeds the electron 

temperature over the whole plasma cross-section. The ion energy balance 

can be explained by the neoclassical theory. 

The most favorable ion heating has been observed in the following 

conditions. 

(1) The two-ion hybrid resonance layer is located closely at the plasma 

center, so the cyclotron resonance layer is on the outer side of the 

plasma cross-section. 

(2) The proton-to-deutron ratio satisfies €p=5~10%. 

The results indicate that the heating mechanism is due to the mode conver­

sion of the magneto sonic wave at the two-ion hybrid resonance layer. The 

ion cyclotron heating can be applied to a D-T reactor by adding small amount 

Qfchydrogen in a D-T plasma. The power density of the radiofrequency wave 

in the experiment reaches 1.4Wcm- 3 without any deleterious effect, and this 

value is higher enough for the future large tokamak. 

The results obtained in the heating are as follows. 

(1) The radio frequency ion heating with a power level of 200kW near the 

lower hybrid and the ion cyclotron frequencies have been successfully 

carried out. 

(2) The ion temperatures rise in direct proportion to the radiofrequency 

power at a rate of 1",2 eV/kW. 

(3) The understanding on the radiofrequency heating mechanism has been 

advanced. 

(4) The high power density of the radio frequency wave never gives an 

adverse effect on the plasma confinement. 
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Fig.7 . l Power dependence of ion 
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charge-exchange measurement for 
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Fig.7.4 Ion temperature rise versus 
square of antenna current or effective 
radiofrequency power irradiation to 
plasma. The solid line shows calcula­
tion of sum of lo ss power density due 
to neoclassical thermal conduction 
and electron-ion coupling. 

Recent Japanese tokamak experiments have been surveyed in this report . 

The major -results are s Ulnmarized as follows; 

(1) Successful operation of non-circular tokamaks with and without a 

divertor, and precise control of the plasma position. 

(2) Stable very low-q and very high density discharges. 

(3) Understanding of impurity production and its control . 

(4) Increased understanding of scaling laws. 

(5) Scaling l aws for plasma parameters in a scrape-off layer . 

(6) Successful radio frequency heating with a power of 200 kW. 
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PROGRESS IN MIRROR MACHINE RESEARCH* 

·T. K. Fowler and F. H. Coensgen 
Lawrence Livermore Laboratory, University of California 

Livermore, California 94550 

ABSTRACT 

The Mirror Fusion Program in the U.S. ~s now focussed on two con­

cepts that can obtain high values of the power gain factor Q. These are 

the tandem mirror and field reversed mirror concepts. A new facility 

called TMX has been constructed to test the principles of the tandem mir­

ror. A further attempt to create field reversal is being carried out ln 

the 2XIIB facility (renamed Beta 11) with neutral beam injection into a 

reversed-fi e ld target plasma to be created by a magne ti zed coaxial gun. 

During the next 5 years, the main mirror facilities in the U.S. will be 

the TMX, Beta 11, and a large mirror device called MFTF scheduled to oper­

ate by 1982. The program based on these faciliti es will be outlined and 

i.nitial experimental re s ults from TMX will be discussed. 

INTRODUCTION 

The present mirror program grew out of the 2XIIB experiment at 

Lawrence Livermore Laboratory. The main results, as reported a t 
I Berchtesgaden, were: (1) ion energies >10 keY at densities up to 

1014 cm-3 , (2) beta values of order unity, and (3) the successfu l control 

of microinstahilities. Armed with this new information, we then set out 

to find ways to design mlrror r eac tors of higher Q (the ratio of fusion 
2 power to input power). This l ed, by 1976, to the tandem mirror concept 

and the fie ld reversed mlrror (Fig. 1). The tandem mirror uses the ambi­

polar potential of two mlrror machines to plug up the ends of a solenoid 

e lectros tatically. The field reversed mirror depends upon the closure of 

magnetic lines within a high beta plasma ring. Here we will describe the 

present status of the experimental program to explore these ideas and some 

new developments in the tandem mirror reactor concept. 

*Work performed under the auspices of the U.8. Department of Energy by the 
Lawrence Livermore Laboratory under contract number W-7405-ENG-48. 
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FIELD REVERSED MIRROR 

Fig. 1 . Evolution 
of the high-Q tandem 
mirror and field re­
versed mirror from 
earlier concepts. 

The field reversed mirror offers the poss ibility of a small reactor 

(Fig. 2), if the system is MHO stable. Encouraged by the remarkable sta­

bility of fi e ld-reversed theta pinches 3 and electron rings,4 a couple of 

years ago we set out to create a similar field reversed configuration by 

neutral beam injection in 2XIIB. Though we did not quite reach field 

reversal, we believe the limiting factor was end losses rather than any­

thing having to do with field reversal itself. We did achieve a 90% de­

pression of the field on axis at B-2 and beta was s till increasing with 

beam current at the max imum current available (500 A).5 

We a re now embarking on a different course in which we first create 

a fiel d reversed plasma ring and then inject neutral beams to heat it . 

The reversed fie ld is to be created by a magnetized coaxia l gun (Fig . 3) 
6 of a type developed by Alfven and co- workers. This is a coax ial gun 
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Beam energy 
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Mirror machine research 

Fig. 2. Example parameters for a 
field reversed mirror cell; a small 
reactor would consist of a few ce l ls 
in series. 

Fig. 3. The magnetized coaxial gun 
produces field-reversed plasma 
rings. 

with a superposed magnetic field created by a solenoid along the cent er 

electrode. When the gun fires, the ejected plasma ring picks up the 

superposed p6loidal flux. In our experiment the fie ld-reversed ring cre­

ated by the gun is to be injected along a guide field into the 2XIIB fa­

cility, renamed Beta 11 (Fig. 4). A fast gate coi l serves to capture the 

injected ring between two magnetic mirrors. If the ring is confined about 
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Fig. 4 . Sketch of the Beta 11 facility at Livermore. 

1 ms , the 5 MW neutral beam sys tem on Beta 11 should be able to heat the 

r,ng to t emperatures of several keV. The gun has been installed on 

Beta It and exper iments are now beginning. In addition, an improved ver ­

s,on of the gun is under deve lopment at Los Alamos Scient ific Laboratory. 

TANDEM MIRROR RESULTS 

Since the tandem mirror concept was first presented at 
7 Ber ch tesgaden, construction of severa l tandem mirror experiments ha s 

been undertaken including the Gamma 6 at Tsukuba University, Japan; 

Ambal 1 at Novosibirsk; the Phaedrus at the Universi ty of Wisconsin; and 

the TMX at Live rmore. The Tsukuba group is also proposing the construc­

tion of a l arge r tandem faci li ty, Gamma 10, and at Livermore we are con­

sidering the possibility of modifying the Mirror Fusion Tes t Fac ility 

(MFTF) to a t andem geometry (MFTF-B). The MFTF is presently planned as a 

large super conduc ting sing l e mirror device scheduled for completion by 

1982. In MFTF-B this would serve as one end plug of a tandem and a dupli­

cate would be constructed to serve as the second end plug with a 25 m-long 

solenoid between them . A decision to proceed with MFTF-B de pends on TMX 

results . 
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The first experimental data on tandem mirrors was obtained in 

Gamma 6 in which it was shown that a potential well is created according 

to the expected relationship 

Here T 
e 

the end 

t.~ «T In n In 
e p c 

1S the electron temperature and n In 
p c 

mirror cells (or "end plugs") and the 

is the ratio of density in 

center cell. Figure 5 shows 

the increase in t.<P as T is increased by increasing neutral beam injection 
e 

in the 8 end plugs. 
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Fig. 5. Increase of the tandem mirror 
potential as the electron temperature 
is increased by neutral beam heating 
(Gamma 6 data). 

The large st tandem mirror experiment is TMX (Fig. 6). In this fa­

cility the end plugs are minimum-B mirror machines with a midplane field 

of 10 kG and the central cell is a solenoid about 5 m in length with a 

field that can be varied up to 2 kG. There are 24 neutral beams, 16 at 

20 kV and 8 at 40 kV . At full design l eve l the total injected current 

will be about 500 A at each end, f or a pulse length of 25 ms. 

Construction of TMX began in March 1977. The first plasma experi­

ments began in July of 1979, wi th the neutral beams operating. in the range 

of 100-200 A per plug, roughly one-third of the ultimate capability. At 

the time this paper 1S being prepared, experiments have been carried out 

for about one month. 

While the TMX results are very preliminary, we can already express 

cautious optimism concerning several features of the new tandem mirror 
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concept. 9 During the first month of operation it has been possible rou­

tinely to maintain a steady state tandem mirror plasma configuration that 

is grossly stable for the full 25 ms duration of the neutral beams. At 

present beam currents, beta in the end plugs is in the range 5-15% and 

Fig. 6. Sketch of the TMX showing the end plugs with 
neutral beams and 5 m solenoid. 

beta in the center cell is 5%. After an initial starting period, m1cro­

stability of the end plugs is mainta ined solely by the outflow of plasma 

fr om the central cell (without assistance from external cold plasma 

sources as was necessary in 2XIIB). We cannot yet say much about the con­

finement of ions in the central cell except that confinement times of 

several milliseconds have been obtained thus far at a cent er cell density 

around 10 13 cm-3 • Th d b 1 . I . ere oes appear to e some e ectrostat1c p ugg1ng, as 

evidenced by an increase in the end loss current through one plug when the 

neutral beams are turned off in that plug (Fig. 7). Ion energies in the 

end plugs are 10 keV or more, consistent with beam injection. Ion 

temperatures in the cent er cell are low as expected, probably <100 eV; 

these temperatures are maintained as the center cell density is increased 

by gas injection into the center region, as indicated by the steady rise 

in diamagnetic signal as the line density increases (Fig. 8). 

One of the most encouraging TMX results thus far is the elec tron 

temperature. 

scattering. 

Figure 9 shows T in one end plug as determined by Thomson 
e 

These values are higher than those obtained in 2XIIB at com-

parable injection power and indicate effective electron heat confinement 

in TMX . In TMX, e lectrons are isolated from the walls by an ambipolar 
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sheath created by the 150:1 decrease in magnetic field between the plugs 

and the end walls and the corresponding decrease in density as the es­

caping plasma expands in the decreasing field. This is an essential 

feature of tandem mirror design that may also find applications in other 

confinement geometries, such as bundle divertors in tokamaks. 
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Fig. 7. Evidence that the end loss current increases in TMX 
when the end plug is turned off. 
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Fig. 8. The diamagnetic signal in 
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• 

IMPROVED TANDEM MIRROR REACTOR 

Earlier this year, Baldwin and Logan introduced an improved version 

of the tandem mirror reactor that promises higher Q values with simpl er 
10 technology in the end plugs. An artist's sketch is shown in Fig. 10. 

The new feature, called a "thermal barrier," is produced by adding a sim­

ple mirror (the barrier coil) at the end of the solenoid and by separating 
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the end plugs from the so lenoid to create a deep field depression, as 

shOlm irr Fig. 11. In the absence of collisions, as plasma flows out of 
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Fig. 9. Thomson scattering data 
from one end p l ug of TMX indicating 
good electron heat confinement. 
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Fig. la. Artist's sketch of the improved tandem m>rror 
reactor with thermal barriers . 

the solenoid toward the plugs, its density would decrease in cross>ng the 

region of depressed field. This decrease in density would create a de­

pression in the positive potential that acts as a "thermal barrier" iso-

lating the electrons in the end plug from those in the solenoid. If we 

now apply ECRH or other auxiliary heating to the end plug, the electrons 

there can be heated to a high temperature--much higher than that in the 

solenoid. With a high electron temperature in the plug, the potential 

peak in the plug necessary to confine the ions escaping fr om the solenoid 

can be generated with a much lower densit y n in the end plug. In fact, 
p 

as ~s shown in Fig . 11, np can be less than nc ' the density i n the so le-

noid, whereas in the original tandem mirror concept n » n . It is this 
p c 
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Fig. 11. Curves showing the magnetic 
field, potential and density in the 
thermal barrier. 

large reduction in the plug density that both reduces the power consumed 

in the plugs (hence higher Q) and opens up options for less demanding mag­

net and neutral beam technology. It now appears that end plugs adequate 

to maintain ignition conditions in the solenoid can be obtained with 

400 keV beams and no more than 12 T in conductors (in contrast with 

1.2 MeV and 17 T in our earliest designs). 

To maintain a thermal barrier in steady state, one other element 

must be added to the system. As noted, the desired density drop that cre­

ates the thermal barrier occurs in the absence of collisions. The drop 1n 

density occurs for "passing" particles flowing from the solenoid to the 

end plugs and back. Collisions among these passing partic1es--ions and 

e1ectrons--cause some to become mirror-trapped in the depressed field 

region. In time, because of the collisions, the trapped particle density 

would grow until the total pressure is equal to that in the solenoid. To 

prevent this, it is necessary to pump out trapped ions as they accumu­

late. One method, illustrated in Fig. 12, utilizes charge exchange on a 

neutral beam aimed nearly tangential to the axis. ll Then, if the beam 

orientation and energy are chosen to correspond to passing ions, a charge 

exchange event between a trapped ion and a beam neutral swaps a trapped 

ion for a passing one. Because an energetic neutral is lost, this barrier 

pumping process consumes power, at a rate proportional to the rate of 

accumulating trapped ions by collisions. Nonetheless, one finds that the 

overall power balance is considerably improved . Whereas the original 
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tandem reactor design yielded Q = 5 at 1000 MWe, it now appears that a 

500 MHe reactor, such as that sketched in Fig. la, could attain Q - la 

with still higher Q-values at higher power levels. 
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ABSTRACT 

Current experiments on ISX-B , Alcator C , PDX , and PLT re­
spectively address the four areas of pr i ncipal concern in the 
development of a tokamak r eactor: optimization of MHD­
stability at high S-values; achievement of high nTE; p reser­
vation of p l asma purity; and deve l opment of effective tech­
niques for achieving high plasma temperatures. The neutral­
beam-heated ISX-B is the first tokamak device to have reached 
a S'-leve l of approximately 3%, thus exploring -- or even 
chal l enging -- the theoretical MHD beta limit . Pellet fueling 
has also been demonstrated successfully. Alcator C, in i ts 
initial half-fie l d operation , has obtained TE values ex­
ceeding 20 msec and has found a modified empirical scaling 
pattern. The Poloidal Divertor Experiment (PDX) has entered 
initial "round-p l asma" operation at currents up to 500 kA. 
Low-power ion-cyclotron heating on PLT has given bulk- ion­
t emperature rises up to 600 eV and energetic efficiencies ex­
ceeding those of neutral - beam heating. Interactive energiza­
tion of beam-injected ions has also been demons trated. Some 
further information on the phenomena accompanying unidirec­
t ional tangential neutral- beam injection has been obtained. 
The Doub l et II I results are reported at this conference in a 
separate paper [lJ. 

I. THE ISX-B DEVICE 

A schematic of the I SX- B device at the Oak Ridge Nationa l Laboratory 
(ORNL) is shown i n Fig. 1. A more detailed discussion of recent experimen­
tal resul ts is being presented at this conference in Ref. 2. The nominal 
machine parameters are R = 93 cm, aLim = 27 c m, bLirn = 50 cm, BT ~ 18 kG, 
Ip ~ 100 kA. Thus far, operation has concentrated on roundish p l asrnas 
(b/a • 1.1) at limiter q-values in the range 2.8 - 3.2. Neutral-beam h eat­
ing is applied through coinjection at 40 keV, and has risen in the course 
of the past year to about 1 MW of hydrogen (two beamlines) . The ohmic­
heating power drops from about 200 kW before injection to as little as 60 
kW during injecti on . The 'discharge duration is of order 200 msec, with 
beam heating appl ied for 100 msec. 
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Figure 1. Schematic of the ISX-B 
device at ORNL. 
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Figure 2. Central ·S-values obtained 
by neutral-beam heating in ISX-B. 
The contributions due to the plasma 
pressure and the beam-ion pressure 
are distinguished . 

The central S-values achieved at various beam-power levels and plasma 
densities are shown in Fig. 2. In the lower- density cases, an appreciable 
fraction of the central S-value is seen to be contributed by the energetic 
injected ions, rather than by the bulk p lasma. At higher plasma · densities 
and for space-averaged S- values, the pressure contribution of the energetic 
particles is minor. 

The dependence of the quantity S* = s rr «p2)ll/2/Bf .on beam power and 
density is shown in Fig. 3. There is no evidence of saturation at the high­
est power levels used thus far. Correspondingly, no deterioration of TE 
has been observed at the highest S-values . The pattern of MHD activity under­
goes some rather marked changes during neutral-beam heating, but these phe­
nomena could well be caused by the injection process itself, rather than by 
the S-level. In particular, since injection is unidirectional, one would 
expect p~asma rotation (cf . Section IV) to shift the MHD mode frequencies, 
and quite probabl y to drive new kinds of MHD modes . As one contemp lates the 
possibilities, it becomes clear that the onset of the true ballooning mode 
8-l i mit may be rather difficult to identify uniquely, unless some variation 
can be introduced in the plasma heating method. 
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of the ideal-MHD analysis of Ref. 3 , 
the S-values of Fig. 3 are already 

_ somewhat excessive; in the case of 
a round plasma with an aspect ratio 
of 4 . 5 the critical S* should be 

_ around 2%. In the near future, 
when the injection power is raised 
above 1.5 MW, a decisive demonstra­

_ tion of the discrepancy -- if it is 
real will b e forthcoming. 
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Figure 3. Average beta , S* 
= 81T«p2»1/2/B~ , in ISX-B 
versus beam power. 

found to exceed the predictions of 
the ideal MHD theorz, some inter­
esting questions will arise: Are 
finite-gyroradius effects signifi­
cant? Do the beam-ions play a 
he l pful role (possibly by helping 

to shape the poloidal field)? Is a finite level of ballooning-mode activity 
compatible with adequate energy confinement? Perhaps the most i nteresting 
question of all is whether an upward revision of the theoretical S-limit 
would apply across the board , as a multiplicative factor, or woul d simply 
tend to bring the critical betas of round p l asmas c loser to those of spe­
cially shaped plasmas . This question will b e addressed in I5X-B -- and 
later in POX -- when their capabilities for noncircular plasma shaping are 
utilized. 

A second new I SX- B result of major reactor significance has been the 
demonstration of plasma fueling by pellet injection (cf. Fig. 4). Hydrogen 
pe l lets of millimeter diameter, with velocities in the lO~ cm/sec range have 
been inj ected successfully. In ohmic-heated plasmas [Te(O) ~ 0.7 kev l the 
pellets traverse most of the plasma and even reemerge. In neutral-beam 
heated plasmas, the penetration is much shallower. In these e xperiments, 
the plasma density has been multiplied severalfold (up to 6n/ n - 4) without 
disturbing the discharge appreciably or causing a substanti al instantaneous 
loss of plasma energy. Many interesting details of the pellet ablation pro­
cess are being obtained by means of holographic interferometry and 
shadowgraphy. 
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Figure 4. Hydrogen pellet injection 
into a neutral-beam-heated I 5X-B 
plasma. 

11. ALCATOR C 

Figure 5. The Alcator C device 
during assembly. 

The r emarkable accomplishments of the Alcator A device [4 ] at the 
Massachuse tts Institute of Technology (MIT) have now begun to be extended 
by the Alcator C (Fig . 5), a larger device of the same type (R = 64 cm, 
a = 17 cm) with a capability for BT = 120 kG and Ip = 1.0 MA. Thus far, 
experimental operation has been limited by the power supply to BT 5 60 kG 
and Ip 5 500 kA, but extens i on of operations to approximately 100 kG is ex­
pected t o take place during the next few months . 

The initial experimental results of Alcator C will be reported in Ref. 
5. A preliminary view of the plasma behavior is given in Fig. 6 for a se t 
of discharges at the 400-kA level. The confinement time of about 20 msec 
at ne = 2.2· 1014 cm-3 represents a simple scale up, according to the 
a 2-1aw, relative t o Alcator A. The e l ectron and ion temperatures are some­
what higher than in Al cator A. A surprising feature of the new results is 
that TE does not appear to rise with increasing density. 
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Figure 6. Temperature and energy confinement for 
half- field operation in Alcator C. 

While a saturation of TE with r151ng density has been observed in 
many previous tokamak experiments , notably in ISX, and has been interpreted 
in terms of neoclassical ion heat transport, the present Alcator numbers 
would seem to stretch this hypothesis. The Alcator group regards the satu­
ration phenomenon as perhaps arising from heavy-ion radiation or from a lack 
of optimization of the discharge conditions. Extensive new experimental in­
fbrmat i on from Alcator C will soon be forthcoming, with the introduction of 
bolometric scans and higher-current operation. Meanwhile, the reformulation 
of tokamak transport theory would clearly be premature. 

Ill. THE PDX DEVICE 

The Poloidal Oivertor Experiment [6] at Princeton (Fig. 7) has been op­
erated initially as a tokamak with ordinary limiters -- made of titanium , 
like the rest of the plasma environment in PDX . The PDX device has been 
tested up to its full ratings (BT = 25 kG, I = 500 kA). Typical operating 
parameters have been: R = 142 cm, a = 40 cm, BT = 20 kG, I 360 kA. At 
ne 2.10 13 cm- 3 , PDX has obtained Te(O) = 1.4 k eV, Ti(O) = 0.6 k e V, and 
TE - 30 msec (cf. Fig. 8). 

The effective resistivity Zn is seen to be quite close to unity. 
Spectroscopic and x-ray data are in fairly good agreement with the resis­
tivity results. The main contributors to the Z-enhancement appear to be 
Oxygen and titanium. Bo l ornetric measurements show that, for low-density 
regimes (ne - 2.10 13 cm- 3), about half the input power of 450 kW is radi­
ated by impurities; the most important radiator is titanium. 

Operation with the full PDX divertor system is scheduled to begin dur­
ing the next month. Neutral- beam heating at 6 MW (a joint project of PPPL 
and ORNL) will begin in early 1980, and will put the efficacy of the poloidal 
divertor concept to its critical test. 
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Figure 7, The P DX device in experimental operation, 
(PPL 794163) 
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IV. PLT HEATING EXPERIMENTS 

A number of PLT technical papers are being reported at this conference 
[7-10 ]. The present review addresses itself to some recent results on ICRF 
and neutral-beam heating that have practical implications for next-generation 
tokamak heating . 

Initial ICRF experiments on PLT [9,11] have used a single half-turn an­
tenna to couple up to 350 kW of 25-MHz power into plasma waves. The most in­
teresting results have been obtained by utilizing minority-ion damping, with 
the applied frequency adjusted to the fundamental cyclotron frequencies of 
small admixtures of H+ or 3He++ ions in deuter:ium bulk plasmas. 

In the hydrogen minority experiments, the admixtures were typically 
5-10% and the deuterium plasma parameters were BT = 17 kG, Ip = 300 kA, 
Te(O) = 1.4 keV, Ti( O) = 0.6 keV (before heating), TEe - 20 msec, TEi - 60 
msec and Zeff = 2 - 3; the density was adjusted to reach ne - 2· 10 !3 cm- 3 

at the end of the rf pulse. As illustrated in Fig. 9, the bulk ion tem­
perature rises appreciably during the heating process, as determined from 
the usual charge-exchange, spectroscopic, and neutron diagnostics . 

-............ 

In this proces$ the hydrogen 
minority ions are typically raised 
to energies of order 10 keV, and 
have been measured up to 80 keV . 4--

n " • 
Ikill) '\ 

o DOPPLER BROAOENING 
... CHARGE EXCHANGE 
• NEUTRONS 

The poor orbital confinement of such 
energetic protons at the relatively 
l ow plasma currents that have been 
used thus far presumably gives rise 
to wall bombardment and may contri­
bute to the marked density rise 
(typically from ne - 1· 10!3 cm- 3 
to 2· 10!3 crn- 3) during the rf 
heating; alternatively. the typi­
cally observed transition of the 
discharge into a strong sawtooth 
regime during the rf pulse may be 
respo nsible for the density rise. 
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Figure 9. Radial ion temperature 
profile evolution in PLT for an 
ICRF heating pulse of 350 kW power 
and 100 msec duration. (PPL 796013) 

A promising feature of the 
I CRF experiments is their energetic 
efficiency (cf. Fig. 10). Plotting 
~Ti against Pine' for the hydrogen 
minority heating case, one finds a 
straight line with a slope very simi­
lar to that obtained previously for 
neutral-beam heating on PLT. The fa­
vorable impression is s trengthened 
by experiments using a 3He++ mi­
nority of 5-10%. together with a re­
sonant field of 25 kG and currents 
up to 500 kA (cf . Fig. 10). The heat­
ing efficiency is then found to be im­
proved by a factor of two. 
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deuterium ion tempe rature incre ase in 
PLT versus I CRF power, no rmalized by 
density. Minority heating through 
~ and 3He+ ions has been studied. 
(PPL 79602 1) 

U.S . tokamak research 

Recently, two coup l ed half- turn 
coils have been put into operation on 
PLT, an arrangement that offers some 
control over the parallel wavelengths 
o f the e xcited p lasma modes and may 
permit the heating power to be de ­
posited more centrally. This modifi­
cation would be desirable, since the 
ion temperature profile f or singl e ­
coil heating is rather broad (Fig. 9) 
and may be responsible for the ob­
served enhancement of impurity influx 
during rf-heating -- somewhat com­
parabl e to that associated with 
ne utral-beam counter-injection. The 
use of two coupled coils will a lso 
allow the input power to be r aised ; 
25 -MHz-power l evel s in the l-MW range 
are expected t o be reached during the 
coming months. 

The PLT device contains two ad­
ditional coupling loops , which will 
begin to be used, this fall, with 43-
MHz rf powe r, thus allowi ng the study 
of fundamental hydrogen minority heat­
ing in a 30-kG field, or second­
harmonic heating at correspondingly 
l ower f i e l ds. The ultimate PLT capa­
bility i s for 4-coil, 43-MHz (or 55-
MHz) heating in the mUltimegawatt 
range. 

Minority heating by I CRF waves can be viewed as a kind of "internal" 
beam heating, which bears a fairly c lose resemblance to beam- inject i o n heat­
ing. The initial PLT res ults are helping to es tablish the I CRF approach as 
a realistic alternate contender f o r the achievemen t of ignition in l arge 
next-gene ration tokamak devices, but the relative attractiveness of ICRF 
heating equipment will depend on practical details that are still far from 
clear . Some issues of special importance will be the r e lative ability o f 
ICRF powe r to achieve goo d penetration in l arge, dense plas mas , and the 
fea sibility of I CRF coup ling structures that are suited to the reactor en­
vironment. In the latte r conte xt , the demonstration of e fficient h igher­
harmonic (i .e ., higher-frequency) heating will be par ticul arl y important . 

A nwnber o f experiments have been carried out o n PLT to study the phe­
nomena associated with s imultaneous ICRF and neutral-beam heati ng [8 ] at 
comparable input powers (approximately 250 kW each). Generally speaking, 
the ion t e mperature incre ments due to these two types of input power are 
linearly additive , but r e gimes that are associ ated wi th s ubstantial impurity 
e volution give rise to unfavorable nonline ar e ffects. An interactive phe­
nomenon that may have useful applications is the secondary energization of 
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neutral-beam-injected minority ions by the ICRF waves. In the illustrative 
case of Fig. 11, the normal injected-ion spread of 1. 3 keV above the 25 keV 
injection energy is raised to 4.3 keV by the rf pulse. This phenomenon is 
of potent.ial interest for "ion-energy c lamp i ng" in a TCT reactor, but energy 
diffusion, rather than net energy input, may turn out to be the principal 
feature of the rf-beam interaction . 
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Figure 11. Interactive effect of simul­
taneous I CRF and neutral beam power in 
PLT: The beam ions are "heated" above 
the injection energy. (PPL 793766) 

High-powered neutral-beam 
heating on PLT, first reported 
in Re f. 12 for the 2.1-MW level, 
was extended to 2.4 MW in Ref. 
13, with resultant ion tempera­
tures ranging up to 6.5 keV. 
During the past half-year, the 
power of the injection system 
has been raised to 3.0 MW . Re­
cent high-temperature heating 
experiments on PLT have been 
handicapped, however, by the 
imposition of an upper limit 
of 25 kG on the toroidal field. 
This limit -- which was imposed 
as a cautionary measure fo llow­
ing minor TF coil damage -- is 
about to be restored to the 30-
kG l evel of the previous 
experiments. 

While the confinement results obtained in the high-temperature experi­
ments of Refs. 12 and 13 were generally very encouraging, the central mys­
teries of tokamak transport remain unresolved. The apparent ion heat con­
ductivity is compatible with neoclassical theory, but since the ion heat con­
duction channel is a relatively minor feature of the energy balance, one can­
not exclude an anomalous enhancement up to a factor of approximately 5 in 
the highest-temperature cases. The effect of trapped-particle modes in PLT 
is clearly less severe than had been anticipated on the bas i s of some s im­
plified quas i-linear transport models, but the onset of important anomalous­
diffusion losses at collisionalities somewhat below those of the PLT regime 
cannot be ruled out -- and is even rather probable. Fortunately the degree 
of collis ionlessness required in a conventional tokarnak ignition reactor 
need not go beyond that already achieved in PLT, but "hot-ion ignition" 
schemes, for example, will enter an entire ly new regime. 

As regards the e lectron thermal conductivity, furthe r studies on PLT 
have confirmed the original impression [12] that confinement in the central 
high-temperature plasma region actually improves during neutral-beam driven 
e l ectron-temperature excursions. From these obse rvations, one could draw 
the simpleminded conclusion that TE scales up proportionately with Te , 
but a number of other interpretation~ are equally reasonable. For example, 
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TEe may be affected favorably by the beam-driven increase in Ti/Te' or by 
some secondary effect assoc iated with the presence of the beam-injected ion 
popul ation, so that the rise in Te i s not a cause of the rise in TEe ' 
but only an accompanying phenomenon. 

While a great deal of effort has b een devoted in recent years to the 
study of p lasma energy and particle transport in the tokamak, the i nvesti­
gation of ion momentum transport (i . e ., viscosity) has been unde rtak e n only 
recently [14 J . That these three forms of plasma transport are a ll related 
and provide essenti a l clues to one central physical transport phenomenon, 
seems rather l ike l y. The expectation that something important may be 
l earned from rotat i ng- plasma studies i s being heightened by the recent PLT 
data, which continue to confound attempts at s imple explanations. 

The toroi dal ve l ocity profile shown in Fig . 12 was obtained by means 
of 1.5 MW o f tangen t ial deuterium coinjection into a hydrogen plasma of 
Te(O) - 2 keV, with ne(O) ri s ing from 3 to 5 .10 13 cm- 3 during injection. 
The characteristic viscous-damping times calculated for this profile were 
of order 10- 20 msec -- roughly comparable t o the electron and i o n energy 
confinement times , but very short compared with classical expectatio ns 
(2.5 sec ), and somewhat short compared with the concei·vable damping due to 
charge- excha nge (40-300 msec ) . 
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The neutra l-damping hy­
pothesis could be laid to r es t 
entirely by meas uring the de­
pendence of the rotatio n ve lo­
c i ty on plasma density. Re­
cently, the authors of Ref . 14 
have carried out this experi­
ment, and find that the rota­
tion velocity shows a moderate 
inverse dependence on dens ity, 
with the viscous-damping time 
i ncr easing only mildly a t the 
higher densities (up t o ne 
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Figure 12 . Toroidal velocity profile in 
PLT during unbalanced tangential injec­
tion of 1. 5 MW from two coinjectors. 
(PPL 786284 ) 

= 5.1013 cm- 3 ) where charge­
exchange becomes negl i gibl e . 
At this point, we are left 
without any known mechanisms 
that could explain the main 
damping effect. 

Another source of infor­
mation about the plasma rota­
tion phenomenon is the vari­
ati o n of the r e l ative mass of 
injected and p l asma ions. For 
e xample, one might expect a 

D- beam injected into an H- plasma to give substantially higher rotational 
ve l ocities t han the converse arrange ment. Surprising ly, this mass e ffect 
has tur ned out to be quite weak; the literal interpretation would be that 
the hydrogen p lasma has higher viscosity. 
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Aside from challenging our intuitions about tokamak transport, the uni­
directional neutral-beam injection experiments have important practical con­
sequences for next-generation tokamak facilities. It is well known by now 
that counterinjected neutral beams give rise to far more impurity evolution 
(at a given power) than coinjected beams. This effect is not surprising, 
s ince counterinjected ions are more like ly to strike the walls and cause 
sputtering. In addition, recent PLT experiments with argon admixtures have 
provided some indication that counterinjection may actually promote the in­
gestion of edge impurities into the plasma. A critical question for the 
future is whether unbalanced coinjection into next-generation tokamak p lasrnas 
should be utilized to minimize the impurity problem, or must be avoided me­
ticulously in order to prevent rotation-driven instabilities. In present­
day tokamak devices, such as ISX-B and PLT, unbalanced coinjection is c learly 
advantageous, but in the absence of knowledge concerning the nature and 
scaling of the tokamak plasma v iscosity , one worries that l ong-pulse injec­
tion into large, hot tokamak p l asmas may result in dangerous rotation ve l o ­
citi es. On the basis of the classical transport theory, the velocities pre­
dicted for TFTR could clearly become enormous, even when the unbalanced in­
jection is of the near-perpendicular, rather than tangential kind. On the 
other hand, if the rotation damping time continues to be of the order of the 
gross energy confinement time, as in PLT, then even tangential coinjection 
might well present an attractive risk. 
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SHAPING AND CHARACTERISTICS OF DOUBLET PLASMAS IN DOUBLET III 

T. Ohkawa 

General Atomic Company 
P.O. Box 81608 

San Diego, California 92138 

ABSTRACT 

The shaping and plasma characteristics of doublet plasmas in 
Doublet III with high-Z limiters are described. Typical steady-state 
parameters at BT = 24 kG are Ip = 1.5 MA, Vloop = 1.6 V, Te(O) = 1.0 keV, 
ne = 4 x 1013 cm- 3, Zeff = 2, q(O) ~ 1 and T~(O) = 20 msec. Electron 
energy confinement and maximum plasma density are in agreement with standard 
circular tokamak empirical scaling laws. Chromium and molybdenum appear to 
be the dominant high-Z plasma contaminants, with relative concentrations of 
~10-4. The central power balance does not appear to be dominated by high-Z 
impurity radiation. 

KEY WORDS 

plasma shaping, doublet cross­
section, electron confinement, 
maximum plasma density, high-Z 
impurities, plasma characteristics 

1. INTRODUCTION 

Physics experiments in Doublet 
III (Fig. 1) began in September 
1978. In the ensuing period de­
scribed in this paper (through July 
1979), the primary emphasis has 
been on shaping the plasma to obtain 
a steady-state doublet discharge 
and on making preliminary measure­
ments of the plasma characteristics. 

2. PLASMA CHARACTERISTICS 

Doublet discharges with plasma 
currents of 1.5 MA are now routine­
ly obtained at BT = 24 kG. A peak 
current of 2.2 MA has been achieved 
at BT = 24 kG with rising plasma 
current. Waveforms for a repre­
sentative 1.5 MA doublet discharge 
are shown in Fig. 2. Typical 
parameters for the flattop phase 
are Vloop = 1.6 V, T~aSer(o) = 1 . 0 
keV, ne = 4 x 1013 cm- 3, q(O) ~ 1, 
Zeff ~ 2 and T~(O) ~ 20 msec. 
These results are obtained with a 
gas injection rate of 50 Torr-1/sec. 
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Fig. 1. Cross-section of Doublet Ill. 
Machine parameters are R = 1.43 m, 
a = 0 .45 m and B,ax = 26 kG. The 
primary limiters are tantalum-tungsten 
alloy. A molybdenum secondary limiter 
(not shown) also encircles the 
poloidal circumference of the vessel 
at three toroidal azimuths. 
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Experiments to determine the maximum 
permissible injection rate and plasma 
density are in progress. 

Magnetic measurements indicate 
that the flat top discharge configura­
tion is a doublet with approximately 
90 ± 10% of the poloidal flux inside 
the separatrix (Fig . 3). The poloidal 
magnetic field and flux values measured 
outside the vacuum vessel are essen­
tially time-independent , indicating a 
constant plasma shape. Second-harmonic 
cyclotron radiometer measurements 
confirm that the electron temperature 
profile is stationary and centrally 
peaked (Fig. 4). If Zeff is uniform 
throughout the plasma, the temperature 
profile shown in Fig. 4 implies 
q(O) = 0.9. However, the absence of 
observable sawtooth oscillations at the 
plasma center suggests that q(O) is 
still greater than unity. 

3. PLASMA SHAPING AND MHO ACTIVITY 

The plasma shape is controlled by 
24 poloidal field-shaping coils 
(F-coils) that surround the vacuum 
vessel. Control of the magnetic flux 
linking these coils allows the cross­
section and position of the discharge 
to be varied. The F-coils are arranged 
in several parallel-connected groups 
(Fig. 5), each with a power supply in 
series. The voltages produced by these 
supplies determine the coil fluxes, and 
hence the plasma shape. The parallel 
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Typical doublet discharge 
waveforms 

connection of the F- coils provides passive stability against 
motion of the plasma, especially for vertical displacements . 

axisymmetric 

Figure 6, the one-line circuit equivalent of Fig . 5, illustrates more 
directly how the shaping supplies control the F-coil fluxes. Two principal 
shaping functions are required to obtain a doublet discharge. The first, 
the usual vertical field to maintain radial equilibrium, is provided by a 
combination of a 16 mH inductor Ls in series with the inner F-coi1s and the 
V (vertical) power supply in series with the outer F-coils. The second, 
the flux required to form the doublet waist, is provided by the D (doublet) 
supply, assisted by a capacitor discharge circuit during the initial plasma 
current rise. Fine tuning of the plasma shape is provided by "tweaker" 
supplies T3 and T4 that control the flux at the top and bottom of the 
plasma. Finally, resistance compensation supplies R1 and R2 minimize 
differences in the shaping flux on the inner F-coi1s produced by the F-coil 
resistance. The construction and specifications of the supplies are 
summarized in Table I. 
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TABLE I 

DOUBLET III PLASMA SHAPING POI,ER SUPPLIES 

SUPPLY VOLTAGE CURRENT TYPE 
(V) (kA) 

D ± 600 14 60 Hz, 12 pulse 

V ± 600 21 60 Hz, 12 pulse 

T3, T4 ± 400 3 SCR CHOPPER 

RI, R2 0-150 3 60 Hz, 6 pul se 

In discussing doublet plasmas, the 
quant ity 

is a useful measure of the shape of the 
plasma. Here ~max' ~sep and ~lim are 
respectively the flux values at the 
elliptic axis, separatrix and limiter . 
Doublet has 0 < Ps ~ 100% . For Ps > 100%, 
the discharge separates into two current 
channels , referred to as droplets. For 
high values of Ps (> 180%) , the droplets 
are nearly circular and evolve indepen­
dent ly . Such discharges provide a 
convenient means of obtaining a circular 
plasma for comparison purposes. 

The time dependences of Ps and other 
plasma parameters shown in Fig . 2 are 
t ypical . The discharge begins with 
Ps ~ 30% , but evolves rapidly to higher 
values, with Ps = 80-100% . During the 
initial phase, the plasma undergoes a 
series of n = 0, m = 2 oscillations . Two 
distinct types of oscillations are 
observed : 1) small amplitude (oPs ~ 5%) 
sinusoidal fluctuations at ~ 100 Hz and 
2) sudden (~ 1 ms), larger amplitude 

SHDT4B90 
Ip ~ 1.53 MA 

STEP RESPONSE TIME 
(ms) 

8 

8 

0.2 

16 

400 msec 
Ps = 89% 

(~ 30- 50%) drops in Ps followed by a 
slower recovery . The first type of 
oscillation i s benign , but the large 
amplitude fluctuations ar e t r oublesome, 
and in extreme cases, r esult in termina­
tion of the discharge . 

Fig . 3. Magnet ic configura­
tion for Fig. 2 at t = 400msec 
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The large amplitude fluctuations 
are accompanied by a rapid cooling of 
the plasma , as indicated by sudden 
drops in the central radiometer and 
soft x-ray signals, and an increase in 
l ow-Z impurity line radiation. Fram­
ing camera motion pictures of the 
discharge show increased interaction 
of the plasma with the limiters. The 
cyclo tron radiometer indicates ~ 
sudden broadening of the current pro­
file (Fig. 4, t ~ 200 msec) , followed 
by a slower recovery to a centrally 
peaked profile in about one energy 
confinement time, which is similar to 
the time in which recovery to the 
initial shape occurs. 

Presumably , the large amplitude 
shape fluctuations are a consequence 
of the broadening of the current pro-
file. The mechanism responsible for 
this broadening has not yet been 
identified, but internal MED activity 
is probably involved . An enhanced 
level of odd n- number Mirnov activity 
is observed during the initial phase 

T ~ ( K ~V ) , 
10 -

0.8 -

0.6 -

0.4 -
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0.0 ' - I- I 

1 0 1.2 1.4 1.6 1.8 

H (METERS) 

Fig. 4. Electron temperature pro­
fi le evolution 

of the discharge, but so far none of the modes typically observed in circu­
lar tokamaks (e.g., n = 1, m = 2 or 3) have been identified. The fact that 
the Mirnov signals are incoherent and the lack of any obvious dependence 
of the shape oscillations on BT or Ip suggests that high-m modes near the 
separatrix may be responsible . 

4. CONFINEMENT , DENSITY SCALING AND IMPURITIES 

The maximum plasma density achieved in these preliminary experiments 
is in good agreement ~ijh the BT/R scaling observed in other clean, high­
density experiments[l 6 (Fig. 7) . The maximum line-average density 
obtained to date is ne = 5 x 101 3 cm- 3 • The central electron confinement 
increases with plasma density (Fig. 8). The average slope of the data at 
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high density is similar to that 
observed for the global electron con­
fin~m~nt in PLT with titanium getter­
ingLI1. The best confinement 
obtained so far is T~(O) ~ 28 msec 
at ne ~ 3.9 x 1013 cm- 3• 

Preliminary estimates of the 
global electron confinement based on 
the radiometer profile data indicate 
that the global confinement is about 
80 ± 10% of the central confinement. 

Although the ion temperature has 
not been measured, transport code 
simulations using neoclassical ion 
conductivity indicate that the ion 
and electron temperatures should be 
near ly equal at the higher densities. 
Thus , for Te ~ Ti, the total central 
conf inement time presumably is 40-50 
msec for ne ~ 4.5 x 1013 cm- 3 • 

Impurity measurements are still 
in a relatively preliminary state. 
Auger analysis of samples exposed to 
the discharge cleaning plasma and 
residual gas analysis of the impuri­
ties evolved during plasma discharges 
suggest that carbon is the dominant 
low-Z contaminant. Chromium and 
molybdenum lines are prominant in the 
soft x-ray spectrum (Fig. 10). The 
concentration inferred from the soft 
x-ray intensity is about 3 x 109 cm-~ 
Tantalum (the primary limiter materi­
al) is not observed in the soft x-ray 
region, indicating that the concen­
tration is less than 109 cm- 3. 

Auger analysis shows that 
molybdenum is the dominant heavy 
metal transported during plasma 
operation (~ 5% mono1ayer/40 dis­
charges), with tantalum nearly an 
order of magnitude less. This seems 
to corroborate the soft x-ray data 
that molybdenum (from the secondary 
limiters) and chromium (from the 
wall) are the dominant high-Z 
impurities. For coronal equilibrium, 
the measured impurity concentrations 
would imply Prad/POH ~ 10% in the 
cent er of the plasma. Thia estimate 
seems to be supported by the 
relatively good electron confinement, 
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Fig. 6. One-line doublet shaping 
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which is similar to that 
obtained in machines known 
to be free from significant 
high-Z radiation. Forthcom­
ing bolometric and vacuum 
ultraviolet spectroscopic 
measurements of the plasma 
radiation are expected to 
clarify the impurity ' ~IOJ 
question . (ms) 
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Fig. 8. Dependence of doublet central 
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Steady-state doublet 
plasmas with low loop 
voltages and low levels of 
internal MHD activity have 
been produced. The magnetic 
configuration during the 
flat top phase is essentially 
constant, with about 90% of 
the poloidal flux inside the 
separatrix. Radiometer 
measurements show that the 
electron temperature profile 
is stationary and centrally 
peaked. The electron con­
finement and maximum plasma 
density achieved to date are 
in good agreement with 
"standard" scaling laws. 
Indirect evidence suggests 
that the power balance in 
the central portion of the 
plasma is not dominated by 
high-Z impurity line 
radiation. 
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A REVIEW OF FUSION-FISSION (HYBRID) REACTOR STUDIES 

G. Casini 

Joint Research Centre - Ispra Estab li shment 
21020 Ispra (Varese) - Italy 

Summary 

A survey of the work being pursued worldwide on fusion-fission (hybrid) reactor systems 
is presented. The following areas have been reviewed : 

plasma modes of operation 
blanket concepts and fuel cycles 
reactor conceptua I designs 
safety and env ironmental problems 
system stud ies and economic prospectives 

Attention has been restricted to systems using magnetica lly confined p lasma, namely to 
mirror and Tokamak-type concepts. 
The a im is to provide sufficient information, even if not exhaust ive, on hybr id reactor 
concepts in order to help understand what may be expected from their possible deve lopment 
and the ways in which hybrids could affect the future energy scenarios. 

Introduction 

The first studies on fusion-fission (hybrid) concepts data back to the fifties. The primary 
motivation for these studies was of a military nature, the ma in reaso n being t he product ion 
of plutonium for nuclear weapons. They were supported by the US Atomic Energy Commission 
and remained class ified from th eir beginning in 1951 until 1958, when it became clear that 
other ways of producing weapons materials through isotop ic separati on and sma ll fission 
reactors were simpler. The interest in th e hybrid reactor has been renewed in the 1970's 
because of the consistent progress achievements in th e way toward the contro ll ed thermo· 
nuclear fusion. 
The emphasis ea rly in that period was fo cused on fusion drivers that are inherently low 
in fusion energy gain , 0, such as the classica l mirrors. The potential app licat ion for a fission 
blanket was the energy amplification and the n economica l power generat ion. 
More recently, the interest has bee n shifted towards t he exp loitat ion of the fu sion neutrons 
to produce fu e l to be used in fi ssion reactor plants. This approach has extended the range 
of investigation including from one side also systems as To kamak 's, suited for higher 
O-va lues and, from t he other side, fu e l cycles adapted for the best utilisation in thermal 
converters. 
In general, we may observe that in a fission reactor, a large amou nt of energy (- 200MeV) is 
produced per fi ss ion event, but a seve re economy of neutrons is required to keep the reactor 
critical; whereas in a fusion reactor, a small amount of energy (- 20MeV) is released per 
fusion event, but the neutrons are not needed to keep the plasma running , and may be used 
for other purposes. The fusion-fi ssion co ncept profits of the complementarity of the processes. 
The fle xibility offered by the hybrid for a variety of a lternative fuel cycles has pushed recently 
the public authorities to focu s the attentio n on solutions which are attract ive from non · 
prol iferation point of view. 
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The more extensive studies on fu sion-f iss ion (hybr id) systems are bei ng carried-out in 
USA and USSR . In USA (1) the DOE (Department of Energy) programme has placed 
emphasis on the development of hybrid reactors, "wh ich are opt imized for pro li ferat ion 
resistance". The EPR I (Electr ic Power Research Institute) programme is d irected to 
identify "the route to commercial operat ion" of the hybrid reactor. 
A jo int effort with the USSR is also in progress. In the USSR (2), the studies on fusio n 
appear to be mainly oriented toward the deve lopment of hybrid systems. In Europe, the 
activity in thi s a rea is limited to or ientat ive eva luat ions in France (CEA) (3 ) and Israel (4) 
and to a review work at JRC-Ispra (5) . 
In the follo wing, different aspects of t he recent D-T hybrid systems will be reviewed; 
plasma requirements in Tokamak and Mirror systems, b lanket performances, prob lems 
re lated to the fuel cycle, safety and env ironmental co nsiderations. The ma in features of 
a few reference designs of hybrid reactors will a lso be reported, as well as results of 
system ana lyses and economic prospective stud ies. 

1. Plasma parameters 

In a hybrid reactor the plasma is operated as an energy ampl ifier, an d there are two burn 
modes whi ch have been proposed (6). In the first one (7), named TCA (Two Component 
Amplifier), the temperatu re of a tritium bulk plasma is ma intai ned aga inst transport and 
radiation losses by means of inj ected energet ic deuterons, which und ergo fus ion reactio ns 
with the relati vely co ld tritons . The large beam-plasma fusion reactivity a llows a TCA to 
at ta in a fusion energy gain, Q, (defi ned as the fusion power produced divided by t he 
power injected into the plasma), approx imate ly eq ua l to 1 at va lues of neTE many 
times lower than that required for a Q = 1 thermonuclear reactor, where all reacting ions 
are thermali zed . For given va lu es of e lectron temperature Te and inj ection energy Wo, 
one can ma ximize the fu sio n power density PF' and then the neutron production rate, 
by optimizing the rat io of the fa st-ion bu lk·plasma pressure (r) . Optimal va lues of rand 
the co rrespondi ng Q and Pf are shown in Fig. 1.1 for Wo = 200 keV as we ll as t he 
ma xi mum Pf for a the rmonuclear reactor of the same pressure (7). At Q = 1 in a 
TCA, Pf is a factor of four larger than t he maximum Pf attainable in a thermal p lasma 
at any temperature, for the same tota l p lasma pressure. For Q-va lues large r than 
atta inable in "pure" TCA ope ration, ne~E must be increased so that the inj ected beam 
power can be reduced whil e the proportion of t he fu sion power output coming from 
therma l plasma reactions in creases. At the same time, Pf decreases because of the 
reduction in beam·plasma reactions. The trade-off between Q and Pf for a given p lasma 
pressure is shown in Fig. 1.2 (Wo = 200 keV ). For each neTE the D-T composit ion of 
the background plasma is adjusted for ma xim um Q. 
In Fig. 1.3 Q is presented as a f unction of neTE' cons ider ing the a-particle heat ing and 
without it (8). It appears that in t he TCA regime (neTE e; 3 x 10 13 cm-3 s), the contribution 
of a's is so small that the presence of processes leading to poss ible drifts of the a·particles 
from the plasma to the first wall should not have practical effect on Q. 
In the second mode of operation, named MFA (Maxwellian Fusion Amplifier), the plasma, 
still subignited, is composed o f a 50·50 DT fue l mixture and the ions are ra ised to a tempe­
ratu re (- 10 keV) where the fus ions amo ng therma l io ns produ ce power whi ch substantially 
exceeds the input power. Typica l va lues of Q are in this case large r than 5. 
Both TCA and M FA modes are inherently thermally stable (6) and the inj ected power 
can be used for add itiona l contro l of the power output. Important ly, any form of power 

--



I 
I 

--

u..... 

G CASINI Hybrid reactor studies 

injection, neutral beams or RF-heating, is acceptable in the MFA mode since the power 
amplification comes primarily from thermal fusion reactions. The TeA mode, on the con­
trary, based on fast fusions between high energy particles and a thermal background 
target plasma, works best with neutral beam injection. 
Typical values of plasma parameters for hybrid reactor applications of Tokamak's in the 
USA and USSR are given in Table 1.1. The first two cases correspond to Demonstration 
Tokamak Reactor Studies (9, 10). The third case corresponds to a Russian commercial 
power Tokamak reactor (2). These values are compared to those of TFTR. In the existing 
machines neTE va lu es of up to 1013 cm-3 s and averaged temperatures of up to 5 keV 
have been obtained. This means that, from heating and energy confinement points of 
view, we are near to satisfying the design requirements of a hybrid reactor. The major 
problems remain those of the neutral injectors, duty factor and plasma impurity control. 
In order to realize economical operation conditions for a hybrid power reactor, a 
operation with burn-times of at least 1 OOs will be required. This will imply the solution of a 
nu mber of problems, such as: 

impurity contro l of the plasma 
pumping of the injected particles after their deceleration in the plasma 
steady state operation of the neutral inj ectors 

The use of a divertor seems, according to the analyses pel'formed up to now (2, 8, 9, 10) 
inevitable. However, all the matter deserves more investigation. 
In Table 1.2 the key physics parameters are compared for the present Mirror Experiment 
at Livermore, 2 XII B, for the next machine, MTFR, scheduled to be operative in 1981 
and for a commercial hybrid reactor jointly proposed by LLL and General Atomics (MHR) 

(11,12) .. The major differences between the MTFR plasma and that required for the 
hybrid reactor are the physical size and the duty factor. Apart from the development re-
quired for the beam injectors (which is simi lar to what is needed for Tokamak'sL it 
appears that nET for a commercial facility is about a factor 10 larger than in MFTR. 
However, MFTR is considered to be a sufficiently versatile experiment to establish sca ling 
laws that will permit to extrapolate to the larger plasmas with a high degree of confidence. 
Recently LLL has started the investigation on hybrid reactors based on the tandem-mirror type 
of confinement (13). A Tandem Mirror Experiment (TMX) is now in operation at Liver-
more and first resu lts on plasma confinement are encourag ing (15). For the hybrid power 
reactor studies a two-component mode of operation has been assumed to minimize plasma 
confinement and techno logy requirements (14). Typical p lasma parameters for a Tandem 
Mirror Hybrid Reactor (TMHR) are given in Table 1.3. 

2. Blanket design and fuel cycle 

Fig. 2.1 shows a schematic view of the neutron economy in a hybrid blanket. The capacity 
of the blanket in breeding fissile fuel is indicated by the parameter F, the net number of 
atoms of fissile fue l produced in the blanket by each fusion neutron. Multiplication of the 
ene rgy released by fu sion is mainly realized through fission events within the blanket; 
the pertinent figure of merit is M, the energy deposited in the blanket for each neutron 
referred to the neutron fusion energy. As in pure fusion systems, the tritium breeding is 
characterized by T, the number of tritium atoms generated within the blanket per fusion 
neutron. Experience (16) shows that a 14 MeV neutron emitted at the centre of a large 
block of natural uranium produces about 1.2 fast fissions on U-238, a total energy release 
of 300 MeV, and 4.1 breeding reactions. Th-232 has a lower efficiency: the values of 
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energy multiplication M and fuel breeding F calculated for a large block of uranium (12) are 
respectively 80% and 40% lower than the corresponding values of natural uranium. 

Blanket design problems 

Many alternative blanket designs have been proposed in order to fulfill the requirements 
at Fig. 2.1. A first choice is between the case where a moderator is associated to the 
fission fuel (thermal blanket) and the case without moderator (fast blanket). This choice 
depends basically on the aim assigned to the hybrid reactor. The primary purpose of 
the fast blankets is that of fissile fuel production . Most of the conceptual designs pre­
sented in the last years refer to gas (usually helium)-cooled fast fission blankets using 
a high density fuel. Examples are the Livermore Mirror Hybrid Reactors, th e Westing­
house design for a Tokamak Demonstration Hybrid Reactor and the Russian concepts 
of hybrid reactor blankets, already mentioned . 
Recently reactor studies involving thermal blankets have been started, the most inten­
sive one being that of the Ben Gurion University (Israel) in collaboration with Princeton 
(17,18). In this study, light water moderated blankets are considered, the main purpose 
of the hybrid reactor (LWHR) being that of generating power. The blanket of LWHR 
consists of light water moderated and cooled. The pressure tubes housing several standard 
U3Si fuel rods clad with Zircalloy. 
A second choice is between uranium and thorium as fissile fuel. A comparative analysis 
of these two options is given in the next sub-chapter. 

In the following, we will indicate some typical design problems of the hybrid blankets and 
the proposed solutions to them. One of the most severe problems is the steep power 
density gradient across the blanket. In the fast blankets peak-to-average power density 
ratios varying from about two up to ten are found. The effect is particularly important for 
solid fuel blankets in which the fuel rods are arranged perpendicularly to the first wall; 
this fact leads to very large temperature gradients along the fuel itself. In the thermal 
blankets, the possibility to have a relatively flat power density distribution looks easier. 
This has been shown for the Israelian LWH R-blanket by taking an arrangement with the 
lithium positioned ahead and below the fuel lattice and including a graphite reflector (19). 
A second source of difficulties for the hybrid blanket design is the change of energy mul­
tiplication (and power density) during the reactor life . This is a consequence of the fissile 
fuel build-up, typically up to few percent . An illustration of this point for the case of 
the MH R blanket (11) is shown in Fig . 2.2. Methods to maintain a constant energy multi­
plication during the burn-up cycle have been recently proposed for the case of the LWH R­
blanket (inherent control, lithium control, spectral shift control) (19). 
From thermomechanical and radiation damage points of view, the limiting factors are 
those related to the fissile breeding zone. Assuming values of the maximum power density 
in this zone comparable to those of fission reactors, the corresponding wall-loading remains 
in general at values around 1 - 2 MW/cm 2. These values are considered as the lower boundary 
for applications to pure fusion power reactors; commercial materials (such as steel) can be 
envisaged to satisfy both stress and radiation damage requirements. 
The geometry of the fusion driver does not lend itself to simple blanket design solutions. 
Furthermore, the presence of several large co mponents such as cryopumps, injectors, 
magnets, etc. gives rise to several contrasting geometrical requirements. Routine and 
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maintenance operations to be performed on blanket un its i:;ecome very complex and 
remote handling is required . Modular blanket solutions are then mandatory . An account 
of some of the solutions proposed for mirrors and tokamak systems is given in chapter 4. 
The condition T > 1 implies that the tritium breeding zone wi ll be the thicker the 
lower its coverage (extension around the plasma); but the space between the plasma 
and the magnet, where the blanket has to be located, is strictly limited. In creasing 
"ttention to this problem has been given in the last period, in parallel with the deve lopment 
of more refined eng ineering design studies. 
In Fig. 2.3 (3) the energy rel eased in a uranium blanket of hybrid and the associated 
LWR·system is shown in function of the blanket coverage factor (w). Typical values of w for 
tokamak systems with neutral injection are 0.7-0.8. These results show the importance the 
geometrical effects can play for the final assessment of the hybrid capability 
An idea of the performances that may be expected from a hybrid blanket is given in 
Table 2.3, which reports the parameters computed for the Livermore Mirror Hybrid 
Reactor (see Fig. 3.1). 

Uranium versus thorium cycle 

Uran ium has better energy multiplication properties: a factor M = 10 and larger can 
be reached by uranium blankets. It has higher density, which means that a greater uranium 
than thorium mass can be irradiated in the same volume. The production of plutonium 
in uranium blankets may vary between 0.5 and 1 kg/y per MW of thermal power to the 
blanket, or from about 3 to 6 kg/y per MW of plasma power. 
For thorium it can be said that F is about 60% compared to the uranium value, and 
M is about three times sma ller. Hence, the thorium cycle provides less energy to the 
blanket (M = 3) and less fissile fuel. On the other hand, U·233 is a better quali ty fuel 
because it offers a better efficiency than plutonium, both in LWR and in HTG R (20) . If 
C is the conversion rat io of the burner reactor, the production rate of uranium and plu­
tonium should be multiplied by the efficiency factor l / (l-C) for a proper comparison. 
An important parameter for this is the "support ratio" defined as the number of fission 
power reactors which can be supplied in fue l by an hybrid reactor of the same thermal 
power. In Fig. 2.4 the support ratio for various cycles as a function of the conversion ratio 
of the fission reactor is plotted (21). 
From the point of view of resources availability and of the material performances, it 
seems that there are no essential differences in favour of one or the other cycle. Undesirable 
radioactive contaminants are created in both cases. U-233 is contamined with U-232. 
In the decay cha in of U-232 high energy gamma-rays are emitted, whose presence com­
plicates the refabrication of the fuel element. This should be done by remote handling 
technique. The amount of U-232 present in the fissile fuel increases linearly with irradiation 
time (22) and reaches the value of 4000 ppm after 400 days. For comparison, in the 
U-233 produced in HTG Rs the amount of U-232 is lower by an order of magnitude; but 
probab ly it is a lready large enough to require remote handling refabrication. 
Pu-239 is contamined by Pu-238, which is a strong a-emitter, inducing (a, n) reactions on 
light e lements such as oxygen. The oxide of this fue l will therefore give rise to some 
neutron shielding requirements. Pu-236 decays in 2.8 y to U-232. But the presence of this 
isotope is low for plutonium fuel. 
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The chemical separation of the fissile fuel from the irradiated breeder material produces 
long-life radioactive wastes in both cases . The toxicity of the actinides produced in the 
thorium cycle and their RBH (relative biological hazard) is significantly higher. 
The comparison of the fuel bred in a hybrid blanket with that produced in a fission 
reactor shows important differences in quality and quantity. The fuel from the hybrid 
has higher fissile content: 95% of the plutonium bred from uranium is fissile. The U-233 
content in the uranium bred from thorium is around 99%. In fission reactors the (n, [) 
reactions on fissile isotopes produce non-fissile isotopes; these amount to 25 - 30%. 
This purity is advantageous from the point of view of burner efficiency, but undesirable 
for non-pro liferation concerns. 
Non-proliferating quality of fissi le fuels has received increasing attention in recent times. 
U-233 may be easily denaturated by diluting into U-238. In this way the fuel produced 
would not be suitable for weapon construction. Denaturation of plutonium is certa inly 
more difficult. Non-proliferation concerns have resulted in consistent international efforts 
under the International Fuel Cycle Evaluation (INFCE activity. Recent studies (23, 24) indi­
cate the technical feasibility of a nO'reprocessing strategy. Fuel based on HTGR or LWR 
technology, containing only thorium, would be irradiated in the blanket of the hybrid 
reactor. When a sufficient concentration of U-233 is reached, around 3- 4%, the fuel 
could be used in HTGR s or in LWRs. Multiple breeder-burner cycles could be operated . 
This "Refresh Cycle" system concept offers attractive features and is certa inly pro life­
ration-resistant. The use of the fissile fuel wou ld be, of course, less efficient and the cost 
of energy wou ld increase. Furthermore, doubts have been raised on the capability to 
meet, for the fue l produced in the hybrid, the stringent design qualifications of the 
fission reactor. 
A new interesti ng symbiotic system with very simple fuel reprocessing has been proposed 
by the Kurchatov Institute (25) . In the blanket of the fusion reactor, U-233 is produced 
from thorium circulating in the form of ThF4 • The molten sa lt fission reactor burns the 
U-233 and produces, for the fusion reactor, tritium from lithium circulating through its 
core in the form of LiF. 
Recently LLL has taken also in consideration the proposal of a Berillium-Molten Salt 
Blanket (Be/MS) for hybrid reactors (21) . In the LLL approach the hybrid blanket in ­
cludes lithium in the sa lt and then tritium production. Perceived advantages of Be+MS 
blankets are: 

safety. loss of coolant accident (LOCA) problems virtually elim inated by virtue 
of suppressed fission and the continuous on-line removal of fission pro­
ducts as well as the fissile and fusile materials produced, 
no plutonium produced; 

high-support ratio (see Fig. 2.4); 
on- line refueling and reprocessing should result in higher capacity factors and continuous 
sale of 233 U. Both should improve hybrid economics; 
low-pressure coolant shou ld simplify mechanical design. 

From the molten salt technoloqv po int of view, whi le much of the fi ssion reactor exper ience 
(aircraft nuclear propuls ion,Molten Salt Reactor Experiment) is applicable, there are im­
portant differences in the fusion-blanket environment. Low·blanket fi ssion rate should 
reduce the f ission product corrosion problem encountered (but apparentl y solved) in the 
MSRE. On the other hand, high neutron fluxes in structural components (f irst wall, etc.), 
magnetic fields and much larger trit iu m production rates w ill be more demanding of 
materia ls. Magnetic fields will induce electric current in flowing molten-sa lt which could 
enhance corrosion. 
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In the last period the need of exploiting as much as possible the experience of fission 
reactors for the selection of the fuel of the hybrid blanket has been emphasized (26). 
The comparison between possible fuel forms is analyzed on the basis of operational 
reliability, fuel fabrication development, fuel lifetime and module design considerations 
(including safety). As an example, in the Westinghouse DHTR study, results globally 
favour the use of Th02 fuel pellets in Zircalloy cladding even if this fuel is second to 
thorium metal fuel in terms of U-233 production . 
In Table 2.2 are shown comparative recent results of blanket characteristics involving 
uranium and thorium in various forms (27) . This work was performed by General 
Atomic for the TMH R scoping studies. The metal-clad thorium blanket has been assumed 
as reference fuel for further conceptual design work . Also the LWH Rs have been found to 
possess an assemblage of attractive features from the fuel cycle point of view. These 
advantages features include the following (18): 

elimination of enrichment requirement. The fuel feed can be natural uranium, 
depleted uranium, or "spent fuel" from LWRs; 
no separation of plutonium is required; 
the fuel cycle technology is similar to that of the LWR; 
with co-processing to extract fission products only (i.e. no separation of 239 Pu from 
2" Ul. the entire uranium resources (or thorium resources) can be burned. 

3. Reactor conceptual designs 

In the last years more emphasis has been given to the engineering and overall design as­
pects of the hybrid systems. In the following we will outline the main features of three of 
these reactor designs, namely: 

the Mirror and Tandem Mirror Hybrid Reactors, set up by Livermore and General 
Atomic; 
the Tokamak Demonstration Hybrid Reactor (DTH R) under study at Westinghouse; 
the USSR-Tokamak Prototype Hybrid Reactor (RTTH) . 

MHR (Mirror Hvbrid Reactor) 

It is the project for which the most complete conceptual design analysis has been carried 
out (\fears 1974 - 78) . The main reactor design choices are: 

minimum-B mirror confinement; 
Yin-Yang coil design, NbTi superconductor; 
positive ion injectors with direct recovery; 
fast spectrum blanket neutronics; 
single-stage plasma direct converter; 
cryocondensation vacuum pumping; 
blanket U3 Si fuel (depleted uranium) 

LiH tritium breeder (natural lithium) 
Inconel 718 structural material ; 

helium primary heat transfer loop; 
prestressed concrete reactor vessel; 
steam thermal conversion system. 

• 

• 
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The characterist ics of the reactor are listed in Table 3.1. A view of the reactor and of 
a blanket module is shown in Figs. 3.1 and 3.2. 

TMHR (Tandem Mirror Hybrid Reactor) 

Conceptual design studies on a Tandem Mirror Hybrid Reactor (TMHR) are being 
carried out jointly by Lawrence Livermore Laboratory, Genera l Electric Co., Bechtel 
Corp. and General Atomic Co. In Table 1.3 is given a set of parameters for a not yet 
opt imized tandem power reactor (500 MWe). As a tentative point design, a centra l cell 
length of 50 m was chosen together with a maximum magnetic field of 12 T and neutral 
beam injection of 200 keY. The pred icted Q and wall loading are 1.1 and 2.2 MW/m', 
respectively. An arti st view of the reactor is presented in Fig. 3.3. 
The cylindrical geometry of the tandem mirror plasma and solenoid coils lead naturally 
to an axisymmetric cy lindrical blanket module configuration, shown in Fig. 3.4. 
The long cy linder is cut into modules and the string of modules is clamped into a longi­
tudina l frame incorporated into the prestressed concrete reactor vau lt. The clamping force 
is app lied by inflatab le all-metal cush ions between the cy lindr ica l modules, wh ich also 
make the major on-line vacuum sea l using double knife seals. When pressure in the system 
is released, modules can be quickly changed. No we lding or cutting is requ ired to remove 
or replace the module. The central breeding zone is replaceable cartr idge that sli ps into 
the reusab le sh ield. The spent cartridge is quickly replaced with a fresh one and the 
reactor put back on line. 
Concerning the blanket, two so lu tions involving either molten sa lts or solid fuel and gas 
cooling are being investigated. 
For the gas-cooled blanket case, metal clad thorium is considered as reference fuel. 
Concerning the fue l arrangement in the cyl indrica l blanket module, both plates and 
ax ial-rods solutions are being assessed. A layout of the blanket arrangement and a 
sketch of a blanket module for the case of the molten sa lt solution are presented in 
Figs. 3.5 and 3.6. 

DTHR (Demonstration Tokamak Hybrid Reactor) 

Westinghouse is perform ing a conceptual design study of a near-te rm Demonstration 
Tokamak Hybrid Reactor. A simi lar investigation has been performed in the last few 
years by Batte ll e Northwest Laboratory (9) in conjunction with the University of 
Wisconsin . The BNWL-UW design adopted as a fusion driver system that of the Engineering 
Test Reactor (TETR) previously studied at the University of Wisconsin (29). 
Typical reactor parameters of the Westinghouse-TDHR are given in Table 3.2. The main 
features of the reactor are shown in Figs. 3.7 and 3.8. The characteristics of the fusion 
driver are in many respects similar to those identified by Westinghouse in previous TNS 
(The Next Step) scoping studies. As mentioned in chapter 2, the fue l se lected as reference 
for TDH R is thorium ox ide in Z irca lloy cladding, as developed for light water reactors 
(Shipping port programme). 
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RTTH, Tokamak Hybrid Reactor for Fissile Fuel and Electric Energy Production (30) 

The RTTH is a preliminary design of a hybrid power reactor intended for plutonium 
production and electricity generation. From the point of view of the fusion driver, 
it is a Tokamak reactor, operated according to a two-component mode, with neutral 
injection and a double null axisymmetric divertor. The plasma parameters are within 
the range given in Table 1.1. Li2 AI2 0 4 is used as tritium breeding material. The 
fertile fuel is metallic uranium, water as moderator and titanium hydride as shielding 
for the magnet. The main parameters of the reactor are given in Table 3.3. 

4. Safety and environmental problems 

There are four major potential hazards in hybrid systems: 

a) tritium 
b) activation products (first wall, structural, corrosion) 
c) actinide elements 
d) fission products. 

The relative amounts and importance of these hazards will depend on how the system is 
optimized, in particular concerning the choice of blanket anf fuel cycle materials. Due 
to the fact that up to now there are only few conceptual designs on hybrid reactors, 
the safety analyses are at a preliminary stage. In the fo llowi ng we will examine some 
questions according to the following sequence: 

inventory of radioactive materials 
event trees for typical significant accident sequences 
potential for blanket criticality 
heat decay removal safety problems 
problems related to the safety of the electromagnetic system. 

Actinides and fission products 

As compared to fission reactors, hybrid-produced plutonium contains less Pu-238, which 
is the main responsible of a -activity during fuel fabrication. On the contrary, the Pu-236 
concentration in hybrid systems is three orders of magnitude larger than in fission reactor­
produced plutonium. By-product actinides (essentially Np-237) are also produced by a 
factor of three to four as compared to similar waste generated in a fast breeder for 
equivalent masses of plutonium. On the other hand, no americium and curium are pro­
duced in hybrids. 
The U-233 produced in a hybrid thorium blanket contains substantially higher concen­
trations of U-232 as compared to HTGRs. There is indeed a production of actinide 
by-products, namely Th-230 and Pa-231. 
Concerning fission products, results obtained from a comparison between the Livermore 
MHR and a LWR of the same power (1 GWthj, after the same operation period (3 years) 
have shown that the hazard presented by the two systems looks comparable (31). 
In conclusion, the picture concerning by-product isotopes and fission products in hybrid 
blankets appears to be comparable to that of fission systems. 
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Tritium 

In a hybrid reactor the expected values for tritium release under normal operation, as 
a result of sma ll off-normal events or during a catastrophic accident, are sim il ar to those 
of pure fusion power stations. Two quest ions, however, are specifically related to 
hybrid systems: 

what is the probability of a catastrophic accident which should lead to a dispersion 
of all the tritium in the plant to the atmosphere, as compared to the case of a 
pure fusion system; 
how does the potential hazard from tritium compare to that from fission fuel. 

The first point is related to the event trees of the accidents. As to the second point, no 
direct comparisons between tritium and fission products in a hybrid reactor are available. 
However, in the previous paragraph it has been mentioned that fission products in 
hybrids have a potential hazard simi lar to that in fission reactors. Then we can use 
results (32) which compare the critical dose versus area in case of a major accident due 
to tritium (10 kg) in a fusion reactor to the case of fission reactors (LW R, release of a 
substantial fraction of fission products and 0.5% of actinides). From these results it 
appears that the tritium hazard is lower by two orders of magnitude; this means that 
in case of hybrids, the radiological effects due to a major accident are dominated by the 
presence of the fission fuel. 

Accident analyses 

In order to evaluate the potential for the major hazards previously mentioned, some work 
has been performed to identify possible mechanisms for breeching containment on 
hybrid systems (31). Again, such a type of work is largely connected with the specific 
case investigated, so that it is not easy to draw general conclusions. The work reported 
in (31) was mainly based on the reference mirror hybrid design (MH R). 
Event trees related to loss·of-coolant and steam·ingress accidents have been considered. 
First, the problem of the state of the fissile/fertile fuel elements has been examined 
for a helium-cooled reactor. Dominant in the consideration of such an accident is the 
question of whether the fuel elements can melt, since this cou ld lead to a condition in 
which bulk fuel motion could occur . As indicated by the event trees, this fuel motion 
might lead to critica lity of the core. The resu Its indicate that reactor shut·down must 
occur within a comparable time scale if cladding failure is to be avoided. The avoidance 
of clad failure assumes that decay-heat remova l is avai lable . 
The consequences of a rupture between the helium primary coolant loop and a steam 
generator have also been considered . The analysis shows that significant pressure and 
temperature effects can occur in the blanket, during approximately 10 s, and that while 
the course of the steam-ingress accident can be quite sensitive to the size of the rupture, the 
characteristic time for pressurization is much less so. It is concluded that significant effects 
could be encountered within the blanket before any appreciable change has occurred 
in the steam generator due to the large thermal mass of steam. 
These re lated events have demonstrated that significant damage to the blanket, the fuel 
elements, and to the structural components of the reactor can occur in 1 to 10s. These 
times are comparable to the time required for plasma shut-down, hence it may become 
difficult to halt reactor operation before significant damage has occurred to reactor 
components. 
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Assuming that reactor shut-down has occurred, the problem of decay heat removal 
was also considered in ref. (31). The sources of decay heat are the induced activity of 
the first wall ("after heat") and the fission products. Since the power densities in the 
fissile fuel are comparable to those in LWRs, about 300 - 600 W/cm 3 , decay heat 
removal must be provided. For the helium-cooled blanket, loss of forced circulation 
heating causes the fuel to melt in the range of 100 - 200 s, due to decay heat. 
As a result of these studies, it appears that highly reliable and even redundant decay 
heat removal must be provided. Loss of ability to remove decay heat results in the 
melting of fuel, with ultimate release of fission products and actinides to the con­
tainment structure. 
In addition, the question of criticality must be dealt with . Although fus ion-fission hybrid 
blankets are designed to be far subcritical throughout blanket life, multiplication can 
change as a result of material composition changes or geometrical reconfiguration. 
Three changes which might occur due to an accident, were examined in detail: 

a) the ingress of steam into a fast spectrum blanket; 
b) complete melt-down of the blanket material; 
c) steam ingress with resulting blanket expansion. 

The general trend of all blanket reconfigurations yielded significant increases in neutron 
multiplication. However, low blanket residence times and, therefore, low fissile invento­
ries prevented criticality, even for the most reactive geometries attainable. 

Concerning the safety aspects of the magnetic fie ld system (toroidal magnets and poloidal 
field coils), no major differences seem to appear as compared to pure fusion reactors. 
However, the problem arises of the consequences of magnetically driven missiles from 
blanket, plasma wall and outer containment integrity points of view. Such consequences 
could be more severe in the case of hybrids as compared to pure fusion systems, due to 
the presence of fission products and toxic fissile fuel isotopes in the reactor core. With 
respect to magnetically driven missiles, preliminary results (31) indicate that relative ly 
small velocities are reached with low efficiency. However, the entire subject deserves 
much more investigation. 

5. System studies and economic perspectives 

Since the beginn in g of the investigation on fusion -fission hybrids, a number of studies 
have been devoted to the assessment of the interest of this concept in the future energy 
scenarios. These studies are almost all related to the USA situation, both as concerns the 
energy demand as well as the economic boundary conditions. 
In the following we will summarize some of the results of recent studies performed at 
LLL (33) and at ANL (34); similar studies have been made at BNWL (35)' Rand 
Corporation (36) and Princeton (28). 

LL L -Studies 

A schematic view of the system investigated is given in Fig. 3.9. As converters 
both LWR and HTG R reactors have been considered; two cycles have been compared, 
namely uranium/ plutonium and thorium/ U-233. The basic data for the two hybrid 
reactors are those of previous LLL-investigations (Table 5.1). Two modes of operat ion 
for the hybrid reactor have been considered: 

in the first mode (on-line) the thermal power produced by the hybrid is converted 
to electricity for sale; 
in the second mode (fuel factory) the hybrid would not produce electric power, but 
would rather obtain its input power needs from the output of its converter reactors, 
and reject its thermal power. 
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The results can be summarized as follows: 

the better multiplication properties of U-238 al lows a greater relaxation of the plasma 
requirements: the transition from a consumer to a prod ucer of e lectr ic power for 
a hybrid with U-238 as breeding material occurs at Q == 0.6. If thorium is used as 
breeding material, this transition occurs at a Q-value about twice as high; 
the use of the thorium / uranium cycle allows to feed a greater number of converter 
reactors; the dependence of the support ratio on Q is shown in Fig. 3.10. for the 
two cycles; 
the Th/U cycle will admit higher hybrid reactor capital costs compared to the 
U/Pu cycle (Fig. 3.11). 

Hybrids and Fast Breeder Reactors 

A comparison between the number of thermal converters which co uld be fuel led by 
hybrids and fast breeder reactors has been recently made at AN L (29) and the results 
discussed by Bethe (37). The features of the hybrids considered in the analysi s correspond 
to a thermal power of 3000 MW and to two blanket so lutions invo lving either U+ Th 
or Th, as indicated in Table 5.2. The results are shown in Table 5.3. 
As expected, the fast breeder can supp ly only few converter reactors, then it is important 
that the breeder itself produces electrical power as well as fissionable material. This 
implies that the reactor would normally be operated by the utility, just like another power 
station. On the contrary, in case of hybrids, one can imagine a separat ion of fuel and 
electricity production, even if this would imply an increase of the fuel production cost, 
as shown before. Such a separation could be desirable, at least in the coming years, until 
the moment where the steady-state operation and the full reliability of the fusion plants 
will be assured. On these bases, Bethe has emphasized the interest of leaving the operation 
of the fusion fuel factories to the government, which could deliver to the utilities the 
nuclear fuel to be used in standard fusion power plants. The direct gouvernamenta l control 
of the fuel production could facilitate the problems of non-proliferation because the 
reprocessing of the spent fue l wou ld be made at the same place where the fuel is produced. 
In this case, the Th-cycle looks more attractive for the reasons already outlined previously 
in this paper. 

Conclusions 

Significant study efforts on fusion-fission hybrids have been conducted during the past 
years with increasing attention to the engineering aspects of design and performance charac­
teristics. In the area of the fusion drivers (here limited to magnetically confined, D-T systems). 
both Tokamaks and Mirror machines have been cons idered and the trade-off between the 
plasma parameters and the economical impact has been analyzed. 
The encouraging results on the plasma machines now in operation have extended the 
attention, for the Tokamak Demonstration Power Reactor Design studies, towards 
higher Q-values and to the Tandem Mirror Reactor applications. 
The trend of considering hybrids as fuel factories for fission thermal reactors has been con­
firmed . The possible future development of the hybrid reactor seems to be in an energetic 
economy largely supported by fission reactors. The number of fission reactors wh ich can 
be fuelled by the fusion breeder is proportional to their fuel conversion factor. This has 
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oriented t he recent analyses towards the coupling of the hybrid systems with advanced 
converters (such as HTGR) and, for the case of LWR, to the use of thorium fuel 
elements. Th is last tendency has been also supported by the requirements rel~ted to 
the prolificat ion resistant fuel cycles, which have received particular attention in the 
last few years, in the framework of the International Nuclear Fuel Cycle Eva lu at ion 
work. 
The possibility for the hybrids to use depleted uranium or spent fuel from fission 
plants has been also recognized. 
New blanket designs involve solutions with low power gradients, both in space and 
during irradiation, geometrica lly simple and based on fuel forms a lready proved in 
fission reactors. 
The severe penality on the economics connected with the reduct ion of the blanket 
coverage due to the reactor geometrical complexity has been put in ev idence. 
Molten salt blanket systems, which look very favourab le from the point of view of the 
number of the supported therma l reactors, are under invest igation . 
The feasibility of "refresh fue l" cyc les, where the fuel is produced in the hybrid and 
burnt in the thermal converter without reprocessing, has been proved; however, the 
enormous difficulties connected with the design specifications and operation procedures 
have been recognized . 
Safety and environmental studies on hybrids are still at a very early stage; it can be ex­
pected that the prob lems related to the fission fuel will be predominant (after·heat, 
actinides). This area deserves much more investigation. 
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TABLE 1.1. 

TOKA/lAK PLASM PARAMETERS 

USSR 
!FTR TDHR OTHR 

BNWL -Ul'! WEST I NGHOUSE HYBRID REACTOR 

A CI1] 0.S5 O.G L2 1.2 -

R [MJ 2.~8 3.2 5.2 ~.S -

~ x 1013 C cl1-3J 4.S 7.7 15 6 

1, [ KEV] G 11.3 II ID -

NE1: elol3.F cH-
3
SJ 1.0 O.S 7.5 ~ -

BEAM ENERGY eKEV] 120 150 200 200 

Q 1.0 1.S G.3 2.0 

BURtf TIME C sJ 1.~ GO 7O-S5 100 

TAB LE 1.2. 

MIRROR PLAS~ PARAMfTERS 

2XII-8 MFTF COMt!. HYSR IO 

PLASMA LENGTH un 1.G 3.~ 

CONDUCTOR F IELD III --- 7 

(0 o.~ 0.5 
0.7 

INJ ECTI ON ENERGY (KEV) 20 .0 80 .0 

1~0.01 120 .0) 

"~ (5/cI13) 7 x 1010 1012 

LtA, 35 .0 100 - 300 

R~/A! 3.0 10 - 50 

TABLE 1.3. 

T.'lHDEl1 MIRROR HYJlRID .~EACTOR 

EXAMPLE PARAr~mR '/ALUES 

SOLElm [0 LENGTH, Le 

SOLENQID .~ACIUS, RC 

SOLENOID EL.~CTRON DENSITY, Ne 

SOLEND 10 DEUTER! UM DENS I TY, NO 

SOLENOID TRITI UM DENSITY. NT 

ELECTRON TEMPERATURE, rE 

!NJECTION ENERGiES. E'NJ 

SOLENOID FIELD. Bc 

50 M 

0.37 ,'I 

1.7 x 1020 

G.3 x 1019 

1.1 x 1020 

5.0 i(EV 

200 ':<EV 

!'8TI~,' 

II 

S 

0.7 

125.0 

lOll 

250 .0 

50.0 

., -3 

., -3 

M -3 

0.8) 

PLUG FIELD, Bop 7.0 T (R? .. 2, ~p • 0.71 

PLUG DENSITY, Np 

PLUG RADIUS. il? 

Fus I ON PowER 

NEUTRON WALL LOAD I NG, 

(AT I-M RADIUS) 

4,6 x 1020 M -3 

0.15 M (R/e, '" 12) 

~ lO ;,111' 

11"!'ti/M2 

• 

1.~ 

G.G 

15 

G 
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TABLE 2.1. 

PLUTONIUM PRODUCTION ( KGIIlWT Y) 0 ,53 

FISSION ZO NE U3S[ 

TRITIUM BREE!.oIllG ZONE liH 

[OOLANT HE 

CLADD I NG [NCONEL 

MAXIMUM CLADDING TEMP. 700·C 

["\Ax. POWER DENSITY CUe,..3 J (A) 240 (,) 500 

ii. ENERGY MULTIPLICATION (,) 8,8 (,) 18,4 

F. FUE L. 3REEDING RATIO CA> 1.85 (,) 1.75 

(, ) 0 (a) 2,3 

TRITIUM BR EEDING. (,) 1.05 ( a) 1. ~2 

BLANKET CQvE;{AGE 0 ,85 

CA> .. INITIAL VALU E ( s). ~!NAL vAL.Ue 

TASLE 3.1. 
MH R REACTOR CHARACTERISTICS 

FUSION POWER 

I
l rlJ ECTED ileunAL POWER 

NET !:.L.ECTRIC c uTP UT POWER 

I
1 F ISSILE PRODUCTI ON RATE 

PU.SI'\A 

IN ECTlOr. !:.NERGY DO 
I "" T" 

1 I' 
CENTRAL IO N OE NS J TV 

o 
""<a 
FIRST WALL. 14 MeV riEUTROH CURRENT 

MAGNET (YIN-YAIlG TYPE ) 

OUTSIDE DIAMETER 

DISTANCE BET'tIEEN MIRROR POINTS 

I"'IAXI/'IU"" FIEL.D ,\T TH:' CONDUCTOR 

1-lAx [MUM CURRENT DENS I TY 

BlANKET 
T~lTlUf'I !lREE~ER 

FERTILE FUEL. CLADDING 

FUEL DIAMETER 

TOTAL FUEL EXPOSURE 

PLUTON I UM Ef(RI CHMENT ( END OF LIFE) 

PEAK FUEL POWER DENSln' 
(BEGINNING AND END OF LIFE) 

NAXIMI.I1 CLAD TEMPERATURE 

COOLANT 

COOLANT PRESSUR E 

!NLET-OUTLET TEMPERATURE 

400Mll 

3600 ~; 

525 1"':1 

515 I'M 

2700 KGIY 

125 KEV 
IS7 KEV 
0.7 
9 x 1013 (':. ~3 
0,63 
2 x 1013 ~1C/CM3 
2 I'1.W/I'\2 

11 " 
131'1 
8 TESLA 

103 A/CMZ 

liTHIUM H"'-:"RIDE 

U3SI. !NC[' "EL 718 
0. 7 CH 

5 I~ - yh -
2.3:t 

240-500 'rI/ ":113 

HELIUM 

60 ATM 

180-530·C 

-
TABLE 2. 2. 

GA STl()IES 

GAS-COOl EO BLAllKfT PARAr1FTfRS FOR THE mHR 

BLANK ET 
URAN I uMIT HOR I UM 

URAN IUM METAL BeRYLUUMfTH~1 
GRAPHITE 

B~EED I NG RA TIO.:t: , F Pu 1.8 O,BI ---
(ATOMS/FuS ION NEUTRON) mu --- O.7B 0.74 I (W ITH TIN · 1.1) 

ENERGY NUL T 1 PL I CA T 1 ON.:t: , M 10 5 ,6 1,6 

FUEL PRODUCT I ON 
~ Pu Q,97 0.78 ---

(KG/ MWT -YR) 233u --- 0.75 1.511 

ADIABATIC TIME TO MELTING I " 1H 1.5 H 

ApPROX IMA TE FUEL L IFET IME 6 9 9 
11'(\1 ,,,1,.1) 

FUEL CDST.:t: :t _ (SlGM) 93 77 84 
(AT 15 MILLSIKWH 

ELECTRICITY) 

BEGi NNING OF BLANKET LIFE VALUES 

.:t::t ADJUSTED FOR RELATIVE VALUE OF PLUTONI UM VERSUS 233U 

TABLE 3.2 . 

PRELHHNARY OTHR DESIGN FEATURES 

PLASMA MAJOR RADIUs 

PLASMA MINOR RADIUS 

,,' " 
1.21'1 

PLASMA ELONGoH I ON 1. 5 

TOROIDAL FIELD ON AXIS 5.5 T 

PLASMA CURRENT 5.1 i"A 

FIRST WALL NEUTRON LOAD 2. 0 MW 1'1-2 

r'JSIO N POWER 950 MWT 

NEUTRAL SEMI ENERGY, POW ER 200 KEIf, 150 I"!W 

PLASMA PULSE DUR ATI ON, PERIOD 70 s. 35 :i 

DuTY FACTOR X PLANT AVA I LAIlIL I~ (A NNUA L) 0.20 

VACUUM VE SSEL WATER-COOLED 316 SS 

BLANKET FUEL FORM THORI UM" OXIOE OR l'1ETAL 

BUNKET COOLANT 

FUEL ASSEMBLIES 

PL..\SMA EXHAUST 

UI VERTOR PARTICLE COUECTlON 

TF, PF AND D[VERTOR COIL CONDUCTORS 

Co 1 L CONDUCTOR COOL 1 NG 

TF Co I L NUMB ER 

PEAK F IELD AT TF WIIIDINGS 

SF 'I/[ND ING LOCATION 

FUEL 

U233 PRODUCTION RA TE ( KG/Y) 

Av. U233 CONCENTRATION (1 'f !OAR ) 

Low TEMPERATURE WATER 

LWBR TECHNOLOGY 

BUNDLE 0 I VERTOR 

ZRAL AND CRYOPANELS 

SUPERCOtlDUCTlNG :'IB3SN 

FORCED FLOW liQU[D HELIUM 

16 

UT 

ExTERNAL TO TF ARRAY 

o,m 

-----
0,49 

1.6 

-----
1.65 

16 H 

1 

98 

L' _____________________________________ _ 
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I 
1 

I 

11 
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TABLE 3.3. 

RUSS IAN HYBRID POWER REACTOR PARAI'ETERS 

THERMAL POWER 

ELECTR I CA!.. POWER 

AUX.ILIARY POWER 

URANIUM INV EN TORY 

BLANKET ENERGY AMPLI F ICATION 

PLUTDN IUM PRODUCT! ON 

PLUTONIUM CONCENTRATION (END OF LIFE) 

TRITIUM CONSUMP TION 

TRITIUM BR EEDING 

PLASMA WA LL LOAOI NG 

POWER DENSITY IN THE FUEL 
(AVERAGE-MAX [MUM) 

6.900 MW 

1.500 MW 

570 Mw 

1.110 TONS 

10 

4.200 KG/V 

37,2 KG/Y 

1.04 

0.6 MW/H1 

98-203 III/c /13 

TABLE 4.2. 

REACTOR SYSTE11 CHARACTERISTICS 

LLL -STUD [ES 

OUTPUT OF HY8R I OS 

ANL./SETHE STUDIES 

U/Pu TH/U-233 8LAIIKET U + rH 

HYBRID PRODUC ED U-233 (KG/YR) 1100 

M 10 5 PRODUCED Pu- 239 (KG!vR ) 500 

'1H 0.5 0.5 FUSION POWER. f'!W ( rH) 510 

~lll 
0.35 0.35 NeT ELECTRIC POW ER , MlL g-1 110 

NET ELECTRIC POWER, 11'i\~. g=Z 600 

CONVERTER 

~ 
0.67 0.85 

1re 0.35 0.35 

THE QUA NTITIES SHHON ARE FOR' A 3000 MIHTHERMALl 
FUSION-FI SS ION REAc.TOR, 

TABLE 4,3. 

NUI1BER OF ·SATELLlTES· 

ANUBETHE STUDIES 

CONVERTER L'/R ADVANCED 

HYBRID WiTH TH 5 16 

HVBRID WI TH U ... rH 4 II 

FAST BREEDER 0.7 1.7 

345 

TH 

1600 

0 

1150 

-750 

120 
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Fig. 1.1.· Compariso n of fusion power density 
Pf for a TCT plasma w ith optim al r 
and a th ermal plasma with r = 0 . 

-

Fig. 1.2 . - Plasma amplif ica tion versus fusion power 
densi ty . For each n rE' the D-T composition 
is adj usted for maxFmum Q. 

Fig. 1.3 .. Q as a function of neT e considering 
the ex· particl e heat ing (solid curve ) 
and without it considering the 
0:' part icles (dotted curve) . 
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D + T 

1 fusion neutron 

23"S U 

'3,' (n, I), (n, 2n) , (n, 3n) 
Th 

energy 

----_ energy 

F 

6 Li(n, ,,)3 H 238 U(n, 1') 

or 23' Th(n,1') 
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ICRF HEATING IN TFR AT THE ION-ION HYBRID RESONANCE 

TFR GROUP'" 

ASSOCIATIO N EURATOM-CEA SUR LA FUS IO N 

Deportemenl de Physique rill Plw;/1U1 el de /(1 ,..11 .... ;01/ CO/llrM;'" 
Celllre d ' L'llIde!) Nlldeaire ., 

Boile Posl"le n° 6. 922611 FONTENA Y-A UX- IW SES ( FH ANCL) 

I. INTRODUCTION 

First experimental results on plasma heating in Tokomaks in the 
ICRF were obtained in ST /1/, TMI-RF /2/ and TOI /3/ . Although definite 
heating effects were reported, these results also suggested the method might 
lead to serious perturbation of the plasma confinement : a large increase 
of the electron density, loop voltage and impurity content, leading eventual­
ly to disruptive instability, limited in those experiments the energy cou­
pled to the plasma to a few hundred Joules . 

That those deleterious effects are not an intrinsic drawback of 
the heating method, but should be attributed to the modest confinement cha­
racteristics of those early Tokomaks was demonstrated in subsequent exper i ­
ments, first in ATC /4/ where I KJ additional energy was coupled to the plas­
ma, more recently in TFR /5/, PLT /6/ and DIVA /7/ where the results showed 
it was possible by this method to couple a power comparable to the ohmic 
power in long pulses without significant alteration of the confinement : in 
TFR, up to 200 kW RF power could be transfered to a Deuterium plasma for 
20 ms leading to a 6Ti of at least 150 eV at an average density of 3.101~m-3. 

An important technical progress was also made in TFR /8/ by de­
monstrating that the RF power could be coupled to the plasma using entirely 
metallic launching loops, this technique avoiding the cumbersome use of in­
sulating materials used in earlier designs of the antennae. As will be shown 
here, further progress in this direction seems still possible. 

From the more basic point of view of understanding the heating 
mechanisms, an important step was done after it was realized that the phy­
sics of wave damping in Deuterium at w ~ 2wCD was in fact determined by the 
presence in the plasma of a small percentage of protons /9/ / I 0/. An effo'rt 
of theoretical analysis was initiated by this observation /11/ /12/ /13/, 
leading now to a coherent picture of the heating mechanism : 

• 
+. + 

If the H denslty In a D plasma is larger than a critical value 
given by 

k' () k 2 2 // V th H 4 // c 
nH = nD W 13 + WZ pD 1 ( I ) 

where k4 is the wave number along the magnetic field of the fast wave gene­
rated by the antenna, the fast wave is locally converted into a slow mode 
whose energy, in turn, is efficiently transfered to the three kinds of par­
ticles : protons (cyclotron heating) , deuterons (harmonic cyclotron heating) 
and electrons (Landau damping). Since the position of the conversion layer, 
determined by 
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depends on the H+ dens ity, wave conversion, and hence plasma heating, can 
occur rather far from the cyclotron layer, or even, at sufficiently high 
nH/nD' with the cyclotron layer outside the plasma. 

For values of nH/nD lower than the limit given by (I), wave con­
version becomes inoperant. Howeve r, efficient ion heating remains present, 
the natural shielding of the wave field polarized in the ion direction, 
which would prevent heating in a pure hydrogen plasma, being now partly 
compensated by the presence of deuterons. In this case, heating is expec­
ted to occur in the immediate vicinity of the cyclotron layer. An example 
of such a situation is shown in Fig. I, where the relative amount of power 
distributed among the three species has been computed on the basis of a nu­
meri cal model developed by J. Jacquinot / 11/. 

In both cases, a large fraction of the total wave power is trans­
fered to the protons, so that this minority species is expected to reach 
very high energies. Including quas i linear diffusion coefficients in the 
Fokker-Planck equation, T. Stix has shown this should lead to a tail in the 
proton velocity distribution function and computed the expected distorsion 
of the energy spectrum as a function of the coupled RF power /14/. 

As shown in this paper, the main lines of this 
the ion heating in a basically deuterium plasma near W 
agreement with the latest experimental results in TFR. 

general picture of 
2wCD are in good 

Coupling RF power up to 250 kW to the plasma in a range of high 
density conditions (0,5 < neo < 1.4 10'4 cm- 3

) results in significant ion 
heating. For nH/nD lower than 5 %, this occurs with the W = wCH layer near 
the plasma center, resulting in D temperature increase up to 200 eV and a 
tail in the proton velocity distribution. At higher nH/nD, comparable hea­
ting effects occur at W < (WCH)o, This however requires the computed posi­
tion of the conversion layer to be near the plasma center, clearly demons­
trating the essential role played in those conditions by the wave conver­
sion mechani sm for determining the position of the heating region. 

2. RF EQUIPMENT 

The general RF equipment is shown schematically in Fig. 2. The 
amplifier , capable of delivering 500 kW on a dummy load, is connected to 
the launching structure through a system of two tuning stubs. 

A transmission line of adjustable length supplies the two half 
coils in phase or 180 0 out of phase, allowing thus m = ± I or m = 0 waves 
to be generated in the plasma. 

The design of the two semi circular coils (Fig . 3a) used in most 
experiments described here, is basically similar to the one used previous­
ly /8/, with some technical improvement: the Faraday screen is now made of 
two series of inconel blades arranged in such a way as to prevent particles 
following the magnetic field lines from penetrating inside the inner part 
of the antenna. The central and return conductors are both silver-plated 
and each half coil is mechanically assembled in a rigid way by strong con­
nexions with the vertical ports. As previously, no insulating material was 
used between the central conductor and the screen. 
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Before each series of experiments, the two half coils were tho­
roughly outgassed by RF pulses r,epeated every 2 or 4 seconds, at 0.3 to I kW 
average continuous RF power, either in vacuum or in the presence of the dis­
charge cleaning plasma. 

In vacuum, the loading resistance defined as ~ = 2P Z2 0 / VM 2 where 
P is the transmitted power, VM the peak RF voltage on the line supplying the 
coils and 20 = 50 ~, is about I ~ . 

Most experiments were done with W - wCH inside the plasma. In 
these conditions, as noticed earlier /9/, the damping l ength is shorter than 
the plasma circumference, no resonant modes are detected, and values of ~ 
almost constant in time are obtained, usually between 5 and 10 ~. 
Accordingly,. power in the 200 kW range could be transfered at RF voltages 
between 10 and 14 kV, values which are well supported by the ~quipment . 

A new design of antenna schematically presented in Fig. 3b has 
been tested very recent l y. Here the part of the electrostatic screen facing 
the plasma has been removed while the lateral sections are mechanically 
reinforced . Such a design is basically similar to the one used in T4 /15/ 
with the difference that our slotted "side limiters" are transparent to the 
waves leading to an improved loading resistance. It was successfully used 
up to RF voltages of 15 kV allowing power coupling up to 250 kW, as with the 
previous design. Another new feature of this antenna is the addition of a 
distributed metallic capacitor between the central conductor and the return 
current which brings t he electrical length of the antenna close to the op­
timum A/4 condition. 

3. EXPERIMENTAL RESULTS AT LOW PROTON LEVEL 

Here we describe the observations made in two series of experi­
mental conditions chosen as standards of operation : "high density" charac­
terized by a central line density around 3.10 15 cm- 2

, and "low density" at 
nel ~ 1.2 10 15 cm- 2

• In both conditions, the proton density nH was much 
lower than the deuterons nn « 5 %) as evaluated from mass spectrometric 
analysis of the neutral gas immediately after the RF pulse and from the 
data of the mass/energy CX analyser during the shot. 

3.1 - High density conditions 

Tab l e I summarizes the general characteristics of the plasma at 
the time of the RF pulse 

TABLE I • 

Toroidal field 
Plasma current 
Loop vo l tage 
Peak density 
nH/nn 
Zeff 
(Te)o 
(Ti)O 
RF frequency 
RF pulse duration 
RF power 

41 - 42 kG 
200 kA 
I. 6 V 
I . 2 - 1. 4 10 14 cm- 3 

,;; 5 % 
- 1.8(Ni and 0 as the main impurities) 
1100 eV 
650 - 700 eV 
60 or 61 MHz 
30 to 50 ms 
up to 250 kW 

In these conditions, the radial position of the cyclotron layer 
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was usually a few centimeters outside the plasma cent er while, due to the 
l ow proton level, the ion-ion hybrid l ayer was very near the plasma center. 

The RF pulse had no noticeable effect on the central plasma den­
sity and the loop voltage was increased -if any- by not more than 10 %. An 
important increase of the soft X-ray was observed which can be attributed 
to an increase of metallic impurity density, essentially Ni and er (Fig. 4 
shows the increase in the radiances of OVI and NiXVIII consequent to the 
HF pulse). However, the absolu te densities of metallic impurities remained 
small (nNi( o) :5 10 11 cm- 3

), and Zeff lower than 2.5. Moreover, the radial 
profiles of the impurity emission before and during the HF pulse remained 
essentially unchanged, indic.aLing that the electron temperature profi l e 
does not change cons iderably. 

Definite and coherent results on the ion temperature increase 
during the RF pulse were obtained from measurements of the neutron rate and 
energy analysis of ex neutra l s. 

Fig. 5 compares for instance the evolut ion of the neutron rate 
during a 230 kW, 30 ms RF pulse to the signal in the same conditions without 
RF, showing a gradual increase during the pulse followed by an exponential­
like decay after RF is turned off. Taking into account an initial TD va lue 
of 700 eV as derived for these conditions from ex measurements, the corres­
ponding increase 1n TD is 150 eV. 

Fig. 6 is a plot of the D temperature i ncrease derived from such 
neutron rate measurements for different RF power levels, indicating a linear 
dependence characterized by 

= 0.7 eV/kW or (3) 

Here Pp l 1S the amount of power coupled to the plasma, correspon­
ding to about 85 % of the total RF delivered by the generator. 

Neutron flux measurements near the antenna and on the opposite side 
of the machine indica t e a perfect symetry of the emission. 

The energy distribution of deuterons obtained from charge exchange 
measurements up to 8.5 keY shows no tail in the D+ energy spectrum: this 
result gives confidence in the t emperature increase deduced from the neutron 
flux measurements . For RF power between 150 and 200 kW, the increase in TD 
derived from the slope of the energy distribution reaches 150 to 200 eV. TD 
increases gradually during the pulse while radial scanning of the ex analy­
sis indicates a smooth increase of the temperature profile as indicated in 
Fig. 7. 

In contrast with the case of deuterium, the proton energy spectrum 
c l early reveals in these conditions a non rnaxwel li an distribution characte­
rized by the existence of a tail corresponding to an apparent t emperature 
around 2 keY and an average energy of the protons around 1 keY (Fig. 8). 

Preliminary data on ion temperature were also obtained from 
Doppler broadening of eVI and OVII lines by fast scanning of the UV spectrum 
using a vibrating mirror. Although definite indications of temperature in­
crease exist (6Ti - 50 eV), these measurements are until now l imi ted to the 
external layers of the plasma. 
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A time evolution of the electron temperature profile has been 
obtained by electron cyclotron emission measurements, showing a moderate in­
crease (- 50 eV) in the central region and a tendency to decrease in the 
outer regions (r > 12 cm). An increase in Te in the plasma core is confir­
med by soft X ray analysis. However, the ~Te derived by this method are ge­
nerally higher (by a factor of about 2), than the values derived from wce 
measurements. The reasons for such a discrepancy are presently conjectural 
only. 

The results described above were obtained both with the m = 0 and 
ID = ± 1 arrangements of the two semi circular antennae, without any signi­
ficant difference in the heating efficiency. 

Tpe tota l power radiated by the plasma, followed by bolometric 
measurements using a pyroelectric detector indicates an important increase 
during the RF pulse, usually around 100 kW (from 350 to 450 kW) during a 
200 kW RF pulse. Part of this is due to an increase of HID recycling evi­
denced by spectroscopic measurements. 

3.2 - Low density conditions 

A serie s of experiments at lower density was done with the m = 0 
arrangement of the antenna, in the general conditions given in Table 11. 

TABLE II 

Toroidal field 41 - 42 kG 
Plasma current 150 kA 
Loop voltage _ 2. V 
Peak density 5 10 13 cm- 3 

nH/nD < 5 % 
Zeff _ 3.5 

(Te)o 1200 eV 
(Ti)o 450 eV 
RF frequency 60 - 6 1 MIIz 
RF pulse duration 30 to 60 ms 
RF power up to 200 kW 

In these conditions, D+ temperature derived from ex measurements 
increases from (450 - 500 eV) to (600 - 650 eV) during a 200 kW RF pulse. 
An impressive increase in the neutron rate is observed during these runs : 
as shown in Fig. 9 the neutron signal during the RF pulse reaches a value 
about 10 times the level without RF. However, since the in~tial ion tempe­
rature derived from ex measur ement s is lower in these conditions than in 
the high density situation, this l arge increase of the neutron rate corres­
ponds to a ~TD of 175 eV only (from 450 to 625 eV) in good agreement with 
the temperature increase measured by charge exchange. Accordingly, in these 
conditions, the D+ heating efficiency can be evaluated as 

eV/kW or 2.5 

The efficiency is l ower by a factor of 2 than the one obtained in 
the high density conditions. This however can be explained by a lower value 
of the energy containment time (TE _ 8 - 10 ms instead of 20 ms in the high 
density conditions). Such a reduced value of the energy containment time 
also explains the general shape of the neutron pulse characterized by stee­
per rise and decay times than observed in the high density runs. 
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As observed i n the high density conditions, Te derived from ~ce 
emission shm"s an increase near the axis (iWe " 80 eV). However, for 
r > 8 cm, an appreciable cooling is observed (6Te " - 150 eV) which may be 
connected with an impurity influx . 

A few experiments were als o run in these low density conditions 
with the m = I arrangement of the launching l oop. A smaller heating effi­
ciency was observed in those conditions . However this might be due to worse 
plasma conditions (Zeff _ 6) in this run or to the change in the coupling 
mode. Very energetic ions (up to 35 keV) were observed at the plasma boun­
dary in this case. 

4. EFFECT OF THE H/n RATIO 

As summarized above, the basic ideas on wave damping in a plasma 
containing two ion species predict that the radial position of the ion-ion 
hybrid layer, dependent on the nH/nn and W/Wci ratios by eq. (2), determi­
nes the plasma radius where heating occurs, and hence the heating efficiency. 

A se~ies of experiments, made at different magnetic field l evels 
and different proton concentrations entirely confirms the validity of this 
picture, both in the high and low density conditions. 

Fig. 10 shows the time evolution of the neutron rate in 3 experi­
mental conditions at similar RF power levels, in Im" density conditions. A 
large increase of the signal is observed when the conversion layer is in the 
vicinity of the plasma axis : this is observed at low nH/nn (3 %) with the 
cyclo tron layer near the axis (B~ = 41 kG, Fig. lOa) or at high nH/nn (15 %) 
whe.n W = WCH near the outer border of the plasma. (B~ = 45 kG, Fig . 10c). 
On the contrary a much smaller effect on ion heating is noticed when the 
conversion layer is far from the center, even with the cyclotron layer near 
the axis (nH/nn _ 15 %, B~ = 41 kG, Fig . lOb). 

Similarly, Fig. 1I shows the results of a series of low density 
experiments where the nH/ nD ratio was varied between 5 and 45 % at fi xed 
B~ value of 46 kG, such that the W = wCH layer was located at R = 112 cm, 
14 cm from the plasma axis. (The major radius is Ra = 98 cm, and the limi­
ter radius is a = 18 cm). 

The same figure (1Ia) presents an approximate sketch of the dif­
ferent profiles of the wave conversion layer computed from (2) for the 
nH/nD ratios measured in the experiments (assuming for KV an arbitrary 
value of 5 m-I). Comparing Ila and lib clearly reveals that, with the cy­
clotron layer 14 cm away from the plasma axis, the dominant parameter for 
maximum heating is the position of the conversion layer . 

The same evidence that heating occurs in the vicini t y of the con­
version layer was obtained in high density experiments. As seen in Fig. 12, 
which summarizes the heating effects derived from neutron rate measurements 
in a plasma with neo = 1.3 10~ cm- 3

, an efficient heating of the plasma can 
be achieved at low nH/nn with the cyclotron layer near the plasma axis 
(B~ = 42 kG, W = wCH at R = 104 cm) or at high nH/nD with the W = wCH layer 
far outside the plasma (B~ = 48 kG, W = wCH at R = 118 cm). 

~Te measurements by wee emission in a series of experiments made 
at different nH/nn ratios lead to the same conclusion: as shown in Fig. 13 
maximum heating occurs for a proton level such that the conversion layer is 
in the vicinity of the axis. 
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Bolometric measurements of the total radiated power made at diffe­
rent nH/nD ratios indicate that working at intermediate values of the nH/nD 
ratio might be of advantage: as shown in Fig. 14 the radiated power is si­
gnificantly larger at very high or very low proton concentrations. For low 
proton concentrations the apparent proton "temperature" (_ 1500 - 1800 eV) 
is much larger than at intermediate nH/nD concentrations (Tp = 900 eV). If 
these ions are not well confined (for example if these ions are close to the 
loss cone) sputtering can be increased substantially. 

5. LOCAL POWER DEPOSITION 

More detailed measurements on the ion and electron temperature 
profiles would be required for evaluating with some accuracy the global ef­
ficiency of ~he method of plasma heating described here. 

However, a simple evaluation of the local RF power required for 
justifying the heating results has been done in the following way : the 
proton, deuteron and electron populations on the axis, assumed maxwellian 
are described by three local energy conservation equations on the basis of 
collisionnal energy transfer. The energy containment times of each species 
are derived from the measurements of the ohmically heated plasma just before 
RF and are assumed to follow a T a ne scaling during the pulse. The central 
ne value and the ratio nH/nD in the code are fitted to the experimental one 
while the RF power deposited on each species are free parameters which must 
be adjusted to get the best fit with the experimental results . This code 
does not include impurities. 

For high density conditions at low proton level a fair simulation 
of the ion heating effects can be obtained only by assuming the additional 
power is initially transfered to the protons, the temperatures of D, H, and 
e adjusting then themselves by collisionnal equipartition. The result of 
such a simulation is shown in Fig. 15 for a plasma with nH/nD = 0.02,ion and 
electron . temperatures of 650 and 1100 eV and" Er PUlSE of 30 ms at a level 
of 0.6 W/cm'. The time evolution computed for the neutron rate shows par­
ticularly good agreement with the experimental signal of Fig. 5, observed 
during a 30 ms, 230 kW RF pulse. 

f The assumption of a maxwellian distribution for proton energy is 

I 
\ 

I, 
T 

\ 

however not backed up by experiment and a more satisfactory approach seems 
possible on the basis of the quasi linear theory outlined by T. Stix. 

The proton distribution function computed from this theory, as­
suming RF power of 0.5 and 0.7 W/cm- 3

, ne = 1. 4 10 14 cm- ' , nH/nD = 0.04 and 
Te = 1100 eV, is shown in Fig. 8 and seen to agree with the experimental 
points derived from proton ex measurements in a s eries of experiments where 
P = 220 kW, nH' nD and Te corresponding to the values assumed in the calcu­
lation. 

Similarly, computing on the basis of Stix's theory the local 
power required for fitting the proton energy spectra measured along diffe­
rent chords in a low density discharge leads to an evaluation of the power 
deposition profile. As shown in Fig. 16, the r e sult depends on the assump­
tion on the nature of the impurities responsible for the Zeff observed in 
these experiments . Here again however, a central additional power around 
0.6 W/cm- 3 seems adequate for explaining the experimental observations, 
while integration over the plasma volume leads to total powers comparable 
to the actual RF power in the experiment. 

361 



362 J AD AM ICRF heating at TFR 

6. CONCLUSION 

RF in the proton cyclotron range of frequency has been coupled to 
a basically D plasma at power level up to 250 kW, using a couple of all­
metal antennae . 

In the high densi ty regime (neo _ 1.3 10 14 cm- 3
) , the ion tempera­

ture is seen t o increase by at least 150 eV, as measured by neutron rate and 
charge exchange neutrals energy spectrum. 

At lower density (neo - 5 10 13 cm- 3
) increase 1n the ion temperatu­

re is not proportionally larger but this could be attributed to a lower 
energy cont~inrnent time in these conditions. 

Increasing the nH/nI;l ratio up to 80 % shm,s that ion heating can 
be achieved with the same eff1ciency as for low proton level provided the 
magnetic field and hence the radial position of the W = wCH layer are in­
creased for a fixed frequency . This is in agreement with the presently ac­
cepted picture of the wave damping mechanism under l ining the dominant role 
played by the wave conversion layer in the heating scheme. 

On the other hand, several important questions require deeper 
investigation : 

- The experiments described here did not a l low unambiguous infor­
mations on the effect of RF on the electron temperature . Such data are how­
ever required, in particular for obtaining a correct evaluation of the glo­
bal heating efficiency. 

Increasing the RF power to higher levels will require a better 
understanding of the factors controlling the radiation resistance of the 
launching loops. Understanding how this resistance varies with the number 
of antennae and to what extend it depends on the distance between t he 
plasma edge and the RF conductor will be of particular importance for 
future deve lopments of this heating method. 
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REVIEW OF DITE WORK 

by 

J .W. M. Paul 

Culham Laboratory, Abingdon, Oxon, OX14 3DB, UK 
(Euratom/UKAEA Fusion Association) 

ABSTRACT: The behaviour of the DITE tokamak, including both 1 MW 

injection and the bundle divertor, is reviewed with particular emphasis 

on MHD activity. 

1. INTRODUCTION 

Aims: This paper attempts to place the seven contributed papers and 

some more recent work on DITE into a more genera l context. The aims 

of the DITE programme are largely the same as previously, but can now 

be grouped as activities; 

(a) Leading up to and supportative of JET, from plasma physics to 

diagnostics. 

(b) Testing the longer term attractiveness of the bundle divertor 

for exhaust and control of impurities in the next generation 

of machines (e .g . TIGER/INTOR). 

Both of these activities involve understanding (i) the origin, role and 

control of impurities and MHD activity and (ii) the physical processes 

involved in a tokamak dominated by injection heating . 

Physics Progress: Five main point s can be listed; 

1) The injection of 1 MW of neutra l beam power to the plasma has 

tripled the ion temper ature to 1 keV and indicated, but not 

proved, the presence of the beam driven current. The injection 

work has also revea l ed some problems of interpretation . 

2) Low q discharges are run routinely with q = 2 . 2 for 0 . 1 s with­

out deterioration of containment. 

3) The combination and comparison of diversion and gettering shows 

that diversion further reduces both low and high Z impurities 

in a gettered torus . 
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4) I nject ion into a diverted discharge has doubled the ion tempera­

ture in some preliminary experiments. 

5) In all the above work MHD activity plays an important role part­

icularly with clean plasmas. The activity is variable and its 

or1g1n is not understood but it seems to point to the need for a 

better understanding of the initial phase of the discharge. 

Technolog i cal Progress: The last E.P.S. review of DITE work concluded 

that pure plasmas with auxiliary heat ing were required. We demonstrated 

the effectiveness of getter ing and the bundle divertor to achieve the 

former and neutral injection for the latter. Since then we have, and 

are continuing, to upgrade both injection and divertor systems. The 

first main technological achievement has been upgrading the inj ec tion 

system to 1 MW to the plasma (Paper AP3), with average reliability of 

85% and 100% for single days. Next year this system wi ll be replicated 

to provide 2 MW. The second achievement i s the design of a new bundle 

divertor (Mk 11) for operation at full field (2.8 T) on DITE and this 

design has greater potential for reactors. The Mk 11 divertor is under 

construction and will be installed next year. In the meant ime the Mk I 

has been upgraded to 1.5 T but is operational at 1.0 T at present. 

Like most other major tokamaks, there have been technical prob l ems 

with our ~achine, in particular with the toroidal and divertor field 

systems and with the long commissioning of the injection sys tem. While 

these have severely reduced experimental time, the problems have largely 

been overcome. However, viewing the whole fusion community, the impli­

mentation of technology needs to be improved so that more machines operate 

on design performance, on time and most of the time. Such an improvement 

in reliability would also improve the credibility of the advance to a 

reactor. 

Diagnostic Progress; Apart from improving more standard diagnostics, 

we have developed a technique for measuring, for the first time, the 

four Stokes parameters which define properly the polarisation of the 

electron cyclotron emission (Paper EP13). Studies of the latter, pion­

eered at Culham Laboratory with the NPL, have now become an extremely 

conv enient method of measuring T (r) (Paper EP12). 
e 

Although the measurements usually agree wi th other data, the 

physical processes and th e errors need to be better under stood or 
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documented. This new technique should help. The problems appear to 

lie in the variabi lity of the polarisation, similarity of spectra 

from radial, vertical and tangential directions, calibrations and the 

fact that it appears to work even when the plasma should be optically 

thin . 

DITE Experiment: The layout of DITE is shown ~n Fig. 1, and the para­

meters are listed below: 

Tokamak: 

0.26 m 

< 280 kA 

Limiters: 

R=l.17m 

BT~ 2.7 T 

Mo limiters, recently changed to 
Ti and/or C. 

Injection: 

P .. < 1.1 MW; V < 28 kV t < 50 ms 
l.nJ "-J 

Divertor: 

Ig < 75 (100) kA, BT < 1.0 (1.5) T 

2. TOKAMAK 

2.1 Introduction 

NEUTRAL INJECTOR 

X_ro.y p;nIIOI. ~ySl"'" 
TOlal ,a"lotion 

U,W.h1S spot!,....,.l., 

Fig. 1 . Schematic layout of DITE . 

For the discussion which follows, two simple diagrams should be 

useful. The first (Fig. 2) is a schematic T (r) which illustrates 
e 

three regions of the plasma, namely the central core, the intermediate 

and the boundary layer. These are separated by the 'natural ' boundaries 

of the q = 1 and q = 2 surfaces respectively. The MHD activity at each 

o[ these surfaces can permeate the adjacent regions and dominate plasma 

behaviour. The structure provides the matching of the hot plasma to 

the cold wall . The second (Fig. 3) is the Hugill operating diagram 

which illustrates how tokamaks are boxed in by MHD activity leading to 

disruption. 
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Fig. 2. Schematic plasma 
structure. 

2.2 Plasma Structure 

0·2 

Fig. 3. Schematic operating 
region. 

Boundary_Layer: Through this layer, plasma is fuelled with hydrogen, 

from the walls and the gas feed, and with impurities from the wal l s . 

Low Z impurities arise mainly from desorption, while high Z impurities 

arise from arcs (not necessarily unipolar) and/or sputter ing. The 

emission from hydrogen (H ) and lowly ionised impurities (eg 0 11), 
et 

which tends to be largely from this region, is often asymmetric in 

major and minor azimuth. The level of m = 2 MHD activity, originating 

at the q = 2 surface, appears to have an important influence on fue ll-

1ng (c.L § 2 .3) . 

Langmuir probe measurements show (a) the ratio of average edge 

density at the limiter to n is about 0.1, but is lower with gettered 
e 

walls or with the divertor on, (b) an edge T 
e 

which falls with increas-

1ng ne and this 

high n and (c) 
e 

is probably relat ed to the reduced arc i ng/sputtering at 

fluctuations which vary from 8% to 100%. As yet, these 

fluctuations have not been correlated with other parameters such as MHD 

activity around the q = 2 surface or the influx of impurities . 

This region of the plasma i s of particular interest because it 

forms the scrape-off layer for the bundle divertor. 

-
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Intermediate Layer: This layer matches the hot core to the cold bound­

ary by providing the main containment. Within the layer the electron 

thermal conductivity (anomalous) increases with radius. The ion thermal 

conductivity is normally between 1 and 10 times "neoclassical (typically 

5 on DITE). 

Under certain conditions MHD activity, namely the m = 2 mode 

a t q = 2 and the sawtooth at q = 1, can influenc e the matching process . 

Hot Central Core: With Mo limiters the core is radiation cooled with a 

peak radiation profile, P d(r). This results in a tendency for T (r) 
ra e 

to be hollow . 

With Ti or C limiters P d(r) is lower and almost flat , while T 
ra e 

is higher. The sawteeth at q = 1 are now more important in both the 

energy and particle tra nspo rt. For low q ~ 2 . 2, this central core can 

extend to half the radius. 

2.3 Operating Diagram (Fig . 4) 

High Density Limit: With gettered walls, direct local fuelling by 

externally controlled gas feed is dominant although fast neutrals are 

still recycled by the walls. In this situation the H emission would 
et 

need to be resolved in three dimensions to represent the fuelling and 

neutral density. The evolution of impurities is reduced along with the 

recycling, but it is believed that even in a 'pure' plasma the density 

is still limited by impurity cooling of the edge. When the divertor can 

be operated at higher density, with more effective screening (now only 

50% for oxygen) , it should extend the density limit appreciably. This 

limit has already been extended by the application of neutral injection 

heating . 

At the last E. P.S. Conference we reported pauses in a rising den­

sity as sociated with changing profiles which had some associa t ed 

MHD a c tivity. Now we have clear evidence that the effectiveness of gas 

feed f or in c reasing t he density is i mpaired , whe n t he m = 2 ac tivity i s high 

(wall L'lB /B 
P P 

1%). The two pulses in Fig. 5 have identical gas feed 

rates but show markedly different density behaviour because of the dif­

fer e nce i n MHD activity. This s uggests that the initial stage pre­

det ermined this MHD level and ther efore the subsequent behaviour . 
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Low q Operation : This offers a larger central core and higher BT. 

In particular on DITE it should a llow operation of the Mk IB diver tor 

at higher currents and densities for neutral injection experiments. 

Discharges with q = 2.2 have been maintained for 100 ms without any 

disruptions (Paper EPll). This is easier to achieve with Ti limiters 

and gettering (Z ~ 1) and when m = 2 activity is low . Typica l pro-
e 

files for a discharge with q = 2.2 are shown in Fig. 6. There is no 

appreciable de t erioration in the energy containment time with this 

r educed q. 

There is a pause in the rising density (Fig . 7) , corresponding 

with enhanced m = 2 activity, as the current passes through qL = 3. 

With a more steady but lower density the current pas ses through q = 3 

with a burst of MHD activity (Fig. 8) but without a density pause . 

The density was ~ai sed later, with q = 2 .2, by increasing t he gas feed. 

An attempt to break the q = 2 barrier on DITE (no copper she ll) 

normally r esulted in disruption at q 2 bu t on the one occas i on \vhen 

q ~ 1.6 was achieved, it resu lted 1n a v i olent terminal disruption \lith 

interna l damage t o the machine. 



• 
-

JWMPAUL 

o 

o o 

500 

0 '-------'-----'------''-''-_ 

300 
........... e.t-:. 

o. 

OL-__ -'-__ ---'-_..L_ 

3 xl0'9 
~--~ 

"0 
o 

c.~ 0 '------'------'----"'-

o-t 

2 
x- ray 

inversion 
j 

1~_-= __ _ 

-~;(~ing neo-c1assical terms 

O~ __ ~ __ ~_~~ 
o 0·1 0·2 r(m) _ 

·Fi g . 6. Radia l profiles at 
low q . 

Review ofDITE work 

200 

Currqnt 
(kA) 

100 

q:3 _-+"/'--_ 

OL-__ L-_~ __ ~ __ ~ 

0·1 

0 

15 

Fringes 
(2mm) 

10 

1 (mT) 

Or. 
B 

1 
0[. 

Fig. 

from coils 

• 
, 

60 

8 . Low q 

VR 

at r=0·29m 
m:2 • ' , • •• 
,m=3, , , 

120 (ms) 

osc ill ogr ams . 

377 

4 

0 

1 
, 1 

180 



378 JW M PAUL Review of DITE work 

3. PLASMA DECAY EXPERIMENT 

In a ge ttered toru s, switching off the gas feed gi ves rise to 

a r apid decay of density to a low plateau. The decay time, which is 

about 20 ms for a wide range of densities can be related to a particle 

containmen t time of about 15 ms, taking account of particle reflections. 

However, the density profiles change apprec iably during the decay 

(Fig. 9) and analysis, assuming no recyc ling but correcting for the 

neoclassical pinch, gives a dif f usion coeff i cient 

0.5 x 10
19 

2 -1 
D........ m s 

llt (ms) with z<!:ro 3ms after 
o closing the gas valve 

at B2 ms 

n 
e 

0. 8 

Pn 
(MW) 0 4 

----- no injection 

-- with injection 0.8 

0.4 

0.8 

1·0 

0 

20 
~0.4 

0 0·1 0 ·2 r (m) 0·3 0 50 100 0 50 100 

t(ms) 

Fig. 9.Density decay profiles. Fig. 10. Injection oscillograms. 

4 . INJECTION 

4.1 Objective 

The main objective of the DITE inj ec tion programme has been to 

achieve high ion t emperatures rather than high 8. At Culham Labora­

tory the latter is one of the main aims of the Tosca programme. The 

maximum ion tempe r ature achieved i s 1 keV, about thr ee times the ini tial 
A 

val ue. However, without optimisation values of 8
T 

= 1.5% have been 

achieved (Paper EP9) . 

4.2 Mo Limiters 

With Mo l imiters injec tion usually induces MHD activity result­

ing in soft disruptions . There is a large increase in the radiated 

J}ad 
(MW) 

-
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power (Fig. 10) and no change in the electron temperature. In Fig. 11 

a plot of 6T. against P . . /n shows saturation at an ion temperature 
1 1nJ e 

around 0 . 8 keV . 

T. (keV) 
10 

Mo I mit~rs, N.1. Ph I 
Mo limiters ,NJ. Ph D 

~ • • • 

• 
• • 

----------
"" ...... / ~~~ limiters, N. !. Ph D 

... ...., .... -----::-~. ~ limiters,N.i . PhD(H_D) 

--:;:::.-.-.-
0·' 0·2 0·3 0·4 0·5 

Pinj Inlr ( xl0·19MW m-3) 

6J'ln, "_ / 
'_kW ' 

lIP • _ 2H kW .. 

1l"'~ V" 
.l""" t unchono..:! 

""'. -+171OJ 

6T .... to oV 

Fig . 11 . Injection heating vs power. IIP. I _ on ... 

--lIPr ... •• Uo ~w 

Fig. 12. Changes in electron 
power balance. 

Power balances for the electrons and the ions show that with 

T. > T the electrons are acting as a thermostat. The temperature 
1 e 

setting of the thermostat is presumably determined by the temperature 

dependence of the radiated power from a dominant impurity. The change 

in the electron power balance on injection is shown in Fig. 12 . The 

ion power balance resul ts in an ion thermal conductivi ty, Ki = (5:. 2)!),C' 

as shown in Fig. 13. 

The central 0 VII emission increases on injection more than the 

edge 0 11 emission although 6T ~ O. The corresponding increase in 
e 

o 11 may be localised elsewhere but has not been found . Alternatively 

oxygen might be injected with the beam but its absence on a test rig 

makes this unlikely. Finally the beam charge-exchange on oxygen might 

be directly exciting the 0 VII emission. 
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Fig. 14. Effect of limiter material 
on P d(r) during injection . ra 

4.3 Ti and C Limiters 

These more recent conditions have l ower MHD activity and injec­

tion no longer induces disruptions. The total radiation and its increase 

on inj ection a r e lowe r (Fig. 14) 

and under some conditions T increas es 
e 

apprec iably. As T > T. the electrons 
e 1 

can no l onger ac t as a thermosta t . Now 

inj ection induces large density and 

X-ray sawtee th around q 1 (Fig. 15) . 

The period does not fit a s imple 'over­

hea ting ' model and at present we have 

no satisfactory model. 

X -ray 
Intensity 

60 100 

Injection 

140 
t (ms) 

lBO 

The plot of ~T. vs P . . / n i s 
Fig. 15. Beam induced sawteeth. 

1 1n] e 

now linear but lower (Fig. 11). Power 

balances for these discharges are not 

complete but there are indications that charge-exchange losses may be 

important. There are difficulties in obtaining representa tive exper i­

menta l measurements of the neutral density. This is now apprec i ably 

l ocalis ed at the gas feed and different l y averaged by the circulating 

beam and the plasma ions . 
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4 . 4 Beam Refuelling? 

For the conditions of these experiments most of the injected beam 

is trapped by charge-exchange. The resulting hot thermal neutrals can 

be expected to move away several cm from their point of origin before 

ionisation or further charge-exchange. In some discharges the density 

rises smoothly without any sawteeth and the profile of density increase 

follows closely the deposition profile (Fig. 16). In the presence of 

sawteeth, (Fig . 17), they are equivalent to an outward flux of particles 

of magnitude roughly equal to that of the beam input. These equival­

ences may be fortuitous and are difficult to check without reliable 

3-D measurements of the ionisation rate from H emission particularly 
et 

in the localised region of beam deposition . 

If the measured increase in density of injection resulted from 

ionisation of neutrals, then the required neutral density would give 

adequate charge-exchange losses in some discharges to explain the low 

ion temperatures. 

3 

2 
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\ , 

\ , , , , , 
\ , 

n~ on inject ion 
(linear rise with 
no sQwteeth) 

\ 

\ , , 
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Fig. 16. Density rise on injection . 
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Fig. 17 . Density sawteeth on 
injection. 
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4.5 Beam Induced Current? 

With limiters of Mo there is no change in the electron tempera­

ture but a dramatic drop in the loop voltage. The drop in Ohmic power 

input in Fig . 10 is entirely due to a decrease in the voltage by about 

one third. This drop is comp arable with that to be expec t ed from the 

beam driven (Ohkawa) current . However, there should be an additional 

component caused by the plasma rotation which rough estimates suggest 

should be comparable. 

With limiters of titanium the voltage often drops with an over­

swing as shown in Fig. 18. Such behaviour is predicted as magnetic 

field transfers from the Ohmic to 

the beam driven current but the 

time scal es appear shorter than 

pr edicted . However , in these 

experiments the electron tempera­

ture did change and a detailed 

analysis is required t o demonstrate 

whether this could account f or the 

vo l tage behaviour. 

With limiters of carbon the 

Loop 
Volts 

4 

2 

Fixed limiter Ti (O·26m) 
Electron hczot iog > 0 
Z, ('-2) ,'·9-'·4 

0~--~~~ZZZZ2r-~--~ 
Injection 

2 

Adjustable limittlr C (0 ·24 rn) 
Electron heating - 0 
Z.(1_2). ' .2_ ' .2 

---------.......... 
oL-~ __ ~~~--~~ 

o 0·' 0·2 t (5) 

Fig. 18. Change in loop vo lts on 
Zeff is l ower and there is negli- injection. 

gible change in the l oop volts on injection. The beam driven current 

should decrease with Zeff but a more quantitative treatment is required. 

These results are ta nt a li zin g in that they indicate t he pres ence 

of a beam driven current, which cannot yet be demonstrated conclusively . 

4 .6 Conclus ions on Injection 

In DITE , with limiters of Mo the injection heating is limited by 

radiative power losses, while with limiters of Ti or C it may be limited 

by charge-exchange l osses. The various injection experiments on DITE 

have been compared using a rough consumer figure of merit 

M = lI(n .T. )/P .. 
1 1 1nJ 

lI(n T . )/P .. 
e 1 1nJ 

where the numerator represents the desired product and the denominator 

the cost. For interest we extend this data (Table I) to include other 

experiments and added a volume correction (M ' = MV) . 

-
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TABLE I 
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B • B.r"ht .. ~.d .. n, p. Praque. 1 - lnnabruck. OR - Oak RiciQe, ox - o><ford 

There is no r eason to expect M or M' to be constant in Table I 

but a systematic expl anation of the l arge variation (~ 10) might be 

useful. The re has been a systematic study of Ohmically heated tokamaks 

resulting in the creation of data banks and empirical scaling laws. 

Inj ec tion heated tokamaks are more complicated both experimentally and 

theoretically and in that codes and data need to be interleaved. The 

common s tatement, that inj ection hea ting is well und erstood, is probab l y 

true but needs careful checking because small factors on l arge machines 

cos t large amounts of money. 

The figure 

processes (eg M' 

of merit t akes 
2 

cr a ) but most 

no account of the sca ling of transport 

experiments have similar dimensions 

(except PLT) , similar currents (except PLT and TFR) and similar dens it­

les (except TFR and the high performance ISX-B) . There is a t endency 

for high values of a, I and n to give good pe rformance . However , ORMAK 
e 
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has a surpr isingly high figure of merit, although the electrons are cooled. 

The magnitude of 6T and 6n in inj ection exper iments , is not always well 
e e 

understood. 

The many factor s involved ln inj ec tion experiments can be classi-

fied: 

(1) t arget plas ma; its basic parameters 

and its impurity l eve l (Zeff' Prad , 

(r, I ,n, 
e 

n./n ) , 
1 e 

T , T., T /T . , n) 
e ~ e ~ n 



384 JWMPAUL Review of OITE work 

(2) the beam, (E
b

, species, impurity content, direction), 

(3) beam induced, (a) impurities, (b) radiated power, (c) fuelling 

or in some cases apparent defuelling, (d) toroidal current, 

(e) rotation, (f) MHD activity. 

Three problems areas deserve mentioning, (i) the accuracy of 

the measured/calculated neutral density and refuelling, (ii) the pre­

sence or otherwise of the beam driven and rotational currents and (iii) 

the accuracy of the ratio Ki/~C' which varies by up to a factor of ten, 

when it is derived from subtracting large quantities. 

5. BUNDLE DIVERTOR 

5.1 General 

We have only recently re turned to a major programme on the bundle 

divertor. There are many modes of operation involving gettering, injec­

tion, mid-pulse switching and varying ratio IDIV/ITOR' The initial dirty 

discharges provided a dramatic illustration of the effect of the divertor 

on the plasma wall interactions in that repeated major disruptions were 

reduced to minor ones or removed altogether. 

5.2 Gettering 

The results reported at Prague and some preliminary experiments 

with gettering at that time, have 

been repeated. The comparison of 

gettered and ungettered cases, is 

shown in Fig. 19 (Paper EP8). 

These discharges have typically 

I 50 kA, T ~ 300 eV, 
-g 19 _3eo 
n 10 m ,q ~ 2.5. The 

e sep 
density drop on diversion is less 

with gettering because more of the 

fuelling is directly from the gas 

feed (hydrogen screening efficiency 

low ~ 0.2) rather than the walls. 

This refuelling data fits the DITE 

global recycling model. The screen­

ing effi c iency for oxygen is the 

same in both ca ses (0.5) showing 

f 
~ 
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Fig. 19. Diversion without (a) and 
with (b) gettered walls. 
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that the divertor further reduces 

the low Z impurities in a gettered 

torus . The X-ray anomaly factor 

for the gettered discharge decreases 

on diversion by a factor of 4 to a 

value near unity (Table 11) illustr­

ating the further reduction of high 

Z impurities by the divertor. 

Table 11: X-Ray Anomaly Factors 

Divertor 

Off 

On 

Ungettered Gettered 

400 

80 

4.2 

1.0 

19 -3 Higher densities (~ 2 x 10 m ) and currents (~ 75 kA) have 

been achieved with the divertor on but not yet reproducibly. Operation 

at higher density is important for obtaining better screening of low Z 

impurities. According to the standard model of the density limit, this 

should enable even higher densites to be achieved. 

5.3 Instability 

With increasing current or decreasing ID/IT' an instability sets 

in with a sharp threshold. The instability is observable on the loop 

vol ts, MHD coils, H and emission from outer (eg 0 II) but not inner a 
(eg OVLI) impurity states. There is still screening and power exhaust 

to the target. The phenomena appears to be associated with the pre­

sence of the q 2 surface near the divertor separatrix, but this can-

not be confirmed until more detailed measurements are made. The behaviour 

is variable but in one clear case the MHD m = 2 signal grows without 

rota tion, presumably fixed by the divertor asymmetry, and drives a den­

sity sawtooth with reversal around the expected position of q = 2. A 

simultaneous break in the m = 2 growth and the sawtooth is accompanied 

by m = 1 activity, increased spectroscopic emission and increased volt­

age. The plasma appears to spill out like a m~nor disruption. The 

energy confinement time is appreciably reduced. 

6. DIVERTOR WITH INJECTION 

6.1 Heating 

After preliminary experiments in 1977, we returned to this subject 

recently by injecting 200 - 450 kW at 16 keY into a discharge with a 

lower ratio ID/IT = 1.5 to obtain higher current Ig = 60 kA. The beam 

transmission was about 20% and large charge-exchange and orbit l osses 

can be expected . The ion tempera ture was observed to double to 200 eV, 

385 
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demonstrating power transfer to the plasma . For the electrons ~T ~O 
e 

with T ~ 400 eV. 
e 

Deposition and power balances have not yet been per-

formed but there was no deleterious effect of diversion . 

6.2 Diversion 

The increase 1n the central radia t ed power on inje ction is decreased 

by the divertor as shown in Fig. 20. The behaviour of the impurity emis­

sion on inje c tion (Fig. 21), which was reported in § 4.2 , precludes the 

measurement of screening efficiency with injection. 

Oivotrtor olt 

OW.,lor on 

Not uo<;l lime 
(OO''''(llIon with 
Inltellon 

(Antral radialCEd powczr with injection 

01' Inj 1nl · 

:fL--=--=-, =---+:-' ~' o 0.2 0.4 t (s) 0.6 

I l .. //~on 
( "on 
I 

_/ off ............ / 

Spectral emission from CV 

01'1. 

off 

'" 
on 

Fig. 20. Centra l radiated power 
on injection with and 
without diversion. 

Fig. 21. Spectral emiss ion from C V 
with and without diversion. 

7. CONCLU SIONS 

We report t wo new results (i) the combination of diversion and 

inj ec tion and (ii) the importance and variability of MHD activity. 

These promise a fruitfu l period of re search . 
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TOKAMAK STUDIES IN THE USSR 

V.S. Strelkov 

I.V. Kurchatov Institute of Atomic Energy, Moscow, USSR 

The tokamak program has been successfully developing in the 

Soviet Union for almost 25 years - the first tokamak TMP started 

t o work on February 195 5 in the Kurchatov Institute. This 

program i s now aimed at the construction of T-15 tokamak, which 

is intended to be the last step before a physical thermonuclear 

reactor, as regards its parameters and experimental tasks. The 

next step of studies wi ll be performed in an international tokamak 

Intor. It is assumed that T-15 maximum ion and electron temperatures 

14 -3 will be 5-7 KeV, with plasma density reaching 10 cm , and the 

e nergy confinement time about 0.3 s. To achieve such parameters, 

two methods of supplementary heating are applied together with an 

increase of the tokamak size. Fast neutrals injection and VHF-

heating on the electron cyclotron frequency are used as the ways 

of heating. The use of superconductors in the toroidal magnetic 

field coils makes it possible to increase the tokamak size without 

any significant increase of the power supply. 

Since T-15 tokamak has no divertor, the impurity problem, 
• 

i.e. the ways to decrease impurity density due to effective cleaning 

of the walls o r appropr iate choice of the wal l material and limiters 

are regarded to be of the greatest importance both in modern and 

future experiments. 

The ma in parameters of the Soviet tokamaks and the main 

directions of the studies are given in Table 1. The studies are 

obviously aimed at ohmic heating in circular and finger-ring 

geometry, VHF and HF heating of plasma, injection heating, cleaning 
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of the discharge chamber wa lls, quantitive impurity content and 

their dynamics during the discharge, divertor geometry and 

adiabatic heating. 

T-10 tokamak. This tokamak has operated with a movable 

carbon limiter during last months, a stainless steel limiter havi ng 

been used before this. Absolute amounts of iron, carbon and 

oxygen are given in Fig. 1 in the regimes with stainless and carbon 

limiters, and also the quantity of iron atoms deposited on the 

vacuum chamber walls during the discharge. These data were 

obtained from spectral measurements and Auger-analysis. Obviously 

the variation of the limiter material causes · the change in the 

impurities . 

and oxygen. 

Iron is replaced by light impurities, namely, carbon 

The use of hollow discharge cleaning of the chamber walls 

makes it possible to decrease the amount of light impurities both 

in stainless limiter regimes and in carbon limiter ones. 

Good discharge reproducibility a nd low q values were obtained 

in the regimes with light impurities dominant. 

Low q discharge oscillograms are given in Fig. 2, with the 

value q being equal to 1 .6 at the limiter radius. Low q regimes 

are characterized by flat current profiles. The radius, where 

the phase of sawtooth oscil lations of the soft X-ray radiation 

changes sign, is equal to 10-11 cm in q = 2.1 discharges, and 

14-15 cm in q = 1 .6 discharges. Low q regimes in the T- I 0 are 

characterized by a distinctive pecul i ar ity which is the absence 

of the energy confinement time decrease observed in other tokamak s 

in q < 2 regimes. 

Radiation l osses study shows that in the T-10 from 60 to 80% 

of the input energy of the discharge fall to radiation. Radiation 
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losses are dominant in the central region of the plasma column 

and in periphery energy balance in iron impurity regimes. In 

carbon limiter regimes they are essential only in the periphery 

(Fig. 3) . Iron density increase is observed during the plasma 

discharge, simultaneously light impurity density reaches its 

s aturat i on. A slight increase of the power losses can be 

explained by this phenomenon in the central regions, t ogether 

with their constancy in the periphery during long plasma discharges 

(T 1 = 1.4 S) (Fig. 4). p u se 

The discharge impurity dynamics is also studied in Ar 

injection experiments. The study of the time variation of 

Ar+ 16 line radiation shows that the confinement time of Ar is 

40- 60 ms in the plasma column. The study of the variation in 

time of Ar+16 recombination jump a long different chords makes it 

possible to measure Ar+17 diffusion velocity in the center, because 

+17 
Ar appears only in the central region of plasma. Comparison 

of time shifts of Ar+ 17 radiation over IS cm and 2S cm chords 

shows that Ar+ 17 outward diffusion velocity is 4-S.10 2 cm/s 

(Fig.S). 

Electron cyclotron heating experiments were performed in the 

T-I0 at I.S T magnetic field. The generator wavelength is 3.S mm, 

and plasma heating is on the second harmonic of the electron 

cyclotron frequency. 

VHF - power contributed to the plasma is 100-200 kW, and the 

ohmic heating power is 700-7S0 kW. The heating effect was 

observed by the soft X-ray signal intensity, the plasma diamagnetic 

effect, the loop voltage drop and the increase of heavy impurities 

high ionization states. The X-ray radiation spectrum is given 

in Fig. 6, obtained before and after VHF-heating; the time 
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variation of electron temperature is calculated using this 

spectrum f o r the central region of the plasma column. The 

variation of the diamagnetic effect derivative is given in Fig. 7 

during heating pulse. Line radiation from high ionization 

states of chromium are given in Fig. 8. Lithium- and helium-like 

lines of chromium ions appear in the moment of VHF-heating. 

It follows from Figs. 6 and 7 that the central regions of 

plasma cool with a characteristic time 40-50 ms when VHF-pulse 

is off, although the energy confinement time is 20-25 ms for the 

who l e plasma column in this regime. The fo llowing observati on 

po i nts to good plasma thermal insu l ation of the region sUbjected 

to a VHF-pulse. The switch-on of VHF-power causes the decrease 

of ohmic heating power (because of the loop voltage drop), namely, 

60-70 kW (Fig. 7). VHF power contributes 70- 100 kW in this case , 

so that the total input power about 750 kW increases very 

insignificantly; plasma temperature however, increases from 0.9 

to 1.1 keV in the central region. 

Numerical simulations of plasma heating processes are given 

for a hybrid model, including the descriptions of convective 

processes a ppearing in the central regions of the plasma co lumn, 

of relaxation oscillations mode with m = 1, n = 1 together with 

traditional equations of diffusion of current and temperature. 

The suggested model makes it poss ible to describe for the first 

time all e xperimental parameters of the relaxation oscillations, 

namely, their period, location, electron temperature osci llations 

amplitude, etc. Methodical ca l culations, using this model showed 

that the oscillatio ns period T is inversely proportional to the 
r AJ i 

value of the electron thermal conductivity, L-". rv -x; , in a wide 

region of variation o f a ll parameters. Comparing this result 
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with the known dependence also experimentally obtained in the 

T-I0,"rr
rv tl.e (Fi9. 9), we obtain a well-known equation 

V /V rti Thus numerical calculation makes it possible to "e e. 
determine the value of electron thermal conductivity in the 

region occupied with relaxation MHD oscillations. The value 

of electron thermal conductivity obtained is close to the neo-

classical value a t high plasma density, and at low density exceeds 

the l atter va lue by several times, being equal to 

The results of numerical calculations of the electron temperature 

variat ion are given in Fig. 10 for the central region of plasma 

during the VHF-pulse, with current density and temperature profiles 

at different moments of time. 

T-ll tokamak. The studies at this tokamak are aimed at 

injection heating of plasma with Zeff ~ 1 and low q values 

(q<2.5). Hollow discharge cleaning of the chamber walls makes 

it possible to obtain plasma with Zeff ~ 1 in the T-ll, where 

radiation losses do not exceed 15 % of the ohmic power. Macro-

scopically stable discharges are ob tained up to q(aL) = 1.2-1.4. 

In this case, however, the energy confinement time is equal to 

2 ms, which is 2-3 times smaller than in discharges with q(aL) > 2. 

Two injectors were used in the last T-ll experiments, with 

a total output power 600-650 kW. Ohmic heating power decreased 

to 22% of the total input power at the end of the injection pulse. 

The dose of radiation and charge-exchange losses increases from 

10 to 40 % (Fig. 11) during the process of injection. Moreover, 

the bolometer located within the injection port (PI) gives a 
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larger increase of radiation l osses than the distant bolometer (P 2). 
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Bp value calculated using diamagnetic measurements equals 1.35, 

and the value 

as calculated from the equilibrium conditions. The value 

<jJr~~fi8( ~ t )~s 2 . 5 % in this case. 

T- tokamak. The study of the influence of plasma currents 

on the superconducting magnetic system is the first task of this 

tokamak. The first tests of the superconducting winding demonstrated 

it working at 2.4 T magnetic field on the system's axis. The 

tokamak started to operate this year, with a' maximum plasma current 

v f 70 kA, t oroidal magnetic field 1.5 T. 

T-12 tokamak is a finger-ring tokamak wi th divertor magnetic 

geometry consisting of two poloida l divertors. Energising the 

divertor changes the discharge parameters; current amplitude 

increases and power flux to the limiter and chamber walls 

decreases. The last experiments were performed with the plasma 

displaced vertically relative to the equatorial plain. A two-

separatrix, drop-like geometry appears in this case, when the 

inner diverted surface lies inside the outer one. The ratio of 

the plasma fluxes entering the divertors depends on the vertica l 

displacement of plasma column. The shell provides the vertica l 

stability of the T-12 plasma column. When the height of the 

plasma column decreases plasma becomes unstable in the vertical 

direction. Symmetric geometry appears to be more stable at small 

heights than the drop-like one. This vert i cal instability of a 

p lasma column with smal l dimensions is an obstacle to achieving 

a T-12 regime with a n expanding magnetic limiter. 

The T-8 tokamak is a non-circular one, where feedbacks are 
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used t o stabilize plasma in the vertical directi.on and over the 

major radius. The main task is to study the influence of the 

plasma column shape on the discharge parameters. The variation 

of electron temperature versus plasma column elongation is given 

in Fig. 12 for plasma center. Plasma energy and energy confine-

ment time vary as the electron temperature, and the confinement 

13 -3 time reaches 0.6 ms at 2-4·10 cm plasma density. 

TO-l tokamak. A programme of screw instability studies was 

completed on this tokamak. A model where the simplest tearing-

mode theory is supplemented by the consideration of plasma rotation 

in the plane of the minor radius of the torus, and the so-called 
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inertial instability are in agreement with the obtained experimenta l 

results. 

The switch-on of the feedback system leads to the suppression 

of m = 2 instability, a 1.5 times increase of the electron tempera-

ture and the increase of the energy confinement time from 0.5 ms 

to 1 .1 ms. The following conclusions can be made based on the 

experiments; screw perturbations develop during the process of 

the plasma discharge and have the nature of tearing modes. These 

perturbations rota te along the minor radius of the torus at about 

20 KHZ characteristic frequencies. These perturbations have 

stationary or pulsing amplitude showing their non-linear development. 

The non-linearity of the screw perturbations must be necessarily 

considered in analysing their suppression by a system of feedbacks. 

FT-1 device. Low hybrid ion heating experiments were 

performed here. The variation of the electron temperature profile 

and density 2.5 ms after the HF pulse start is given in Fig. 13. 

The increase of the electron e nergy was 35 % due to heating. The 

maximum increase of temperature is 100 eV at Z = 4 cm. However, 
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no T increase is observed in the periphery at r > 8 cm. e 

Obviously this fact pOints out the cool ing of periphery by 

impurities appearing during HF-power pulse. Central i on 

temperature increased from 70 to 100 eV. 

More than 50% of the input HF power was absorbed by the 

plasma during the low hybrid heating, and 30-50% of this power 

went to heating electrons. The portion of energy accepted by 

ions is 20-30 %, moreover, the main part of this energy goe s to 

the formation of fast ions. 

Tuman-2A and Tuman-3 devices are intended for the adiabatic 

compression of plasma by toroidal magneti c fields. Exper iments 

to study the mechanism of the improved plasma thermal insulatio n 

prev i ously observed are performed in Tuman-2A during compression. 

Tuman-3 device started to work late in 1978; after 

commissioning studies of the plasma co l umn equilibrium were 

performed. 

TO-2, a tokamak with two t oroida l divertors, is now ready 

for operation. 

Concluding this survey of Soviet tokamak studies, the 

following must be noted. 

A stable regime with good reproducibility is obtained in 

the T-10 with dominant light impurities and q(aL) = 1.6 . 

The first electron cyclotron heating experiments confirm the 

conclus i ons o f earlier studies concerning high eff iciency of this 

method. 

High B p l asma was obtained in the T- 11 experiments, moreover, 

plasma stability was not disturbed there. 

Radiation losses are dominant in the ener gy balance in the 

major part of experiments; impurities obviously contribute 

-
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greatly to the process of current profile formation, wh ich, in 

its turn, determines the stability of the plasma column. The 

development of inner instability, wh i ch opposes compression, 

depends on radiation cooling wh i ch determines the p lasma current 

profile. 

Thermal conductivity factors appear to be connected with the 

parameters of relaxation oscillations. The mathematical model 

developed makes it possible to obtain the values of thermal 

conductivity factors from the experimental data. 

The nature of the screw instability is studied and methods 

developed for its suppression by feedback. 

Adiabatic compression causes not only plasma heating but 

also improves its thermal insulation. 

The improvement of thermal insulation is observed in non­

circular tokamaks when greater elongat ions of plasma columns are 

used. 

Finally I wished to thank my Soviet and foreign colleagues 

who have worked or are working now on Soviet tokamaks, for 

presented data and assistance in the completion of this paper . 

• 
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THE PHYSICS OF JET 

R. J Bickerton 

JET Joint Undertaking, Culham, Oxfordshire, Eneland 

INTRODUCTION 

The Joint European Torus (JET) is a large tokamak at present under 

construction on the Culham (UK) site. JET is an international enterprise 

with participation by the nine countries of the Common Market plus Sweden and 

Switzerland. It is therefore a political as well as a technical experiment. 

The basic para~eters, the technical desi en and some prototype work were 

established in the period 1973-78 by the Joint Design Team headed by 

Dr P-H Rebut(l). The site was decided in October 1977 and the construction 

phase began in mid-1978 under the leadership of Dr H-O WUster. Operation of 

the machine with plasma is scheduled to begin in 1983 . 

The objectives of JET are to study 

(i) the scaling of plasma containment as parameters approach 

the reactor range; 

(ii) the plasma-wall interaction in these conditions 

(iii) plasma heating; 

(iv) a -partical production J confinement and effects on 

plasma stability. 

Objective (iv) has the consequence that the machine is designed for 

tritium operation and is scaled so that i t can J to t he best of our limited 

knowledge, reach conditions where the a -particle heating in the central 

core of t he plasma plays a significant role in the local energy balance. 

Tritium operation impli e s cons iderable technical complications in the pro-

vision of neutron shielding and of arrangements for remote maintenance of 

the machine. 

APPARATUS 

The principal parameters of JET are listed in Table 1 together with 

those of two other large machines at present under construction J JT-60 (Japan) 

and TFTR (USA). Also shown are the present gUiding parameters for INTOR, 

a high duty cycle tritium burner now being discussed by an international 

working party under I AEA auspices in Vienna. Note the designed-in extension 
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capability of JET r e prese nted by the bracketted figures. The plasma and toroidal 

field coi l cross-sections for the four devices are shown on the same scale in 

Figure 1. Both JET and INTOR use D-shaped plasmas o f similar cross-sectional 

dimensions. Space for a shielding and breeding blanket is provided b etween 

the plasma and the coils in the INTOR design. An artists view of JET is 

shown in Figure 2. Notable are the double-walled D-shaped vacuum vessel, 

the closely coupled toroidal and poloidal coils together with the 8-legged 

iron transformer core. 

ADDITIONAL HEATING 

Large volume tokamaks need powerful heating in addit i on to the in­

escapable ohmic dissipation if they are to reach near-reactor parameters. 

This is the result of the relatively low current density and the rapid ( T
36) 

increase in plasma conductivity as the e lectron temperature rises. Adiabatic 

compression and neutral injection heating are two well-proven methods. Both 

have been shown to work in an entirely intelligible way at the megawatt 

level. (2,3) Adiabatic compression is a one-shot heating me t hod. The only 

practicable version for JET is that in which the major radius of the plasma 

is reduced by increasing the vertical field. This necessitates a plasma 

filling only a fraction of the cross-section of the vacuum vessel . JET has 

been des"i gned to be capable of using adiabatic heating wi th a r.ompression ratio 

of up to 1. 4 and a compression time approximately 50 ms. The mean minor 

radius of the plasma is then limited to about I metre and the plasma cur-

rent corresponding-Iy to approximatel y 1 MA . The power into the plasma during 

compression is of the order of 20 r~1W. This mode of operation is only 

better than using the full aperture and no compression if the plasma losses 

increase rapidly with temperature, as 

impurity problem is very severe (4). 

mode to limit the temperature in PLT 

in the trapped-ion scaling or if the 

Since the failure of the trapped ion 

(3) the mood is now more optimistic 

and the main emphasis is on full aperture operation. 

Thus the ~dditional heating method that will be used initially 

is that of neutral injection. The parameters of the planned system are 

shown in Table 2. The very large 80 kV, 120 A, 5 second pulse hydrogen 

ion source units required are under development at Culham and Fontenay. 

Later it is envisaged that these same units will be further developed 

towards 160 kV, 60A deuterium operation for eventual injection into deuterium-

tritium plasmas. The overall efficiency defined as the ratio of neutral 

power injected into the torus at full energy to the extracted power is only 

13%. Initi a lly 8 sources will be installed to give 10 MW at full energy 

into the machine. Later it is planned to increase the heating pOVler to a 

total of 25 MW. The additional 15 MW is part of an "extended performance ll 
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proposal not yet approved or funded . The extra power might be provided by 

RF methods if an experimental demonstration at approximately 1 MW level 

is given in time on an existing tokamak. Thus the realistic choice is 

between ion cyclotron resonance a nd lower hybrid ::~requencies or of just \.lOre 

neutr a l injection. 

PLASMA EQUILIBRIUM 

A key feature of JET is the non-circular (D-shaped) plasma cross ­

section. This is believed to be favourable for containment and we represent 

this feature by using a = lab for the mean plasma radius when predicting 

the containment time. The D-shape is also favourable for ~lliD stability; we 

represent this by assuming the effective inverse aspect ratio to be h/U 

and that the critical average B value for stability is proportional to 

this number. 

The experimental evidence for these favourable features is not 

extensive, but both JET and INTOR rely on their exploitation to achieve 

near-igni tion and ignition conditions respectively. The shape of the 

JET plasma is to be controlled by the predetermined ratios between the 

currents in the various poloidal coils while the position of the discharee 

centre is to be, maintained by hori zont a l a nd vertical fe e d-pack controlled 

fields. 

PERFORMANCE ESTIMATES 

As we move towards i gnit i on a simple performance indicator is the 

ratio f between the a -power into the plasma and the power lost from the 

plasma. Ignition is clearly achieved when f 1. Because the product 

( crV ) for D-T reactions varies like T2 in the temperature range of interest, 
i 

(7 - 20 keY) then f is determined by the product (nT T.), i.e . , 
E 1 

f 
(n TE T

i
) 

y .2.5 .10 21 
-3 (m ,sec,keV) • 

where Y is a profile factor which is unity for a uniform density and 

· . (1) 

parabolic temperature dependence. Y decreases as profiles steepen. For 

a given f the corresponding B value is, 

2nT. 
1 

~ 
<jJ /llTf 

· . (2) 

while the power into the plasma required to maintain a given f value is 

P 
V.3nT 

T 2 
E 

where V is the plasma volume . 

= 
V.f 1.3xl0 6 

T 2 
E 

Watts · . (3) 
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Because of the contribution from alpha -particles as i gnition is 

approached the input power PIN r equired to reach ignition in a time com­

parable with the energy containment time is about half the above figure. 

For JET the results for B = 3 . 4T (exte nded performance) are, 

B ~ lS. y f 
% · . (4) , 

E 

PIN 
~ 

9GY~ Megawatts · . (5) , 
E 

From these results we see the criti cal importance of the energy containment 

time in determining what performance can be achieved with given values of 

critical B and of inpu t power. 

EV IDENCE ON ' E 

There is much experimental data on , 
E 

in ohmically heated tokamaks 

and some r ecent data for exp eriments in which the addi tional heating (neutral 

injection) substantially exceeded the ohmic input. Only in the l at ter case 

can the heating and confinement be decoupled to enable an in-principle d et ­

ermi na tion of the variation of containment time with plasma temperature. 

However the available data is still too limited to come to a c lear conclusion 

on this point, but preliminary indications from PLT are optimistic (3). 

For the present the simp l e st , a lthough not the most a ccurate, law 

for al l the data is, 

· . (6) 

Figure 3 shows sample data and the line representing (6) . Note that this law 

covers discharges with varying fractions of radiated power and charge exchange 

losse s . It h as no theoretical basis. Indeed it does not satisfy the criteria 

established by Connor and Taylor (5) for scali ngs based solely on the e quations 

of plas ma 

na 2 
'" 2.5 

figure 3. 

phys ics . The near-ignition regime in JET is expected to h ave 

x l0 20 m- 1 i.e. ~ 25 times the highest experimental data pOint on 
(6,7) 

A variety of more complex scaling laws have b ee n proposed to 

g i ve more accurate representations of the e x isting data. Applied to the J ET 

case the y lead to a range of predic tions for 

0.6 - 6 seconds. This uncer taint y means that 

t in extended performance of 
E 

JET might ignite eas ily ( 'E > 

2 seconds) or fail to reach n ear-ignition ( lE < 1 second). 

If we adopt the ALCATOR/INTOR scaling of equation (6) then it is 

--

readily shown that for a given input powe r and negligible alpha-power (small f) 

the ·.mean temperature is independent of the density and for JET is 

T (keV) - · . (7) 
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i3 
P

IN
(MW)n

20 
% = 

8 · . (8) 
while 

for B~ = 3.4T, 

and 
i3 

P
IN

(MW)n
20 

% 5 · . (9) 

for B~ = 2.7T. 

PERFORMANCE WITH OHMIC HEATI NG ONLY 

The modus operandi of the machine wi.ll be to establish a hot plasma 

with ohmic heating before switching on the additional heating. We might 

expect the q profile as a function of poloidal flux to be determined by 

this phase since the classical skin penetration time is about one minute 

for a 1 metre radius plasma with T '" 1 keY. e 
The q-profile established,the 

subsequent evoluti on is supposed then to follow the flux-conserving path 

as the plasma pressure is increased by additional heating. There is little 

or no experimental support for this supposition; internal rearrangements of 

po1oidal flux may well take place through MHD instabilities of the tearing­

mode type. Thus the evolution of the discharge remains uncertain but one 

certainty is that the ohmic phase must establish a plasma of adequate density 

for neutral injection, remembering that the injection energy will be chosen 

primarily to give good penetration at the higher densitie s near ignition. 

It is well known that there is a density limit for ohmic discharges 
(8) 

above which the discharge disrupts. This "Murakami limit " has been shown 

to be fairly well described by the empirical formula , 

n 
c 

B 
2 x 10

19 ~ (T,m) 
R 

· . (9) 

Higher figures can be obtained in exceptionally clean and high q (~5) dis­

charges but equation (9) gives a good working figure for q ~ 3 discharges. 

From (9) the figures for JET are, 

n = 1. 8 
c 

19 -3 
x 10 m 

19 - 3 
n = 2.3 x 10 m 

c 

for standard performance 

for extended performance 

For perpendicular neutral injection into JET at 80 keY/nucleon ~ 32% of the 

beam passes right across the plasma for n = 2 x l019m-3. But the inj ection 

geometry in JET is such that the beam although near perpendicular when it 

enters the plasma is quasi-tangential to the inside plasma boundary. Con­

sequently most of the beam that is not absorbed on the first pass has a 

second passage through the plasma. Thus the effective fraction of the beam 

that is not absorbed is probably '" 10%. 
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-----------------------------------------------------------------~ 

Note that because of the "~~urakami limittl the product ~a2 is 

19 -1 
~ 5 x 10 m so that t h e extrapolation on the T 

E 
vs na2 diagram 

(Fi gure 3) is only a factor 5 over present experiment R. Thus we may be 

reasonably confident that the containment time during the ohmic heating 

phase will be ~250 ms . 

Balancing the ohmic heati.ng against the losses then gives for JET, 

T = 0.67 keY for I = 5 MA (extended performance) 
e p 

T = 0.45 keY for I = 3 ~M (standard performance) 
e p 

where the corresponding ohmic input powers are 4 and 2.7 megawatts respec­

tively. These figures are consistent with the results of time-~ependent 

1-0 codes where central temperatures of 1.2 keY are obtained with I = 4 MA 
P 

in pure plasma with the primary loss determined by the ALCATOP./INTOR scaling . 

PERFORMANCE WITH ADDITIONAL HEATING 

A basic assumption is that with an increased power input to the dis-

charge the density can be increased several-fold above the lIr'urakami limit " 

to the point where the critical B is the determining factor . Only if this 

assumption is correct can the ~l - 2 second containment time needed be ob-

tained according to the ALCATOR/INTOR scaling. The experimenta l evidence 

for this is weak; in both DITE ana ORMAKidi scharges with neutral inj ection 

could be run at higher densities (factor 1.5) than those without. Since 

there is no clear theory to account for the "Murakami limit" there is equally 

no c lear theoret ical basis for the assumption that inc reased power density will 

permit n 
c 

(9 10) 
to be r aised. However such theories as there are ' suggest 

that qualitatively n 
c 

does depend on the power density. 

Consider now two cases - standard per f ormance with a n injected power 

of 10 MW at full energy, 

energy and B~ = 3.4 T . 

B~ :::: 2.7 T, and extended performance, 25 MW 

From the global model given above we find, 

Standard 

Extended 

T. (keY) 
1 

1.7 

4.2 

2.8 

4.3 

0 . 9 

D.9 

T (secs) 

1.0 

1.0 

yf 

0.10 

0.24 

full 

In fact the tota l injection power including al l species is 18 and 45 MW res­

pectively; we have used the perhaps pess imi stic assumption that only the 

full energy power is effect ive. 

STABILITY LIMITS TO B 
There will pe sO{Ile value Bc above which the plasma is hydromagnet­

i cally unstable to the point where the containment is seriously reduced. To 

- 0 -

I 

l 
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dat e this limit has not been seen in any experiment and B values have 

essentially been limited by the available additional heating power. Values 
(11) 

in the TOSCA of B ~2% have been seen 
(12) 

on the circular cross-section plasmas 

and ISXB tokamaks. These values are somewhat higher than the theor-

etical threshold values for high mode number ballooning modes. Similar cal-

show B ~ 7%, the higher figure coming from the 
c 

culations applied to JET 

shaped cross-section and tight aspect ratio. The value of Sc depends crucially 

on obtaining an optimum equilibrium profile, one with flat pressure and current 

density profiles over most of the volume. In present tokamaks these profiles 

are uncontrolled and result from a complex interplay between wall and plasma 

processes. We can hope that the discharge will be driven towards optimum 

profiles by the self limiting action of marginal stability or we may be 

forced to expensive additional measures to control positively these processes) 

(e.g. electron cyclotron heating, multi-energy neutral beams, multi-frequency 

RF heating etc). 

If we combine the ALCATOR/INTOR scaling with the not ion that the dis-

charge will be limited at some B , then we find 
c 

= 6 x 10-4Sc 2 B~4 
f

MAX 
,.. 

YT 

a maximum value for f, 

(%, Tesla, keY) 

for JET dimensions. The highest value of f is obtained for the lowest value 

of T for which t he calculation is valid , namely 7 keY. Then for B = 7% we 
c 

find, 

corresponding to 

0.54 
f~IAX = - y-

20 -3 
n = 1.4 x 10 m , 

B~ = 2 . 8 Tes la, corresponding to n = 

l-D STEADY STATE CALCULATIONS 

for 3.4 Tesla 

0.25 
' E = 1.8 seconds and f MAX = Y 

0.9 x 1020m -3, 'E = 1. 1 seconds. 

for 

So far we have considered global calculations in which profiles are 

assumed and are not determined self-consistently. The next step in compli-

cation is to use a code to solve the radial energy balance in steady state. 

Cordey et al(13) have performed such calculations for JET balancing alpha­

particl e heating against neo-classical ion conduction and electron thermal 

conduction corresponding to the thermal diffusivity 

5 x 10
19 

n 
e 

2 -1 
m sec 

(This gives the ALCATOR/INTOR containment result (equation 6) for ~arabo lic 

denSity and temperature profiles). Tqe resul tinG i Gnition curve 

is Shown in Figure 4. Comparing this with the global conditi on (1) and 
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substituting from (6) leads to the very favourable value of y ~ 0.25. This 

i s the consequence of a steeper temrerature pro f ile in the I-D calculation 

which both improves the ratio of alpha-power to losses and reduces the losses. 

Changing the containment law to either of the versions proposed as 

a re suI t of the PLT experiment gives sti 11 more favourabl e igni tion curves 

(Figure 4). Since in all cases the loss through the electron channel is 

dominant the results are insensitive to modest (factor 5) increases in the 

ion thermal conductivity_ 

l-D TIME DEPENDENT CALCULATIONS 

1-0 time dependent calcu l ations are run in cylindrical geometry with 

'toroidal' transport coefficients and an effective radius a = to account 

for the D-shape. Some JET runs have been made using the codes BALDOR(DUchs. 

IPP). MAKOKOT (Mercier. Fontenay). HERMES (Hughes. Culharn) and ICARUS (Watkins 

JET). In addition many of the calculations made by these and other code 

groups around the world for INTOR can be simply scaled to JET_ 

The standard transport assumptions are now_ 

n 
e 

2 -1 
m s 

X. = 3 x Neoclassical (Haze1tine-Hinton) 
1 

D = t X = particle diffusion coefficient. 
e 

The recycling coefficient for particles at the wall is normally taken to be 

uni ty, so that average density increases on l y occur by beam fuelling action_ 

Because of the surface nature of the recycling the density profile in steady 

state is extr emely flat. 

All the codes show that in the absence of impurities ignition can 

readily be achieved on J2T with the extended performance injection power level 

of 25 MW at full energy (160 keY deuterium) and the corresponding total 

p ower of 45 ~~ a ll species. Figure 5 shows a typical trajectory (from HERMES) 

in na vs. B space_ Again these results are more optimistic than the global 

calculations and correspond to l ow values of y 

To include impurity effects in a self-consistent way we have to deal 

with three areas of ignorance_ These are, 

(i) the surface physics phenomena leading to impurity 

injection_ 

(ii) the subsequent radial motion of impurities inside the plasma 
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(iii) the relationship between local impurity concentration 

and radiated power. 

All four European codes use the coronal equilibrium relationship for 

(iii). With w~KOKOT they then simply determine the fractional contamination 

of the plasma with a given impurity that stops ignition. For JET this is 

-4 5 x 10 of iron. The other three codes determine the impurity concentration 

by combining a s puttering model at the wall and a diffusion model in the plasma. 

The most apparently pessimistic assumptions are used by the JET group. They 

assume sputtering of iron by both ions and neutrals at the wall and solely 

Pfirsch an d SchlUter diffus ion wi thout temperature screening inside the plasma. 
. .. (14) 

They find that t he inc lusion of this impurity model stops 19n1 t10n . Some 
A 

of their results are s hown in the n TE vs 

results have bee n ob tained by DUchs with a 

T plane in Figure 6. 
i 

more optimistic mode l 

Similar 

in which 

sputtering of carbon and iron by n e utrals onl y i s used toget her with the sum 

of Pfirsch and SchlUter (including temperature screening) and anomalous dif­

fusion for the motion inside the plasma . 

The sensitivity of these results to the models is not yet clear but 

taken together they do emphasize that JET is very unlikely to reach i gnition 

if any remote ly realistic account is taken of impurities. 

However it should be noted that, even with the pessimistic (?) JET 

model, conditions are reached in the core of the plasma where the alpha-

power is about 70% of the t ot a l powe r into that volume (tcore ' = half the 

plasma radius). This means that although ignition i s not achieved neverthe less 

the objective (iv) of the JET li st i s reache d. 

CONCLUSIONS 

1. The physics of JET wi ll in broad terms have the same elements 

as the physics of any other tokamak. Thus although we have 

discussed JET in si.mplistic terms the standard complicating 

feat ures such as inte rnal and major disruptions, discharge 

cleaning r e quirements, runaways, etc., will occur and r equire 

to be live d or dealt with. 

2. In the light of the best present knowledee JET will have the clear 

capabilit y in extended perforLlanc e of inves ti Gat inG near-

ignition plasmas . But 'best pre sent knowledge ' is poor and 

include s an order of magnitude unce rtainty in the key paramete r , 

the energy containment time, 

3. The expected temperatures may be summarised a s follows 

Ohmic heating 
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Standard performance T '" T. '" 1-3 keY T '" 1 second 
e 1 E 

Extended performance T '" T. '" 6 keY T '" 1 second 
e 1 E 

To achieve near reactor conditions in JET will require 

(i) an increase in the cri tical density over the I1Murakarni 

limit" by a factor of 4 to 5. 

(i1) the full exploitation of the shaped cross-section and the 

(iii) 

establishment of optimum pressure and current profiles 

to permit high critical ~ values. 

the reduction of middle and 

low fractional levels « 5 

high Z 
-4 

x 10 ). 

impurities to very 

(1 v) the operation of effective heating methods which can 

deposit 10-20 MW of power into the core of the plasma. 
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TABLE 1 

I 

JET JT60 TFTR INTOR 

R (m) 3.0 3 . 0 2.65 4 .5 
0 

a(m) 1. 25 0.95 0.85 1.2 

b(m) 2. 10 0.95 0.85 1.9 

a(m) 1.6 0 . 95 0.85 1.5 

B
0

(T) 2.7(3 . 4) 4 . 5 5 . 2 5.0 

I (MA) 3.8(4.8) 2 . 7 2 . 5 4 . 0 p 

q(a) 3.0(3 . 0) 2.5 2 . 8 3 . 1 

FLAT-TOP 

TIME FOR B0 20 (15) 5.0 1.6 CD 

SECONDS Supe r-
conducting 
coils 

VOLT-SECONDS 25(34) 25 . 0 14 . 0 ? 
AVAILABLE 

PLASMA 

VOLUME(m3 ) 150.0 53.0 38 . 0 200 

Footno t es 

(I) Brack e tted figures correspond to extended perfor­
mance 

(II ) 

( I I I ) 

(IV) 

( V ) 

a = half-height of plasma, parall e l to major axis 

b = half-width of plasma in the equatorial plane 

a = lab = me an plasma radius 

-2 
5a B0 
Rolp 

q( a) = = "cy lindri cal" q 
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TABLE 2 

NEUTRAL INJECTION HEATING 

BEAM ENERGY (keV) 

BEAM TYPE 

BEAM POWER (MW) 

(i) FULL ENERGY 

(ii) TOTAL 

NO. OF INJECTOR BOXES 

NO. OF SOURCES PER BOX 

ANGLE OF INJECTION 

SOURCE SPECIFICATION 

ESTIMATED OVERALL 

EFFICIENCY 

JET 

10(25) 

18(45) 

2(4) 

4 

TANGENTIAL AT 

R - a 
o 

R +a 
o 

120A x 80kV 

5 SECONDS 

(60A x 160kV, 

5 SECONDS) 

13% 

Bracketted figures correspond to 
extended performance, or to 

later developments 
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TFTR 
Jp = 2·5MA 

BID = 5·2 T 

o 2 3 (m) 
I , 

Scale 

JT-60 

Ip = 2·7MA 

BID= 4·5 T 

R J BICKERTON Physics of J ET 

JET 

Ip = 3 ·8 (4·8)MA 

6(1\= 2·7 (3-4) T 

INTOR 
Jp = 4 MA 

6(1\= 5T 

Figure 1. Plasma and toroidal field coil cross-section. 
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Ignition curve est imated from 
HERMES code 

,/ 

' E 1·2 
o 

/ 
,/ 

,/ 
,/ 

b 

o 
le 

,/ 

/,-- 2s 

,/ 

/.,~~ 
/' Trajectory followed 

1 ·8 

/' during neutralal injection. 
". 

et=O 
0·6 

0·4 

0·2 

0~--~----~----~--~----~--~~---7~ o 2 4 6 8 10 12 14 

~ ('10) 

Fig.5 JET Injection into ohmic steady state - no impurities 

Ea = 120 keY , P = 45 MW 
(M.H. Hughes, Culham) 
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1015 ,....... ______ -.-__________ ---,--,---------, 

T -10 o 

T-4 o 

Ignitron bound cry 
(Uniform T;) 

....... :~~:l ~ 
... \ 
". \ 25 MW 

... \ 160keV 

TFR 
o 

',\ D 
10MW 0 

80 keV 
", Ho 

PLT 
o 

, , 
, 
, 
, 
".JET 

TRAPPED ION 
SCALING 

10 11 
L-._-'--L..-L..Ll...L.L.LL_-L_'-JL.I...L.L.ll.J __ L-...L...l..-L..L.L.l..l.J 

0·1 1·0 10 100 

Point A 

T; (keV) 

51019 2 -1 D _ Xe Xe = -n- m s - 4 ,Xi = neo·classical • plus 
radiation trom sputtered iron (25MW Do at 160 keY) 

As above. (10MW Ho at 80keV ) 

Transport as above. no impurity radiation 
(25MW Do at 160keV) 

Figure 6 . JET Rerformance Rredictions. 
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INVESTIGATION OF LASER FUSION PHYSICAL PROCESSES 

V.B . Rozanov 
P.N. Lebedev Physical Institute, USSR Acad. Sci., Moscow, USSR 

1. A lot of problems are interrelated in laser fusion: the problems 

of powerful lasers and optical sy~tems; the study of pllJdical pro­

cesses in targets; target preparation and optimization; tI,e deve­

lopment of physical-mathematical models for irradiation, compres-

sion and target burning and the calculation codes; various reactor 

problems, e.g. energetic, economic and systemization problems, and 

the problems of materials technology_ 

2. 11, the present paper we report mainly the results obtained from 

physical investigation of targets, irradiated by laser pulse at 

moderate f l uxes, when the "compressed " shell (abulative mode) 1'e-

gime is realized. The processes .considered are o.s follows: 

- las(' :r radiation o.bsorption with regard to refraction and 

reflection; 

- generation of fast electrons ill the corona, which cause prelimj.-

nary heating of the thermonuclear fuel; 

- thermal radiation of the coronu; 

- heat-conductivity tind evaporation of the shell; 

- acceleration and the motion of the shell towards the center, 

characterized by hydrodynamic erficiencYi 

hydrodynamic instabilities ut compression; 

- magnetic field generation; 

- transformation of shell kinetic energy into the therma1 D'r plasMl 

energy; 

- thermonuclear reaction ini t iatlon anu the development of the CO,:I 

bust ion wave. 

Here arises the problem of distinguishing the role and estimatinij 

quuntitative characteristics of these processes in mouarn smll.11-

-scale experiments, as far as possible, and to determine the ten-
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a.ency nr,d p:' edict the chane;es in t he processe s under t. ],c ine r elt se 

of the laser pulse. 

3. Mathematical codes "Luch" and "narid ", hosed on classical ideas of 

the laser tarBet corona, describe the laser radi a tion uDsorption 

processes, the electron heat-conductj.vi ty, hydrodynami c InoU.on. 'l'1I!; 

comparison is presented of t he exoerimental (obtained at Nd-LaGer 

"lCalmar") and theoreU.cal data in particula r the dependenc e of t he 

absorbed energy fraction on the tarLv t Dize and tilt:: atlator rno:1.0 -

rinl, the she ll velocity and collapse time, the measurprlent s anll 

si.ffiulations of various easdynamic profi les (e. g. the i,r ofile C0Il -

taining a shock wave reflected from the centre of the targe t and 

passing the "corona" ). These results may serve as evi dence of 

a satisfactory description of the "compressed" shell r egime. Ana-

lytical models are developed, which enable one to easily tleseri be 

the sheD. evaporation and motion, and the gas compression. These 

results in total give a possibility to obtain similarity relatjonn 

which may help to predict analoe;ous parameters for the rlext ge: -

neration laser "Dolphin". 

4. Calculations of X-ray radiation, based on "RIM" code, and the 11,0a-· 

surements make it posDible to find out its influence on the energy 

balance and hydrodynamic purameters of the "corona" and the comp­

ressed core of the target. For "c ompressed" shell t he influence of 

radiative transfer is not strong. Non-equilibriwn ionizution,wh:icl' 

affects the most hard part of the spectrum, is of imp0rtance. 

The quantity of fast e l ectrons is proportional to the enert.;y frue-

tion, absorbed by resonance mechanism and does not exceed 1%. 

Taking into account the fact that the shell optical thickness 

grows ( E1/3) with the increase in laser energy, one may expect 

the fast electrons' heating not to be considerable. Profile "stee-

pening" at moderate fluxes is of no significance. 
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5. stationary corona model allows one to develop an approximate theory 

of gas compression by thin target which describes well the average 

temperature, density and compression values. For studying more 

sophisticated problems such as gasdynamic distributions, the effect 

of the state equation, the effects of the velocity multiplication 

at shell collisions we have used one-dimensional gas dynamic pro-

grammes. 

6. We have studied the conditions in the target core dependent on the 

energy absorbed, the gas pressure, the radius and thickness of the 

target wall, the symmetry of preparation and irradiation of the 

target (for "Kalmar" experiments). At high compression of deuterium 

the temperature lies within the range where the neutron yield 

sharply depends on the temperature (0.2-0.6 keV). The experiments 

are in conformity with the theory and calculation. 

7. Under target compression the magnetic fields are generated. Mag-

netic field generation is connected with the development of hydro­

dynamic instability, which results in crossed gradients of the 

density and temperature. Magnetic field generation i s performed in 

the hydrodynamic instability region in the external and internal side 

of shell. Various dissipation processes are responsible for the 

maximal magnetic field amplitude. Near the collapse the field inside 

the target exceeds 20 MGs (under conditions at "Kalmar") . The mag-

netic field could serve as the means of observation and diagnostics 

of the instability. This field may influence different processes 

in laser targets, specifically on the transport of fast electrons 

from the "corona", and the heat-conductivity from internal "hot" 

regions. 

8. The problem of thermonuclear reaction initiation in laser targets 

is studied. The initial plasma state is presented conveniently by 

a point on the plane <. ~ /1 ). Numerical simulations make it pos­

sible to predict the development of thermonuclear reactions at 
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arbi trary j.ni tial state with account of temperature, density and 

velocity variations at compression. However , it is convenient to 

study generally the development of thermonuclear reaction by Using 

so-called dynamic coefficients, which are analogous to self-similar 

constants in the problem of thermonuclear wave. One of such coef-

ficients describes the variations of plasma energy, the other- the 

optical thickness. Under arbitrary non- self-similar initial condi_ 

tions time variations of the dynamic coefficients present a certail, 

trajectory corresponding to the development or decay of thermo -

nuclear reaction. 

9. Th8 tll1ulysis of the dependence of various processes on the laser 

pulse energy within the frames of the "compressed" shell regime 

suggests that the following may take place in case of 200-300 kJ 

energy : 

absorbed energy will constitute 50-80% (in comparison with 30-40% 

at "Kalmar" for 100-200 J energy); 

- heating by fast electrons will be insignificant ; 

- evaporable part of the shell will be 50%, and hydrodynanuc effi-

ciency at aspect ratio 100 will be 10-15% (at present the values 

3-5% have been achieved). This corresponds to the increase of shell 

velocity up to 300 km/sec (at present velocities of 70-100 Ion/sec 

have been measured). 

- volume compression of 3.104 needed for obtaining the D'l' plasma 

density of 300-400 g/cm3(which ensures efficient combustion) ex-

ceeds more that by one order of magnitude the measured compression . 

Nowadays there are no available experimental data on the influencp 

of instability processes at 3.104 compression; the problem is 

being studied theoretically; 

- experiments and numerical calculation indicate a possibility of the 

shell kinetic energy tu be sufficiently well transformed into ther­
mal energy of n!crmonnc lear fuel, and it will constitute 10% of 
the laser pulse energy_ Under these conditions a sufficient thermo­
nuclear target burning can be realized. 
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BP n° 27 - 94190 Vill eneuve St Georges, France 

Abstract 

Recent results on laser fusion research obtained in the main 
laboratories of Western Europe are presented. Emphasis is placed on 
interaction at various wavelengths and laser intensities, on transport 
inhibition of absorbed la ser energy inside the target and on implosion 
experiments in both exploding pusher and ablation modes. 

I - INTRODUCTION 

The main laboratories of r,lestern Europe engaged in research on 
laser-matter interaction are listed in figure 1. Four of them are 
members of the Euratom Association. Several like Bruxe11es and 
Goteborg,are restricting their Y/ork to theory at present. It is 
also interesting to note that at Rutherford and Eco1e Poly technique 
laser facilities are used resrectively by several English and French 
university groups. 

The main lasers and their characteristics are indicated in 
figure 2. Most of them are neodymium glass lasers (-wavelength 1.06Ilm) 
with ener~y range from 10 J to 1 kJ and maximum power from 250 GH 
to 2 TH for 100 ps pulses . CO2 gas lasers (wavelenrth 10.6lJm)· 
are used at Frascati and Ecole P6lytechnique. Garching developed 
successfully an iodine gas laser which del ivers 1.3 TW on target 
with a pulse duration of 300ps . L1/ . 

Though these lasers are less powerful than those recently 
built in the Un ited States of America £2£7 and in the Soviet Union L2b7, 
the European laboratories have nevertheless obtained with them 
significant results which contribute to better understanding the 

453 

complex field of laser-matter interaction. These results on interaction, 
transport and glass microball~ implosion are successively examined below. 
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II - INTERACTION 

Interaction experiments are done mostly with a single laser 
beam focused on a plane target at various incidence angles_ Emphasis 
will be put on recent results related to absorption rates, harmonic 

emi ssions, stimulated Bri l louin backscattering, density profile and 
megagauss field generation. 

Absorption rates have been studi ed at Ecole Poly technique with 
respect to wavelength and pulse duration. Figure 3 gives the . 

absorption rates of a polystyrene massive plane target irradiated through 
a · f/ 1.3 aperture lens at normal incidence, using neodymium glass laser light 
aria its second harmonic with lOOps pulses and 1ns ru l ses. Absorption 
rates increase with longer pulses and shorter wavelenrths. At low 

flu xes these results can be interpreted with the assumption that 
absorption is due to inverse Bremsstrahlung. 

3/2 Wo and 2 Wo harmonic emissions of the laser pulsation Wo have 
been detected and their spectrum has been resolved either in time or i n 
space . Blue and red shifts are observed and may be attributed to a 
Doppler effect produced by target blow off towa rds the laser and the 

excitation of ion acoustic waves, respectively L3,4/. At Limeil, for 
example, the spectrum of the 2w light emitted by a solid deuter i um plane o 
target irradiated at normal incidence with a BOps, S polarized Nd glass 
laser pulse, shows a few angstroms shift which moves from the blue to 
the red side as the laser fl ux is increased, the onset of ion acoustic 
waves at 2.1015 W.cm-2 produc ing a shift which exceeds the Doppler shift. 

A carefu l study of backscattered light has been done at Garching 

L5,30/(figure 4J.The iodine 0.5 n, - 2BO ps Asterix III laser is 
focused on a polished mas si ve stee l plane target at an incidence angl e 
of 45 0 in order to separate spec ul ar and backscattered light. Approxima­
tely 60% of incident light is ref l ected, 40% as specular light and 20% 
as backscattered light into the focusing lens so lid angle. Figure 4 

gives specular and backscatter reflexion coefficient R versus incident 

flux ~inc for out of focus (400~m diam.) and in focus (60~m diam .) 
condit ions 
trans it i on 

: Rspecular is quite constant 
from sma 11 signa 1 th resho I d to 

stimulated Brillouin backscatteri ng . 

while Rbackscatter shows the 
saturation, which characterizes 

. .1 .. 
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At the Rutherford 1 aboratory radiation pressure steepening of 
the density profile has been clearly observed from 0.266~m .wavelength 
interferograms of 45~m diam. glass microballoons irradiated by a Nd 
glass laser beam at an intensity of 1016 tl.cm- 2 and with a pulse 

duration of 50ps L3 ,6/ Jhe ~icroba lloon corona i s probed to 2 
times the critical den sity and the density gradient length is of the 
order of the incident 1 . 06~m wavelength (firure 5). Megagauss magnetic fields 
generated by cross density and temperature gradients have also been 
measured from the Faraday rotation at 0.633~m - Raman shifted second 

harmon i c Nd 1 aser beam - or at the O. 266~m fuur1l1 harmoni c in the UV region !7 / . 

!Il - TRANSPORT 

Several experiments have been done to estimate the transport 
inhibition of absorbed laser energy and t he preheating due to supra­
thermal electrons. At Limeil and Rutherford the depth along which the 
absorbed energy diffuses inside the target or burn depth, has been 
deduced using plane or microballoon glass targets coated with aluminium /8,9/. 
X-ray Si lines emitted by glass through aluminium and Al lines are 

observed (figure 6) and for a given laser flux, Si lines disappears 
when the aluminium coating thickness is larger than the burn depth. 
With a lOOps Nd glass laser pulse and flu xes of the order of 1015W.cm-2, 

o 0 

burn depths of 1000 A to 1500 A have been measured in both laboratories . 
At Rutherford the energy penetration is increased by a factor of 2 to 3 
when the target is irradiated with the second harmonic (O.53~m) of the laser 
light 19/. At Limeil li ne intensity variations with aluMinium thickness 
have been compared to numerical results given by a code in which the 
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coronal assumption is used: a good fit is ottained if the . classical electron 
thermal conductivity is reduced by a flux limited factor F of 2.10-2 (figure 6). 

Garching has also evaluated energy penetration in the following 

way LID/. Lo~ Z plastic foils of increas ing thicknesses were 
irradiated with the 100 J - 300 ps iodine l aser at fluxes of 1014_ 1015W.cm-2 

The transmission T of the laser light through the foil and the hydro­
dynamical efficiency T],i.e .the ratio of the energy (thermal and kinetic) 

.. / .. 
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of the accelerated foil measured by a calorimeter placed behind the 
foil to absorbed laser energy, are plotted versus foil ,thickness dF 
in figure 7. Ablation depth d corresponding to almost null transmission 
i s 1600 A at 2.10 14 W.cm- 2 an~ 4500 A at 3.1015l~.cm-2; similar results 

--- . 

have been found by Ecole Poly technique with larger burn depths at 0.53lJmill/ . 
A simple rocket model explains satisfactorily T and n variations 

with respect to thickness. When attempts are made to fit these experi­
mental measurements with numerical results given by a one dimension 
hydrodynamical code, i t is again necessary to introduce a flu x limited 
factor f of 5. 10- 3 as in the work done at Limei l on al uminium coated 
targets. All .t he se experiments indicate that the transport of absorbed . 

laser energy inside the target is strongly inh ibited. 

Ecole Po ly technique has deduced from X-ray continuum the temperature 
Th of suprathermal electrons produced by plastic or aluminium targets 
at 1.06 and 0.53~m laser wavelength l, for lOOps pulses and irltensities 
<I> varying fr om 2.1013 to 2.10 15 ~J.cm-2.Th scales like <I> 0.4 but taking 

as reference t he variations of Th at 1.06lJm, its value at 0.53lJm is 
smaller than the one computed from the usua l sca ling law [<I> l2]O. 4. 

Us ing a few ~m 1 aye red ta rgets (forexampl e A 1 - Si 02- KCl - myl ar -
CaF2) the Rutherford laboratory has determined the suprathermal electron 
energy spectrum and the resulting preheat as a f un ction of depth and 
1 aser i ntens ity at 1. 06lJm ,coveri ng the range 5.10 14 - 5.1015 W. cm ·.2 01 . 
Suprathermal electrons excite fluorescent potassium and calcium K lines which 

a 
are compared I"ith those given bc' various I'lodels of electron energy distri-
bution . The deDendence variation on intensity of the deduced su~rathermal elec­

tron temperature agrees well with X-ray conti nuum measurements, and preheat 
is of the order of 10% of the 20 J incident laser energy delivered in 
lOOps . 

IV - IMPLOSION EXPERIMENTS 

In Western Europe implosion experiments are being conducted at 
Rutherford and Limeil with neodymium glass lasers of 2 and 8 beams, res­
pectively, and more recently at Aldermaston. Most experiments done 
with 100lJm diameter bare glass microballoons fi lled with gas at a 
few tens bars and imploded by lOOps laser pulses at 1015 W.cm-2 are 
relevant to the exploding pusher mode which allows to reach keY 

. . 1 . . 
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temperatures and the density of solid. More recently in order 
to observe tre ablation mode, and obtain higher final core densities, 
implosions of low Z material coated microba1loons by nanosecond 
pulses have been undertaken ~ In both types of experiments special 
emphasis has been put on measuring the core features by the development 
of several diasnostic techniques such as X-ray imaging and spectroscopy, 
and particularly X-ray shadowgraphy for high core densities. For the exploding 
pusher mode,experimenta1 results fit more or less with numerical simu1ations 

and analytical models which makes believe that this mode of implosion 

is partially understood. The experiments have also given some insight 
in to symmetry and stability matters which are crucial to satisfy inertial 

confinement fusion requirements. 

IV.1 - Exploding pusher mode 

As other laboratories doing implosion experi men ts Limeil 
and Rutherford have extensively studied ,the exploding pusher 
mode in which laser energy is absorbed almost instantaneously 
and causes the glass shell explosion with the inner part 
imploding the gas contained in the ,she11. The main contributions 
of these l aboratories to understand such a mode of operation 
deal with implosion symmetry, hydrodynamics, core features, 
and prepu1se effects. 

The influence of the beam number on implosion symmetry 
has been observed at Limeil using the 8 beams of the OCTAL laser 
which are focused on the target along the four diagona l s of a 
concentric cube 02/.When the microballoon is imploded by 2 oppo­
sed beams only,2 (:)0 and X-ray pinhole images sho\~ that the 
absorbed energy remains in the vicinity of the two interaction 
zones with the consequence of an irregular core structure. 
With 8 beams, on the cont rary,p inhole images are symmetrical, 
the core being well contrasted. This resu l t underlines that 
energy transport by thermal conduction or suprathermal electrons 
cannot compensate entirely laser beam dissymetries which have to 
be minimized to produce spherical implosions. 

../ .. 
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Let us now give examples of measurements which were done 
to follow the implosion hydrodynamics and to determine core 

features. 

Using an X-ray streak camera, Limeil measured the time 
delay between corona and core emissioffifor different microbal l oon 

diameters (60 - 120~m), DT gas filling pressures (10 - 30 atmos­
phe res) and laser energies . The variation of the time delay 

--

(50 - 200ps) versus useful specific absorbed energy (0.03 - 0.15 J. ng-1) 
(i.e. the part of the absorbed energy which contributes to the 
DT gas compression) is in fairly good agreement with the implosion 

time computed from a Livermore analytica l model L14/ . Similarly 
at Rutherford, in order to follow the implosion hydrodynami cs, it 

has been observed on neon filled glass microballoo~the time de lay 
between the tla Lya and Ne LyS 1 ine emission originating from the 
glass plasma and the compressed neon gas, respectively, and it 
was found a dependence of the time delay on the microba ll oon size L1S/. 

Core features have been diagnosed with several means. From 

X-ray pinhole images Limeil has measured a DT gas volume compression 
of about 70 which corresponds to a density of 0.5 g.cm-3 for a 
80~m diam. glass microballoon filled with 30 bar of DT gas and 
incident laser energy of 3S J delivered in SOps; maximum neutron 

yield of 107 has been observed L13/. At the Rutherford 1 aboratory 
core density of 4 ! 2 g.cm-3 has been measured from pulsed X-ray 
shadowgraphy : the 65~m diameter, 87 Bar neon filled microballoon 
irradiated at S.1014 f!.cm- 2 with lOOps, 1.06~m pulse was probed 

neon 

with lOOps duration, 1.8 keY X-rays emitted by a l aser produced plama 
L16/ . This l aboratory has also largely developed X-ray spectros·· 

copy to di agnose the core viz.the space resolved spectrum along a 
microballoon diameter to distinguish the corona and core X-ray 
emissions whi ch gives the core size, the electron temperature 
deduced from the slope of recombination continuum,the ionization 
state determined from the ratio of optica lly thin emission lines, 
the density p and density- length product pr of the imploded 

gl ass and of the cornrressed gas from the line broadening of helium-like 
and hydrogen-like emission lines of silicon and neon, respectivel yLlS/ . 

. ./ .. 
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In the latter measurement, experimental line profiles are compared 
with profiles calculated for various values of the electron density ne 
and of the product n1£ (nl ground state density, t line . of sight 
depth), and then p and pr are deduced from the unique values of 

ne and nl£that fit all the different He-like and H-like line data L3/. 
For example, electron density of 1023cm-3 has been found from 

the Stark broadening of a He-like argon line emitted by an 
imploded argon filled microballoon, as argon is a more suitable 
tracer than neon for the diagnosis of very dense cores L15/. 

Analytical models have been developed by STORtl f..l4/ ,ROSEN and 
NUCKOLLS Ll?/, AHLBON and KEY L1B/, in order to find scaling laws giving 

fi na 1 dens i ty p and electron and i on temperature;· of the compressed 
core with respect to the experimental parameters such as : aspect 
ratio ~ (R radius, 6 R thickness) of glass shell, fill gas 

density Po' energy density ~ (E absorbed laser energy, Mp pusher 
mass). The scaling laws vary eidely from one model to another 
as can be seen,for instance, in figure B relative to the final 

density p versus the initial fill gas density Po for ~ = 50; 
F. the experlmental data of different laboratories are widely scattered 

and do not cover a sufficiently large parameter range to validate anyone 
of these models. 

The effect of a prepulse on the implosion of BOum diameter, 
30 bar DT filled glass microballoons by a main 600 GW - 50 ps 
laser pulse at 1.06um has been studied at Limeil /13/. 
When the prepulse power is increased from 10-6 to-lO-4 times the 

main pulse power, the 0.2 J.ng- l absorbed specific energy is 
reduced by a factor of 2, the 3.106 neutron yie ld by a factor of 
lOC and the X-ray core emission is less intense. The smooth 
density gradients set by the early expansion of the gl ass shell 
due to the prepulse, seem to be at the origin of the l ower absorbed 
energy and core performances. 

. . / .. 
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B. 

IV.2 - Ablative mode 

Because it apoeared difficult to reach densities much 
1 a rger than soli d dens ity with the exp 1 odi ng pusher mode in 
which short duration (lOOps) laser pulses irradiate bare micro­
balloons at high intensity (10 15 \-~.cm-24 experiments have been 

done more recently with plastic coated microballoons which are 
progressively ablated by 1014v!.cm-2 nanosecond pulses in attempt 

to obtain high final densities. In this second mode the fill gas 
is not preheated by a strong shock and consequently higher core 
densities are obtained but also lower temperatures and neutron 
yield. It is not possible any longer to deduce core data from 

the observations of X-ray and neutron emissions and one has to 
deve lop nevl di agnos ti c techni ques such as X-ray shadowgraphy. 

At Limeil , a delayed ninth beam of the OCTAL laser is 

focused on a plane brass target, the X-ray emission of which 
probes the microballoon imploded by the other eight beams i19/. The 
experimental set up is shown in figure 9. The 1\m diameter, 50 ps 
duration, 1.3 keY X-ray copper line source and the imploded 
microballoon are ima ged by a 2 pinhole X-ray camera in such 
a way that the source alone, the microballoon alone and both 
source and microball oon emissions are recorded on the same 
film, the Al foil filter imp roving the source signal - microballoon 

noise ratio. The X-ray transmission(B of the target along 
its diameter is given in figure 10 c for bare and plastic 
coated BOum diameter microballoons and for specific absorbed 
energy of the order of 0.2 J . ng- l delivered in 50ps. Low trans­
missions are observed with low intensities and thick microbal loons, 
bare or coated with plastic; the shell thickness is larger than the 
energy penetration depth and part of it remains at low temperature 
(less than a few 100 eV) and is opaq ue to the 1.3 keY X-ray 
radiation . On the contrary in the exploding pusher mode, thin 
glass shells irradi ated at high intensities reach 1 keY temperature 
all over the ir thickness and their transmissi on is close to 1. 
Therefore, this diagnostic tec hni que which will be used with 

nanosecond laser pulses gives information on the inplo~on mode 
behaviour. 

. ./ .. 
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X-ray shadowgraphy has also been developed at Rutherford 
in a similar manner /3, 16/. The microballoon and the backlighting laser 

plasma source are ~ounted on the sa~e stand. A streak camera 
resolves in time along a mi croballoon diameter both the micro-
balloon self emission and the X-ray source radiation transmitted 
through the microballoon. The latter is delayed with respect 
to the imploding laser pulse in a variable way. 

Experiments have been done at 1.06um with 1.6ns laser 
pulses and low intensities of 3.1013W.cm- 2 on 240um diam., 1.4um 
thick glass microballoons coated with 1 to 6um of polymer. The 
ratio of hot electron preheating range to she l l thickness is of 

the order of 0.1 to 0.5. With X-ray back light ing delayed 
by 1.8ns relative to microballoon irradiation the peak compression 

appears on the streak film as an absorbing zone with 100um minimum 
width corresponding to a glass core density of 10g.cm-3 and the 
outer boundary radius r of the central opacity region plotted 
vs. time (figure 11:dots) fits well with numerical simulation 
results (curve). ~10reover, the careful examination of streak 
microdensitograms sugges ts the development of Rayleigh-Taylor 
instabilities in the imploding shell; one observes 

- very intense shell X-ray emission probably due to the 
mixing of cold glass with the hot ablation polymer plasma; 

- the diffuse boundary of the central absorption zone; 

- the backl ighting X-ray opacities lower by a factor of 
4 than the one calculated. 

initial 0.3um ripples in 
the 

These facts are consistent with 
pol yme r coat i rg an d ire COnplltat ion of Rayleigh-Taylor instability 

growth exponent yt (y growth rate) reaching 10 before a 20% radius 
compression of the shell (figure 11). The Rutherford laboratory had made 
similar observations for an exploding pusher type implosion with 
outside aluminium coated glass microba lloons imploded with lOOps 

laser pulses, where aluminium was detected in the core itself 

from space resolved X-ray spectroscopy L3/. 

. . / .. 
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v - THEORY AND NUMERICAL SH1ULATlON 

The experiments which have been described are supported by 
extended work on theory and numerical s imul ation in order to gain 
better knowledge of the signif icant phenomena, and to prepare these 
experiments and interpret their results. Analytical work deals, in 
particular, with the following topics : 

- Resonance absorption. The time and space electric field 
variations in the resonance peak have been calculated at 
the University of Berne L20/ and the electron energy 

distribution as altered by this peak (with the creation 
of a high energy tail) has been deduced. ~Jork has also 
been done on magnetic field generation and on effects due to 

a rippled critical surface 0, 21/. 

- Electron thermal flux limitations. At Limeil, to model fl uid 
behaviour when high gradients exist, a system giving the 
fourteen moments of a kinetic equation has been set which 
describes both adiabatic collisionless and co l li s ional flows L13/. 

Flux inhibition due to the i on" acoustic instab ility L13/ or to 
a turbulence induced chaotic magnetic f ield L23/ has been 
evaluated, and at Universite Libre de Bruxe lles L24/, anomalous 
transport coefficients in a weakly turbulent plasma have been 
ca lculated . 

Plasma radiation , the observation of \~hich is a powerful diagnost i c tool. 

One uses non LTE plasr,a ion isation model s li ne broadening and 
radia tion transport L3,13/. 

- Hydrodynamical expansion of the laser produced plasma . The 
influence of radiation pressure on plasma flow was investigated 
at Garching; t here are domain s of subsonic and supersonic flowsL25/ . 
At the University of Madrid it wa s studied the transition from 
isentropic to isothermal expansions created by lon g-low intensity 
and short-intense laser pul ses, respectively L26/. Similarity 
solutions of the expansion flow have been found /2~23/, in particul ar 
approximate sol utions for a two component plasma at Chalmers 
University of Technology in Goteborg/27/. 

.. / .. 
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- Analytical models of the laser implosion. The exp loding pusher 
model LI4,17,18/ or the model developed at Frascati L28/ are 
useful to optimize target and laser parameters in order to 

obtain high fuel core densities and temperatures. The scaling 
laws which are deduced from them serve as guides to target 
design and laser development. 

- Fluid dynamic stability. At Limeil small perturbation growth 
has been described by an analytical model including viscosity 
and self-generated magnetic fields/29/. 

Owing to the complexity of the phenomena, plasma numerical simulation 
and hydrodynamical codes are developed extensively and supplement the 

above theoretical investigations. The interaction of laser electromagnetic 
field with plasma is simu l ated by 1 i dimension (i.e. one spatia l and 
two velocity and field components) or 2 + dimension (two spatial and 
three velocity and field) particle-in-cell codes which are used for 
various studies such as incident laser light harmonic generation, long 

pulse Brillouin scattering, density profi le steepening by ponderomotive 
force, fast electron generation and radiation induced magnetic field 
L 3, 23/. One dimension and two dimension hydrodynamical codes, with 
always greater sophistication, have been worked out to understand laser 
light absorption, energy transport and implosion mechanisms. Recent 
work is relative to laser light ray tracing in the expanding corona, 
non LTE ionisation models , flux limited thermal conduction 0 1/, 
Monte Carlo or multiqroup diffusion simulations of fast electron penetra­
tion and preheat L32/, magnetic field generation and consequent thermal 

conduction inhibition /3/, radiation transport,hydrodynamic stability of 
the ablation layer and of converg i ng shock fronts /33/. 

VI - CONCLUSION 

The experimental investigations with refined diagnostic techniques 
as well as the theoretical and numerical studies which have been reported 
supplement research conducted in other laboratories and give some insight 

into the complex field of laser-matter interaction . They show greater 

absorption at shorter wavelengths, transport inhibition, preheat by 
suprathermal electrons, and exp loding pusher and ab lation mode behaviours 
The laboratories of Europe continue their work which will be conducted 
in the future with larger facilities now under construction (figure 2). 
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LASER FlISION RESEARCH LABORATORIES IN ~ESTERN EUROPE 

COUNTRY 

BELGI UH 

ENGLAND 

LABORA TOR I ES 

~ Un;versit~ Libre de Bruxelles 

Rutherford laboratory 

Atomic Weapons Research Establishment 

FEDERAL REPUBLIC ., Projektgruppe fill'" Laserforschung , Max-Planck-Gesellschaft 
Of GERMANY 

fRANCE 

ITALY 

SPAIN 

SWEDEN 

SWITZERLAND 

I Euratom 

COUNTRY 

ENGLAND 

fEDERAL REPUBLIC 
Of GERMANY 

fRANCE 

ITALY 

-

I 
I 

GREeQ Interaction Laser-Mat i ~re - Ecole Pol y technique 

Centre d'Etudes de Lime;'. Commi ssariat a l 'Energie Atomique 

~ Comitato Nazionale per 1 'Energia Nucleare 

Universidad Politecn; ca de Madrid 

I Institute for Electromagnetic Field Theory. Chalmers University 
of Technol ogy 

Inst itute of Appli ed Physics , Univers ity of Berne 

ri<;:ure 1 

MAIN LASER FACI LITIES IN WESTERN EUROPE 

AMPLIFYING ENERGY POWER PULSE 
LABORATORY MEDIUM (100 ps) DURATION 

J TW ns 
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(Z 000) (6) (1 ) 

Garchi n9 I 300 1 0.3 
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CO2 lZ 1 

{ BOO 1.3 1 

I 
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COZ 50 1 
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, 
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Fioure 5 : RADIAiION PRESSURE STEEPENED DENS!TY PROFiLE AT 1.06~m 
IJAYELENGTH. 
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V PSMIRNOV REB accelerator for ICF 

ProGress in the production and energ'y flux concentration 

of the REB accelerator for IeF 

V.P. Smirnov 

I.V. Kurchatov Institute of Atomic Energy, USSR 

1. Introduction 

Tbe energ'y flux concentration on the ~urface of a thermo­

nuclear target is the laain problem at the present stage of tho 

ICF investigations with high power pulse generators as an enerf:j,Y 
source. The efforts are aimed mainly at achieving high efficiency 

in the trar~mission and nt investigating the mechanisms of an 
Bffi . Gie~~ energy deposition on the outer surface of the pellet. 

~n anal'ysis of the transmission reqUirements has shown that it 

is necessar'y to provide onerGY flux transportation from the 

generator output to the pellet surface for a distance of a few 

meters and to reach a 10 TVit/cm2 energy flux density [1J. At pre­

sent several schemes of the transportation have been proposed. 

Tho first scheme is based on to the use of a selfmagnetic in­

SUlation vacuum transmission line (IllITL), connecting the sen era­

tor output directly with the pellet surface. A selffocused 
electron beam is forilled in the diode gap between the ex-i:;ernal 
pellet shell and n8 ~ative line olectrode. The results obtained 

rocontl,Y at the Kurchatov Institute on the reliability of t;bis 

scheme are described in Bec 11. 
'(ne rum enorgy can be also transported along tbe plasma 

Cll&otlol oetvlOen the pellet and v.ccelorbtor output[2] • The 
olcGtron henmis confin ud in the c hannel b'y the magnetic field 

~otlcrutod by an external source. The applicv.tion of the pl06ma 

~hDnnol v.lloWG us, in principle, to avoid microBxplosion dis­
truction of MI TL in the vici nity of thB pellet. How ever, in 
1:1.1'1 ';0 Sc,:( l .} oxpcr i monts \"J .u.:;l1 v. rev} tens 01' channels , an incrc3.Gc 

of the onere;y flllx dOLJ~'ji t:.y on Lh0 pcl lc t; Gurf.:lce is rather srao.ll, 

3+1~ [3J . 'l'ilO riO.L' :":G 011 til e ai)~licution of hiGh current 1i(';ht 
ion beumu generated in 11 dEB accol~ rator ilove recently found 
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474 v P SMI RNOV REB accelera tor for ICF --
incrou.~~in G dOVOlopmcnt[2-L~ It i3 also po;..;sible to usa an io;) 

"DoalJ! for Lhe OfJC.I't;'y COl.leen iJ.r;ll;i.oi."l on "C11C pellet E~ rri.1o prop~;~u_ 
L.LOrJ O.L' ion Loa;,"I::) ~1():1.15 1.: -10 i)l;.J.~;r~a chllnnol~) provides a moans 

for incre ~l sillC ti]c pc~]{ pO~Qr dUJ to spatiul bunchinG when tile 

diodo voltaGe Grows tiurluG n pul~e. 

Tho oro~ent n., a,;.Jer outlin83 the recent results on tho .• ~ :.,. 0. "re:; 
flux conc ontr:lti.on, obtain od ut the Ruclctlwv' s division of tii':1 

KU:t'cilatov I;lstitute . 

2. ~aGnetic insulation vacuum tran~~is sion lines (~ITL) 

It i~ wolLmow:J th ,:,( t i::1 a Golf ;naem/cic field, an equilib-
, t ' . in. 1 ' rll"m s -ate eXl:";'GIT""an 0 uc~ron .L[l,jor arisinG around t:10 net;ati vs 

oloctrode due to the illflueLca of a very niGh electric field. 

To provido such' an oqullibrjuitl G:;e line curr ont must excoed 

certain critic.:J.l vClluo, cCllculated fro"i the .3rilloui.11 modol fm' 

u miniraum line energy pe r unit length (I min). This fact is 
confirmed by a num'oe:;: of ex~)eriment~ [5J . Some experiments [6] 
~Luw that the critical insulation current may exceed I min a nd 

appl' oxilnate t be pClropoGantial cU:CI'.ent 1,0"" 8,5 ~ "(en tr+'{r1'.-i)J 
which corresponds a situ.:J.tion when the interelectrode Gap 

y eV 
is entirely filled by the electron 1<1ye1' (0'::: i + me'" ) 27TR-
tile perimeter of tho lioe crosssection). In practice, however , 

these currents differ from ono another by no more than 1 .5 timos . 

Tlle wljority of ex:)cl'j.;nei1~s ShOI'1 thClt the eloctron layer is 

sufficiently stjL~b:l.c i~j a uniform lineori:l tile e10ctron leo.k.J.~e 

i~) sma:Ll ~ilc n ~rie iinc currant exceeds ·~~c crit ical value. 
experimcllts the pulse propa-

!_~:.tlJion t i!:,Q alon;:; :,f~ ~i~ 'rL is cOlil0arnble with the pulSE) front or 

ov~~ v:ith the p~lze dur3tion -bime . The wave rS Gilhe of the Golf­
~ilG. r; nut;:~c in~:;ulL.l -'liion ari::;inc in ·::;his ca~;e \'iD.S investiGated i.n 

RaIs. [~ , 7] , and it W<1G shown that the ~ave curront boilind 

tilO rl'ont wO-s clo~:i0 to tho Liinimum onc. Tile wo.ve dissipation 

W3G c3u~cd by '~he front leakaGe curren·~. The ~ransmission cffi-
c:i.onc~f if':; ~ \bou i; '";0 - <)0 iJtJ I' c.::nt rOl' P~"' ;lctic ally iml)Ort::Ant 

C ' )" O'" \'" ;.- 1l ..... 5..:.....,7 nn irhe ti1 00I.' t.:"l;::. c,':...l-l'J" (;;:..lcul.:lted vo.luG is ',}~·J ' U-;.) I ., 

in .',;ood ~..l ' J· l' (J!~::l(;rd.; \"j~i.:L l1 CX ~) OI':i. lIlent [7] . ( ... i1 i C. 1). 
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ThUG, tho prublem of effic ient prop~Gation can be solved by 

usin G a uniform MITL. A dem~nd for an energy flux concebtra~od 

on -1 cm pellets leads to the use of a eonver3in8 line on the 

top of I:!ITL. From technoloGical considerations the convergine; 

line length should bo small and the wave effects are not essen­

tial . Therefore, the converging line can be regarded as the 

~\ITL load resistance. 
The load resistance at the uniform line top gives rize to 

a reflected wave. A.V. Gordeev and V.V. Zajivihin developed a 

Brillouin flow model with incident and reflected waves. They 
have showed that there is no reflection when the load resistance 

is larger than the :,;l'.rL impedance. The enartS output decreases 
in comparison with that of -che conventional line. The intensity 

and velocity of the reflected wave can be calculated from the 

f ollowing expressions [8J , 

y _ ?;j - 03 
C - az'-a, . ) 

where indices 1 and 2 denoto the incident and 

r espectively. The above expressions should be 

the equations, 
y/<, - i ::: i", ch 't'si - ~I sh 't'", - ch ~ of" i 
QK: =:: i."" - lf~ c h ~ -.s h VK '0: ::: ch 't'k! 

reflected waves, 

supplemented with 

( C-,<!; the line currents, the potential of electron 

luyer bou ndary). 
At prese nt the j,ov<,!stigation of the converGing line is beio;,; 

IIl~Jde both theoreti colly ond experimentally at tbe Kurchatov 
Institu t e of Atomic Energy. fhe ~ain problems are equilibrium 
and stabiljty of the electron layers, plasma formation on the 

ol ectrode line surfaces, the effect of ion leakage on electron 
layers equilibria and dissipation along th e line, plasma motioo 

acro ss tilO intere lectrode gap. The illOSt important problem is 
t i:\o ili3t; c hioC; of ~l.jir.CI! with (). id_Gh aspect ratio diode, tllis is 

jlrobably responsible for 'che moin .con t l'j,bu'cion to the enere;y 

lo s~os. Tbe first cxpcrilJonts with ·the converGin~ lines have 
~;11 0v;n Lh3t enerGY trunsi;ij.~:3ion alonG a biconical line at rela­
tiv:>.L,,! !;;;lClll ;"nc;lo!; O;J cbe li.ne top can be Goscrioed by the 
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3rullouin flow wodel Vlhe ~ e the line current is lo.rger than the 

minilllulO curren 'c. '~his is also true for a nonuniform line where 

the interelectrode Gap in 

stact. This line ceomet ry 
the end part 6; the line remains Con_ 

seems to be more relio.ble because a 
-2 

rv 10 cm Gap needed i'or hiC;h power experiments co.n be rapidly 
filled with plasma. 

Unfortunately, no theory of convergin3 nonuniform lines has 

been developed so far. Therefore, the optimistic result of the 

model experiment with il voltage not larGer than 400 KV should 
be confirmed by higher power level experiments. 

A plas!lla sbeath o.ps>ecu.'s on the pos itive line electrode sur­
fo.ce durinG ·the forclO.tion of the self-lOcl/5netic insulation 

regime and diode impodHnca. This occurs o.fter the electron leakage 

energy deposition has reached 100-200 jig • The MHD calculati.on 

shows tbDt the electron layer equilibrium still exists if the 

line current in increased. The current is increased to compen­

so.te for the growth of an electric force due to the electric field 

redistribution across the Gap.A.V~ Gordeov showed that the 

minimum current increased by 1/3 when '(» 1. and tile ion leakaGe 

slie;!ltly exceeded the valuo calculated from the Ghild-Langmui:b 

law [S] . FiG. 2 demons~rates the calculated dependences of 

tilO minimum cUl'rent on (f • j'?or cOlll~arison one may see the 

()xperilJlEJntal point s obtained in the ,!lodel eXgeri:nencs. The schome 

of the experinlents is given in Fig. 3. A part of the external 

cylindrical electrode was replaced by a dielectric tube of the 

same dia lileter. Tile flasl10ver created a plasr.J.a sheath and caused 

an ion leakage. Theory and experiment are sufficiently Vlell 

consistent when the plasma 

should be pointed out that 

to considorable 10SSGS at 

sheath motion can be neBlected. It 

tilere are no instabilities leading 

£= 20d (d- ttJB interelectrode lEap). 

'rbo expa n:oion of tile olactrodo :mrfQce plasma layer can 

bo fj u:lpr essed. 'J'ile (HJc-diru(:nsion~11 mm calcLll::d;ions takinc into 

account Joul e and ion ho~t in~ , electron and 1'&diatioo thermal 

CO 'I "" Ct" lV'l"'f ·Jr·· · .. ·r· · .. ·'· .. ' ·L," : " ,j () ' ) .... ' .. ~l·· 10 '1' G'r or f'cll,.)Ol'oc;<:itlD' the 1 uu _ .L ' t.1 \ ~I"V J,~,V .L '~ .... ;J ,.. '-0..),...) .I- .... ,J "....... ~ LJ 

pla:] lr,(i cX :-:":.l n ~;ion. '.Ll~~Q: .. :-:: C:J1CLi l ;::~:tO Li~J \". c: re .;~.:-J.do b "ll V.V. Gorcv , 

3. D. ~O?O V and Yu. ~ . r OllOV. Fi~ . l~ ~hoWG t~1 0 pO Gi'~ion of a 
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catbode plasma front expanding towards the anode at different 

ios Gants of time . The voltage and current pulses used in the 

calc ul at ion code have a tra pe zoidal form with t he footstep 

pul se du ration of 90 ns and 30 ns rise and decay times. Future 

experimen ts should check the validity of the one-j~mensional 

calculations of plasma confinement near the electrodes. 
The impedance of -the output line dio19 '-,ill be larger than 

a line one, its va lue can be decreased due to the appearance of 
plasma as has been suggested in the previous papers [9J . The 

direct measurements made using the 5 f:rw:r.e laser interferometry 

in the strip line model experiraent (see FiGS. 5, 6) have shov:n 

that tile diode is filled with cathode and anode plasma of the 
donsity of 1016cm-3 and the velocity of 3 .10 6 cm/so The plasma 

layers have a si1arp c;radient of 1018 cm-4 • An analysis of. a 
diode impedance benavior has shown that there is a lower density 

14 - " plasma of 10 cm) located just ahead of tho gradient. 

477 

This plasma can reduce the diode impedance by a factor of 100. 
Th8 recent expeL'iments carried out \'Iith the beam current 

of 200 RA showed that more than 70 per cent of the energy could 

ba deposited into a 1-2 mm focal spot. Future experiments are 
aimed at line and diode matching, the improvement of focusing. 
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:3 . Acceleration of a cyl i ndrical shell b,Y the ma[jnotic 
field prc::;::;l1re. 

---
The previous ex periment::; with RES foil he atinB ha ve demo o_ 

st~'ated a fe as ibiliGy of obtaininG a velocity of 2.10'7 cm/s , 

needed for initiatin i;; a reacti on 1 IO] . Hov:ever, only "-10% of 

the anerGY is converted into the kinetics shell energy in the 
ablation re Gime. . It is pocsib l e to increase the energy 
tranufer coefficient if t he she ll is accelerated by a magnetic 
field pressure. The Liner acceleration investigations have a 

long history. As a rule the energy sourC 8S with an operation time 

?:: greater tban 10-
6s we~' e used in these experiments l~:: , ~:2 , ~:.; , 

The scaling laws sho~ that -the required energy W i s proportional 
to ?;D 'rhel'efore a decrease in ?: \'Ihen using REE generators 

(7: ~ 10-"'s) will cause a con s iderable energy reduction. 
In November 1 978 S.G. Alichanov, V.f'. Smirnov and IoR. 

Yampolsky under the gu idance of Rudakov who initiated this 

work prospects of applying REE generator to liner acceleration . 

'£l1e s ame investic;ation were conducted in the USA on the Proto :11 

and Pithon accelerators [:4 1 . As the O-dimension calculat ion 
have shown to transfer 40-50% of the generator energy the shel l 

a timo-de pendent part of the system inductance e- the generato r 

OUtOllt -- iU'l'L - lin8r -- should be approximately 8qua l to the 
initial indllcta nce. On the otller hand the transmission line vol­

taGe i:eU s t :ceCich a value V ~ ';;1 .-...- //'1 V for a cylind;:-ical 1 cm 
, _ SllOll _ -7 
nlBh/ w~th a r adlu of 1 cm and a pulse duration of 10 s, which 
are of ~ ract ic al interest. Thus , the energy transmission problem 

can be solved only with MITIL. 
Tile energy t r a nsmission i s wade ea sier v;hen a lin e loo.d 

imped:.tnc eis~ho induct ive t,ype. In this case the electron 18:': jW[~(j 
mll st bo smaller espec ially nenr the sh ell nt the pulse front. 
Therefore the i nfluence of a line non uniformity will be wenl;or . 

l t wi ll allow decrease in t he MITL inductance ~hen usin~ a 3-
diulen s ional sch eme for tho energy flux concentration (see Fi G· 'I ) . 
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The ap plication of a liner accelerated by the REB c;enerator 

se an en e rGY source is associa ted vlit h such problems as unifor­
mity, l;t ability and hcaLinc, v,hich [;b0Ulll be solved. It is pos­

sible to I'OQUCC tLo r oqui.l'od Gcnerator energy it a rnae;netic 

field is producod in the plnsma and thus to diminish plasma 
thermal conductivity: VI <V k-1 (le-the reduction coeffic ient of 

thermal conductivity). In this case the shell velocity is 

2.107 

V~\ 1/2 cm/so 

~. The Angara-5 acc elerator. 

The problems of the Angara-5 accel erator constructing are 

beinG studied at the Kurcbatov Institute. Angara-5 has 5 
beam energy, 2 MV diode vol"cage, 40 MA beam current 90 ns i1alf­
width pulse duration. 

-rtlG l:'ull-scale Angara-5 accelerator will consist of 48 units 

l ocated on two floors (see Fie;. 8). 
At present the main scheme of the Angara-5 energy transmis­

sion a nd concentration is based on MITL connected electrically 

with the pellet through the diode gap. Nevertheless Dr. E.Z. Ta­
r umov :lnd h j s co-workers continue to study the electron beam 
trapping into a cusp and tne production of the electron cloud 

to heat tae pellet [IS] . Dr. S.L. Nedoseev group started the 

investibation of the comiJined tl.'ansportatioo scheme ~7 , in 
which a parGicle b eam propacates alonc t~ e llaBnetic field into 
u reverse diode [171. In t lJ8 diode, its energy is transfered 
into olectric pulse which enorgy is transmitted along the sys­
tem of the con ver:::;:inc MITL onto the pellet. The f :irst experime n t s 

reveuled a s uffici ently e;ood efficiency of 30-40 per cent. 
An ox perlmental An Gar a-5 module ha u been made by the Ef rA­

mov Instit ul; e. UOVl the module <J s:.>ernbly is about to bo comp l eted 

ut tho Kurchatov ilns titute. The general unit lay-out is shown 
in FB. 9 • The main calculated unit parameters are as following: 
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~arx generator energy storage 

r .. 131'X capacitance 

M.-u'x volCcllje 
Blumloin capacitanco 
TransmiuGion watorline leng~h 
Number of Blumlein switches 

Diode volgate 
Diode current 
Pulse duration 
Pulse energy 

- 305 kJ 
0[- 7 - u:.;, of 

- 2,67 MV 

- 76,5 nF 
5 ill 

- 10 
- 2 MV 
- O~ 8 IflA 

- 90 os 
- 102·kJ. 

Fig. 10 demonstrates the view of the module. The individual 

parts of module are being tested now . 
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Figure Captions 

Fig. 1. Theoretical depeodences of a nonlinear wave velocity 
u 
~ (1), a front leakage current ~T (2) and a tra~sportation 

eff iciency for differoD t; values of $?" parameter against r 
L\ ,.4 - experimental points, 0,. -- oalculated value of 
velocity and leakage [5J , 0 - velocity value. from ['1] • 
( e - a line length ?: - a pulse duration, c - the light velo­
City). 
Fig. 2. Line voltage - current curves 1-1 and 2-2 theoretical 
curves without and with ion leakage, 0, a - experimental points 
without and with ion leakage; a, b -- traces of the line vol­
tage and current of 5,4 cm OD and 2.2 cm ID line. 
Fig. 3 Scheme of the experimental determination of an ion leakage 
influence on selfmagnetic inSUlation regime 1 -- inner negative 
electrode, 2 - a Faraday cup, 3 - a dielectric part of outer 
electrode, 4 - a Faraday cup for ion leakage measurement, 5 - outer 

positive electrode, 6 - an anode, '1 - X-ray diode. 

Fig. 4. Time-dependent cathode plasma layer boundary position 

for various current of coaxial line (0.8 cm OD, 0.4 cm ID). 

Fig. 5. Experimental scheme of a plasma motion measurement in 
the triplate line (3 cm electrode width 0.2 cm interelectrode 
gap, 0'7 cm cathode-anode gap) 1 - a nes ative line electrode, 
2 - an anode, 3 - an anode current resistor 4 - a X-ray diode. 

Fig. 6. a: traces of the voltage, line (11 ) and anode (Id) 
currents and light intensity pulses; b: interferogram 1-5 fra­
mes correspond the light pulses; 6- reference frame. 

Fii '; . '1 • Lowinductance scheme of liner feed using strip line. 

FiG' e . General view of the fullscale Angara-5 accelerator. 

Fig 9' 'l'he lay-out of experimental unit of Angara-5. 

Fig.10 • The view of experimental unit of Angara-5. 
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LI ZHENGWU Fusion research in China 

CONTROLLED FUSION RESEARCH IN CHINA 

LI Zhengwu 

Southwestern Institute of P~sics 
Leshan, Sichuan, People's Republic of China 

CONTENTS : Fusion reactor studies; toroidal magnetic confine­
ment; mirror magnetic confinement; fast pulsed discharges; 
plasma focus experiments; laser fusion research. 

1. Fusion Reactor Studies 

Utilization of fusion energy is the long range aim of 
controlled fusion research. Our objective at present is to 
understand the p~sics sufficiently and to develop the technology 
needed to design and construct a power-producing reactor in the 
not too distant future. 

Conceptual design studies of both pure fusion and fusion­
fission hybrid systems and for a number of blanket compositions 
and energy retrieval schemes have been made. These studies 
point to the great importance of further research into energy 
conversion and reactor materials, especially structural materials 
for which the order of importance is roughly in proportion to 
the proximity of the material to the plasma boundary, before 
decision can be made concerning the choice of type of reactors. 

2. Toroidal Magnetic Confinement 

A tokamak, CT-6, has been in operation since 1974 at the 
Institute of Physics, Beijing (Peking). 

Its main characteristics are: 

Major radius 45 cm 

Radius of limi ter 
(molybdenum) 9 cm 

Radius of liner bellows 10- 13 cm 

Inner radius of stabilizing 
conductors 19 cm 

Toroidal field • 
(capacitor banks) 20 kG 

Ma~etic flux for ohmic heating 
iron core) 0. 28 V-sec 
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Investigations on the evolution of discharge and the effect of 
different limiters and other impurity sources are being made, 
along with many modifications of the apparatus. 

Toroidal magnetic confinement research at the Southwestern 
Institute of Physics consists of a series of experiments: a 
medium-sized tokamak, IIL-l, under construction, two small devices 
of the bench- test style, a non-circular cross-section tokamak 
of the Doublet type and a screw pinch set-up operable for high 
beta tokamak study. Besides extensive theoretical and computa­
tional work on equilibrium, stability and transports in tokamak 
plasmas, some theoretical study on toroidally linked mirror 
systems and planar and three-dimensional stellarators have been 
made. 

Main design paramet ers of HL-l (Toroidal Plasma Current 
Machine No.l) are as follows: 

Major r adius 102 cm 

Radius of limiters 20 cm 

Toroidal field 50 kG 

Plasma current 400 kA 

Stray field in the plasma 
region with compensation < 25 G 

Plasma den si ty 1014 cm-3 

Ion temperature 800 eV 

The apparatus is of conventional design, with an iron core of 
70 tons and a very heavy copper shell of thickness 5 cm. The 
inner vacuum liner of high- nickel non-magnetic alloy bellows 
has been welded and the quarter sections of the outer copper shell 
fabricated and tested. The sixteen wedge-shaped coils for the 
toroidal field are .in assembly. Part of the power supplies with 
a total rating of about 200 MW has been installed in the experi­
mental building . IIL-l is scheduled to go to operation by the 
end of next year. 

The aim of HL-l is for us to have a first- hand experience 
in the deSign, construction and experimentation in this approach 
of magnetic fusion and to train the scientific and engineering 
personnel. For experiments in physics and on supplementary 
heating and for the preparation of diagnostics and data acquisi­
tion we have up-to-dated our objectives as: 

(1) the study of the build-up phase of tokamak discharge. For 
the pulse range appropriate to an apparatus like HL-l, it is 
expected that the detailed behavior at the build- up stage wil l 

--~ I 
I , 
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have far - reaching effects on the whole of the later development 
of the discharge; particularly, 

(2) the manipulation of this stage in conjunction with the 
procedure of heating and the gas supply and recovery which are 
closely related to refuelling to improve the performance of 
the apparatus; 

(3) the study of plasma- wall interactions and the control 
of impurity; 

(4) the scaling of confinement properties and plasma parameters 
as affected by the heating procedure . 

After a first period of experiment we plan to concentrate on 
supplementary heating to further impr ove the plasma parameters 
attained. 

Cognizant of the complexity of toroidal magnetic confinement, 
we have constructed several smaller toroidal devices recently 
after the design of the larger one, HL-l, was completed. Two 
of them, the Mini- Torus and the Pre-test Torus have been useful 
for preparatory tests of various kinds. And the other two, the 
Non-circular Tokamak and the Screw Pinch, are for follow-up 
studies . The characteristics of the first three are shown in 
the following : 

Mini-Torus ·Pre-test Torus Non-circular 

Major radius (cm) 20 26 48 

Minor radius (cm) 4.5 > 5 10 x 25 

Toroidal field (kG) 12 20 10-15 

Plasma current (kA) 15 12 IBO 
(designed value) 

3. Mirror Ma~etic Confinement 

Magnetic mirror confinement research is being conducted 
at the Southwestern Institute of Physics and much earlier at the 
Institute of Atomic Energy, Peking, a smaller set-up of magnetic 
mirrors with slow magnetic compression and plasma gun injection 
recorded an ion temperature of about 300 eV in the density 
range of several times 1013 cm-3 by microwave and optical diagnos­
tics and magnetic probes. 

A mirror device with superconducting coils and vacuum 
ionization of 100-keV neutral beam is recently in operation 
at the Southwestern Institute . The main characteristics of 
thi s apparatus are as follows: 
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Radius of vacuum vessel 

Spacing between mirrors 

Central magnetic field 

Axial mirror ratio 

Background pressure 

Fusion research in China 

10 cm 

48 cm 

15 - 25 kG 

1. 75 

1 x 10-9 torr 

For the present, the main emphasis of work on this approach is 
put on fusion technology and at the same time maintaining our 
attention to the mirror concept because of its intrinsic merits. 
The neutral beam injector now in use has a D.C. 1 A ion source 
working with H2' A 20 kV, 3 A ion source of the multi-aperture 
type has been tested and a 20 - 50 A version under development. 

4. Fast Pulsed Discharges 

Since late fifties several groups have worked on Z- and 
e-pinches . 

A high beta belt-pinchtype torus, GBH-I, is under construc­
tion at the Institute of Physics. The elongated plasma will be 
heated by fast magnetic compression. A separate set of toroidal 
field coils is used in addition to the plasma current-induced 
coil so that the safety factor q can be changed in a wide range 
from q > 1 to q < 1. A capacitor bank of total energy 2.7 MJ 
is to power this apparatus with an A1203 vacuum chamber of outer 
diameter 130 cm, inner diameter 50 cm and height 100 cm. 

At the Southwestern Institute two linear e pinches and 
a toroidal screw pinCh are in operation. The linear e pinches, 
with 60 kJ and 150 kJ of main capacitor banks respectively, 
have produced neutron yields in deuterium up to 106 neutrons 
per pulse, attaining an ion temperature of 1 keV. Spiralling 
structures of the plasma with and without stellarator type field 
have been studied. In general, magnetic probes, ruby laser 900 

scattering, He-Ne laser and microwave interferometry, optical 
spectroscopy and particle detectors are used for diagnostics. 

The screw pinch has the following characteristics: 

Major radius of discharge tube 29 cm 

Minor radius of discharge tube 6 cm 

Total energy of capacitor bank 80 kJ 

loIaximum toroidal field 13 kG 

Plasma current 30 kA 
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Plasma lifetime 

Plasma density 

Fu; ion research in China 

3-4 sec 

0.5 - 1 x 1016 cm-3 

Detailed field and plasma. mapping haa been made with multi­
probes. The plasma temperature is found to be a few tens of eV. 
Modifications to increase the energy and the plasma current of 
the Screw Pinch and for reverse field operation are underway. 

5. Plasma Focua Exper:lJDents 

Plasma foci have been'studied by several groups. 

The 40 kJ plasma focus s~up at the Institute of Atomic 
Energy used a Mather gun with coaxial electrodes of diameters 
52 and 90 mm respectively. Experiments were done by x-ray pic­
tures ~d neutron energy spectrum analysis. A maximum yield of 
4 x 10~ neutrons per pulse was obtained, the yield being roughly 
proportional to 14 where I was the discharge current at the 
instant of focus foraation. The neutron energy was found to be 
anisotropic, indicating a partial beam-target mechanism. Studiea 
on the effect of nitrogen content in the feed gas gave intereat­
ing results which seemed to be relevant to plasma-wall recycling. 

6. Laser Fusion Research 

Experimental and theoretical research of laser fusion is 
being conducted at the Shanghai Institute of Optics and Fine 
Mechanics. 

Shortly after the operation of the first high power ruby 
laser in 1963, suggestion was put forward to obtain neutrons by 
heating deuterium-contained materials with high power lasers. 
Research along this line and further developments lead to plasma 
heating and compression with neodymium glass lasers. A neutron 
yield of more than 2 x 104 per 8ulse was obtained in 1973 with a 
single beam laser of output 101 W. Although the neutrons were 
not of thermonuclear origin, they indicated that laser light can 
be used to generate high temperature plasma with high density. 
A six-beam neodymium glass laser system was constructed in 1976, 
with an output of 2-3 x lOll W in nanosecond pulse. Experiments 
were done on multi-beam laser irradiation of solid (CD2)n pellets 
and glass shell targets with the above apparatus and plasma 
compresaion observed when glass shells were used. Computer 
simulation of laser implosion with a one d:lmensional hydrodynamic 
code performed under the assumption that the heat conduction 
coefficient was a~ut one hundredth of that of the classical 
value was found to be in agreement with the experimental results. 
The six-beam laser system is at present operated with sub-nano­
second pulses. Experiments have been done with 2 or 4 beams and 
an output of 1011W in 100 psec for each beam on thin glass 
shells filled with deuterium or neon. 
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U.S. RESEARCH IN INERTIAL CONFINEMENT 

John L. Emmett 
University of California, Lawrence Livermore Laboratory 

P.O. Box 5508, Livermore, Ca li fornia USA 94550 

ABSTRACT 

Early in the next cent ury di minishi ng reserves of fossil anrl fiss il e 
fuel s will force us to pl ace increasing reliance in inexhaustible sources of 
energy. There are three such inexhaustible sources: fission breeder 
reactors, so l ar energy, and fusion energy. Although the scientific 
feasib ili ty of fusion will not be demonstrated until the mid-1980's , the 
potentia l rewards of fusion are great- -not only in terms of direct power 
production, but also in producing other fuels such as fissile fuels or 
hydrogen. 

During the l ast year, the U.S. inertial fusion program has seen a number 
of significant accompli shments. Two large lasers, Shiva (LLL), at 1.06 !! m, 
and Helios (LASL) at 10 .6 ~ m, operate with energies of up to 15 kJ and 30 TW. 
At Sand ia, the Proto - II electron beam produces 50 to 100 kJ and 4 to 8 TW . 
Encouraging progress ha s been made in electron beam and ligh t ion techno logy , 
incl udi ng magneti c insu l ation and light ion foc using. Two promising 
approaches have been identified for advanced drivers: the RF Linac for the 
heavy ion accelerator, and the KrF-pumped, backward-wave Raman compressor as 
a uv laser source with a projected efficiency of up to 4%. 

Additionally, advances have been made in understanding pellet fusion and 
laser- plasma interaction. Fusion burn has been achieved with 0.53 ~m, 1.06 ~ m 
and 10.6 ~m drivers. In exploding pusher experiments, neutr8n yields have 
been obtained as fgllows: Shiva (L LL ) at 1.06 ~m, 2.7 x 101 ; Helios (LASL) 
at 10.6 ~m , 1 x 10 ; and Zeta ( Un iversit~ of Rochester) at 1.06 ~m, 3 x 108. 
At LLL, a DT gain of 10-2, nT of 2 x 101 cm-3/sec and DT ion temperature of 
10 keV have been obtained. In ablative implosion experiments, DT densities in 
excess of 50X liquid density hav8 been obtained, usi ng the Shiva laser. 

The good agreement observed between Zo har/Lasnex codes and experiment al 
results shows that the basic laser-plasma interaction phenomena at short 
pulse lengths ( ~ 200 ps) are well understood. Sign ificant progress has been 
made in experiments quantifying such processes as absor pti on, hot electron 
generat ion and st imul ated scatteri ng at the high i ntensity, long pul se length 
regimes. Finally, mul t i - layered complex targets with surface qualities 
exceeding reactor design requirements have been prorluced, and concepts for 
minimiz i ng first wall materials problems in reactors have been refined. 

These results, and in particular the attainment of > 50X liquid DT 
density on Shi va, gives us confidence that sc ientific breakeven wil l be 
demonstrated by t he mid-1980's with the Nova l aser facility. This;s 
particularly important in light of the recent progress made in magnetic 
fUsion, as we believe it imperative for the U.S. to have as many choices as 
Poss ible in decidi ng upon future engineering tes t facility devices and 
engineering prototype reactor schemes. 
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In addition to the work in progess at the three major DOE facilities 
(LLL, LASL and SLA), the present and future efforts at other DOE sponsored 
laboratories will be discussed. These include KMSF, the University of 
Rochester, and the U.S. Naval Research Laboratory. 

• 

--- -
I 

I 



c: 
'" ~ Cl 
~ 
~ 

~ 

" 0 .., 

J EMMETT v.s. research in inertial confinement 

TWO MAJOR APPROACHES TO FUSION (D·T) 

Magnetic confinement 

Temperature '" 

Atoms 
1)1 '" 1 0 15 ·seconds 

cm3 

T '" 10 seconds (magnetic "bottle") 

Atoms 
1) '" 10" 

Inertial confinement 

Temperature '" 

(10- 5 times the density of air) 

Atoms 
1)7 '" 1 0 15 • seconds 

cm3 

3 X 10-" seconds (microexplosion) 

1) '" 3 X 1025 Atoms 

cm3 ( 
12 times t he density of lead! ) 

- 1000 times the density of liquid OT! 

95·01 ·1078·3725 

ENERGY DENSITIES 

1012 

10" 
Reactor 

10'0 
Laser 

10' 
Implosion 

lOB 

107 

106 

105 

10' 

103 

1 10 

Ignition via 

propagation 

102 

30% burn 

DT ignition (10 keY) 
T - r - - -

I 

I e<;S\o" 
I \ co"'I" _ .1'.,9" 0 ____ _ 

. ~\l'" \JI'I"". 

Laser 
fusion 

Com pression (x liquid density ) 

9/79 
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POTENTIAL ICF DRIVERS 

• Lasers Various wavelengths 

• Heavy ions 20 GeV, 10 kA 238U+ 

• Light ions 10 MeV, 20 MA 2H+ 

• Electrons 2 MeV, 100 MA 

• Hypervelocity pellets 0.5 gm, 3-4 X 107 cm/sec 

95·01·1078·3724 9/79 

~TA~R~G~ET~G~A~IN~V~ER~S~U~S~D~R~I~V~IN~G~E~N~E~R~G~Y _____________________ m: 

c 
'iij 
t:n 

~ 100 
~ 

'" I-

I 
/ 

/ 
I 

I 

/ 
/ 

/ 
/ 

Single shell 

........... 
//// 

I Conservative 

10~~~-L~LLLU~--~-L~~~ 

105 106 

50-60·0979-2892 
Input energy. joules 
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PELLET GAIN AND DRIVER EFFICIENCY 
REQUIREMENTS 

238U _ Pu hybrid 

233U - Th hybrid 

Pure fusion 
(25% recirculating power) 

Pure fusion 
(14% recirculating power) 

1"10 Q = 1 - 3 

1"10 Q = 3 - 6 

1"Io Q=10 

Pellet gains (Q) of 100 - 1000 appear achievable 

95-01-1078-3728 

=LA~S~E~R~F~U~S~IO~N~FA~C~IL~IT~I~E~S _________________________________ L: 

1.06 I'm 

NRL 

Univ. of 
Rochester 

KMSF 

LLL 

10.6 I'm 

LASL 

Operating on 
target 

Pharos 0.5 kJ 
1.0 TW 

Zeta 1.2 kJ 
3-4 TW 

Chroma I 1 kJ 
2TW 

Shiva 10 kJ 
26 TW 

Under 
construction 

Pharos 11 1.0 kJ 
2.0TW 

Omega 4.8 kJ 
12-16 TW 

Nova I 100 kJ 
150 TW 

Helios 5-10 kJ Antares 100 kJ 
100-200 TW 10-20 TW 

Design work 
funded 

Nova 11 300 kJ 
300 TW 

Energy quoted reflects maximum performance at long pulses 
Power quoted reflects maximum performance at short pulses 

95-0 '·0979·2896 
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I ~O~N~B~EA~M~F~U~S~I~O~N~F~A~C~I~L~IT~I~ES~ ____________________________ ~ 

Location Operating on Target Under Construction 

Sandia PROTO I - 12 kJ PROTO 11 - 160 kJ 
0.5 TW 4.BTW 

PBFA I - 1 MJ 
30TW 

LBL Ion sources and 
low-~ section 

Argonne Ion sources and 
low-~ section 

* Not on target 

95·01 ·0979·2895 

ADVANCED LASERS FOR FUSION REACTORS 

Type . Medium/pump Wavelength 

Solid state* Nd :glass/ flashlamp 1.06 Mm 

Hybrid Tm+3 :glass/Xe F* 0.46 Mm 

Gas Photolytic Group VI 
Sulfur/ Kr; 0.78 Mm 

Selenium/Xe; 0.49 Mm 

Gas Iodine/surface discharge 1.3 Mm 

Gas CO/electrons 10.6 Mm 

Gas H F lelectrons-chemistry 2.7 Mm 

Gas KrF stacker/compressor 0.24- 0.27 Mm 

Gas/solid Advanced concepts ~ 1 Mm 

* Maximum repetition rate ...... 5 Hz 
D Percentage with possible breakthroughs 

04·90.{)878 ·2863 

Design Work Funded 

PBFA 11 - 2-4 MJ 
60-100 TW 

ADF* - induction linac 
0.5 kJ 

ADF* - RF linac 
1 kJ 

Efficiency (%) 

1-2 ~ X 

0.7-1 [l] X 

0.4- 1 II§J X 

0.8- 1.6 12.sl X 

O.S-l 11.sl X 

3- S 

3-S rn Possible aID} 
[1J candidates 

4-S 

:::: 10 

Al8-O-4 

9/79 
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LASER AND LIGHT ION DRIVER ISSUES ~ 
~~~~~~~~~~~~~-------------------

• Lasers - KrF appears attractive as a reactor driver 

Short A => low target physics risk 

High repetition rate 

Acceptable efficiency 

However, developing a laser with higher efficiency and lower projected 
cost is very desirable 

• Light ions are potentially very attractive because of low cost and high 
efficiency - however, 

Much physics and technology remains to be demonstrated 

Attractive reactor concepts are yet to be developed 

50·60·0979·2891 

INTEGRATED IMPLOSION EXPERIMENTS - STATUS IU. 
----------~------~~~~~~-----------~ 

Density Achieved 
Experimental Facility (times liquid DT density) Concurrent Diagnostics 

University of Rochester 7 - 20 Argon line - Stark broadening 

KMSF 7 - 35 X-ray pinhole picture 
a-particle spectrum 

LASL 1-8 

8 -30 

LLL 0.5 -2 

4 - 15 

30 - 160 

95-01·0979-2897 

X·ray pinhole pictures 
Argon line - Stark broadening 
Neutron interval time 

X-ray pinhole pictures 

Radiochemistry 
Argon line imaging 
a-particle imaging 

Radiochemistry 
Argon line imaging 

Radiochemistry 
Neutron interval time 
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HIGH-DENSITY COMPRESSION MEASUREMENT USING STARK 
PROFILE OF ARGON LYMAN-,B X-RAY LINE 

LASER: 2TW,60 PSEC 
TARGET: DIAMETER 62 I'm 
WALL 2.9 I'm 

COMPUTED PROFILE: 
DENSITY = 

• • • , , , , , , 
I , , 

7.7x1023 ELECTRONS/CC, " 

3.0 gm/cm
3 

'" ,," 

EXPERIMENTAL 
/PROFILE 

E612 

.. -----
.... 

-30 -20 -10 0 10 20 30 

~E(eV) 

HIGHER DENSITIES ARE ACH IEVED WITH CRYOGENIC FUEL 

5 

4 
Cryogenic targets 

3 

2 

'" 1 ... 
" .. 
> .. .... 
0 
~ .. 
.0 5 E 

" z 4 Gas targets 

3 

2 

1 

3.0 3.1 3.2 3.3 3.4 3.5 3.6 
Mean alpha energy, MeV 

3.7 3.8 

KMSF 
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INITIAL HIGH DENSITY TARGET ~XPERIMENTS ON HEllOS _________ -----~------_.....!:::v-.'__( .. " LASER 'l 
FUSIOV' 

INITIAL CONDITIONS 
.pLASTIC OR=200l'm 
GMB OR=1461'm, 081'mTHICK . 
FILL 28 ATMOS. D-T GAS 

" 

\ 

x-RAy'PINHOLE PICTURE 
OF IMPLODED TARGET . 

3X ENLARGEMENT OF IMPLODED 
TARGET 

NOTE GOOD SYMMETRY. 
VOLUME COMPRESSION'" 250 

FUSION TARGET DESIGNS Lj 
~~~~~~~~=----------------

DT gas fuel 

Si02 pusher 

Exploding pusher 

(40-400 Mm) 

___ Be ablator 

_ HiZ polymer 

Plastic foam 
or gas 

- Au pusher 
_ OT gas 

fuel 

_ OT gas fuel 

Si02 pusher 

Tellon ablator 

l00X liquid density 
(200-400 Mm) 

Be ablator 

HiZ polymer 

- Plastic foam 
or gas 

r'&;~ __ Au pusher 

--"'k--Frozen DT fuel 

l000X liquid densrty 

(500-1000 Mm) 

Significant thermonuclear bum 

(5()()'looo Mm) 
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THE EFFECTIVE p~R OF THE GLASS MICROSPHERE IS DETERMINED 
BY MEANS OF "RADIOCHEMISTRY" 

[No. 28 Al alol11$ produced] 
[p~RJ ..... , = 478 

[Neutron yield] 

28A1 - if" + 28Si" - ) + 28Si 

1'12 = 2.24 min 
Em .. (j}) = 2.86 MeV 

hv hI = 1.78 MeV 

~F~U~E~L~D~E~N~S~IT~Y~A~T~B~U~R~N~T~I~M~E~V~E~R~S~U~S~N~E~U~T~R~O~N~Y~IE~L~D~ _________ ~ 

<.> 
~ 
E 
'" > 
~ .;;; 
<: ., 
o 

10.0 

1.0 

0.1 

Model uncertainty 

Neutron yield 

100 X liquid DT----i 
Lead---j 

10 X liquid DT----'l 
• 
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SHORT A AND SPREAD SPECTRUM PROMISE IMPROVED COUPLING U!: 

e CXA 0.8 
h 0 

Q CXA2.2 
o 

1 
Q cx -

N 

Inverse bremsstrahlung in greater. 

Instability thresholds are higher. 

Fewer suprathermals are generated. 

Electron transport is improved. 

Characteristic suprathermal temperature is less. 

Brillouin scatter and filamentation is reduced . 

Where N is the number of frequencies spaced greater 
than the Brillouin line width. 

All of these coupling issues need experimental quantification 

50·60·0979·2889 
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HYLIFE CONVER TER CONCEPT 

Injection 
manifold -

Pressure 
vessel 

Graphite 
I 

Erosion liner, 
graphite 

Perforated 
fi rst wat! 

95 0100171 lol63-A 

_ "~nh;t. plug 

Heat 
exchanger 

Laser beam and 
target injection tube 

Bias' baffles 

pump 

~IC~F~S~U~M~M~A~R~Y _________________________________________ ~ 

• Record-breaking thermonuclear cond iti ons have been achieved 

• Initial high density implosions (10-100X) complete 

• Very high density implosions (100-1 000X) underway 

• Very high gain targets designed - relaxing driver efficiency and 
target cost constraints 

• Techniques have been conceived for low cost, high volume 
reactor pellet fabrication 

• A low cost, simple, long lifetime reactor concept has been 
developed 

• Laser and heavy ion reactor drivers appear feasible. Light ions 
show much promise .. The multiplicity of options greatly enhances 
probability of success 

50-90-1177-2683 9/79 
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THEORETICAL STUDY OF TOROIDAL SYSTEMS 

V.D.Shafranov 
I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR 

A t the present time the choice of the direction in theoretical 
research is governed not only by the plasma physios itself but also 
by the engineering and technological problems of future fusion reac­
tors, which have become quite tangible and burning due to the prog­
ress in tokamak experiment. These include, for example, removal of 
spent fuel from a reactor, or maintaining the steady-state or quasi­
continuous operating conditions in a reactor. We shall concern here 
with some problems of this kind. 

1. EQUILIBRIUM 
/' 

a.) Problem of the 13 -limit. 
J 

The economy of a magnetic thermonuclear reactor depends on th<;l 
achievable ratio of the plasma to the magnetic pressure j3 =8:ti f> /B2. 
The calculations carried out at the Oak-Ridge /1/ and other laborato­
ries have shown that for a reasonable value of the safety factor 
~ N 1-3, one could get equilibria for fo :v 20%. One should however keep 
in mind that these equilibria generally speaking are non-stationary. 
If the duration of a pulse exceeds the skin-time, an equilibrium cor­
responding to the following stationary equilibrium equation/2,3/ 
should be established: 

'dz)V _1 iY+ ~ __ C;2h'(IV)fZ'_ <8r
2
> ]_ <8:)0: c­

d2'z t 'd2 j.;,' - f r /!' <8'> <//Z') <8') "co 

Here I (1":) is the pressure of the plasma, rx, - its conducti vi ty, 
Eo - the loop voltage, Br -the toroidal field, angle brackets deno­

te averaging over the magnetic layer. For the collisionless regime 
the term corresponding to the bootstrap current should be added in 
the right-hand side. 

Because of large gradients oorresponding to highfi the relaxa­
tion to the steady state may ocour during a small part of the skin 
time. The problem has been investigated numerioally both in two - and 
onedimensional models. In the latter case a simple moment method 
Using the Klark-Sigmar model of circular magnetic surface cross-sec­
tions was applied /4/ • In the moment method the form of the magne.,. 
tic surfaces is prescribed by a few parameters-displacement, ellip-
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ti city, triangulari ty, etc. A twodimensional equilibrium equation is 

then reduced to a set of ordinary moment equations: 
, 2 ' ,cF'.I _ P + < Bp), + (} :r;'- ( Z")' - 0 , 

where < G 1 = f G -I d ~ / Bp / 11 r1 !p j Bp ) 

is one of the solution of the uniform equation 
de V ( '1'1 j z2 ) = 0 

-

Fig.1. shows the evolution of the plasma equilibria in a toka­
mak for the uniform both, conductivity and initial ~ profile after 
an ins tant increase of p at t=O. One can see some steepening of y , 
an increase in displacement Ll , field and current distribution asym­
metry during a short stretch of time. In a small period of skin time 
the poloidal magnetic field tends to zero on the inner edge of the 
plasma tonls. This must lead to the opening of the magnetic surfaces 
and scraping off the plasma surface layer. The evolution of the equ-
ilibria after the zero poloidal field point has been formed requires 
further studies. 

b) Nonadiabatic mixinG of pl asma columns. 
Creation of the zero poloidal field point may take place inside 

the plasma when it exhibits squeezing over the entire leng th of the 
torus. In an a diabatic approximation corresponding to a slow (com­
par ed to the poloidal alfven time) change of the boundary conditions, 
this problem :las been i nvestigated in a series of papers by Grad et 
al / 5,6 / . With a rapid variation in the external c onditions this 
process may be accompanied with a change in entropy and a heat rele­
ase. Possibi lity ..Jf a rapid release of t he energy contained in the 
magneti c f i eld was consi dered i n a number of papers / 7 -11 / in connec­
tion with solar chromosphere flares and some phenomena in the terrest 
rial magnetosphere. It is cau sed by reconnection of the ma.;netic fi­
eld lines near zero point in the plctsma of high conductivi ty. The re­
conn8ction ph8nomena according to Kadomtsev i s r e sponsible for dis­
ruptions in tokCl<nak. It openes a possibility of plasma heating in a 
tokamak as well. One of t hese has been considered in Refs. / 1? , 13/ • 
It is connected with exci tation of low f r equency oscilll).ti ons expi 
(m '~-ns ) resonant wi th respeot an inner magnetio surfaceT According 
t o t he authors, periodic creation and disappear ance of the i s land 
[:tructure leads to dissipation of the energy of oscillations. 
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Papers / 14,15/give an account of the idea of heating due to a 
ohange in the topology of an equilibrimn configuration wi thou,t ap­
plying the H.F. power. Here an energy of the parallel current intera­
otion is used (Fig .2). Sketch of"]:,c method is shown in Fig.J. Two 
plasn~ columns separated by a horisontal conducting sheet (a) or pla­
oed at different radii are weakly stable relative to the radial dis­
placement. Violation of the equilibria condition forces plasma co­
lumns into the common chamber where they are rapidly brought together 
and then mix both due to the appearence of a neutral current layer 
and magnetic field line reconnection (Fig.4 ). The plasma moves free 
along the magnetic field lines. As a result the time of mixing is 
square root of the poloidal magnetic Reynold number Rem less than 
skin time. The corresponding power is Rem times larger than the 
Ohmic one. The energy is released directly in the neutral current 
l ayer. The heat is further transferred along the magnetic surfaces 
bounding the separatrix. The periphery nature of such heating seems 
to be the disadvantage of the method. Experimental studies could 
show both the efficiency of the process and the physics of the recon­
nection phenomena under the tokamak conditions . 

cl Divertor problem. 
The problem of heat removal from the plasma whose ·~emperature 

i s five orders of magnitude higher than that of the surrounding 
walls under reactor conditions is one of the main problems for a to­
kamak-reactor. A few different divertor systems have been proposed 
t o defend the chamber walls from the hot plasma and prevent 

the particles from the walls to enter the plasma. In the toroida l 
divertor suggested by L.Spitzer the local reversing of the total mag­
netic field allows divertion of a tubular layer of magnetic flux 
from the plumlla. The encouraging experiments with a bundle-di vertor 
on the DITE / 16/have shown that it is sufficient that the magnetic 
field can be reversed not over the whole azimuthal direction but on­
ly at a single point. In this case in contrast to the strong topolo­
gical limitations a "handle" of a magnetic tube is appear on the to­
roidal magnetic surfaces . Mathematically, the system of nested mag­
netic surfaces is violated in this case. Fortunately to confine pla­
sma no perfect magnetic surfaces are necessary due to finite size of 
the charged particle orbits. The bundle-divertor has again confirmed 
th e wise proverb: the proof of the pudding i s eating. It is rather 

compact, does not require a large aspect ratio, produce rather weak 
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magne tic field nonuniformity in the plasma. It's disadvantage-large 
me chanical s tret ches because of necessity to reverse the total mag_ 

netic field. 
A pcloidal divertor involves the reversal only of a poloidal 

component of the field. In this case the magnetic field lines are 
rather slowly deflected to the divert or volume by a comparatively low 
transverse (poloidal) field during a few walus a long the torus. The 
great disadvantage of thepoloidal divert or is that it is positioned 
inside the toroidal coils. This requires large volumfOl of the coils 
and leads to technological and constructive problems. 

B.B.Kadomtsev has recently suggested a kind of poloidal bundl­
divert or named by him as a branch-divertor. A tube of the magnetic 
fie ld lines is deflect ed from a hot plasma and then introduced to it 
by means of ,a rather low local transverse field (for example, using 
two current-carrying frames positioned along a force line, Fig.5). 
In this case the "handle" is seen in the cross-section of the torus. 
To take it outside the toroidal coils it is suggested that two mag­
ne tic tubes started almost at the same place are , closed externally 
using a section of a nonuniform solenoid (Fig.6). The ends of such a 
divertor looks like branches of a tree. The expanding part of the tu­
be contains an ion r ecyc ling amp l ifier having a large surface elect­
ron emi tteL' in contact with the plasma. This provides besides of ion 
recicling a strong influx of cold electrons to the plasma, i.e. an 
electron shower cooling the plasma bounda~J with the destructed ma­
gnetic surfaces. It also allows the plasma heat to be released not 
with ion thermal (sound) ambipolar velocity, which is insufficient 
for the heat remova l, but with an electron velocity, ~e' 

d) Quasi-continuous reactor. 
An important characteristic of a pulsed reactor is the duty fac­

tor , i.e. the ratio of the working pulse time to the total time of 
cycle. There are suggestions to improve this factor. In a continuous , 
tokamak suggfOl sted by S.Yoshika'Na and supported by equilibria calcula­
t ions in Ref./17/ a plasma column is formed in chamber 1, Fig. 7 . By 
altering the currents in the shaping coils the plasma column is mo­
ved into t he burning chamber 2 and then in pumpine chamber 3. Simul­
taneousl y, a new discharge is i gnited in chamber 1 , and so on. A si­
milar idea of using two plasma columns merging into one is descri­
bed in Ref. /15/. 
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Paper /18/ has studied a po ss! b!l! ty to realize a two-stroke 
tokarnak-reactor, in which the plasma column is exbausted automati­
cally by raising certain critical plasma pressure , from the inter­
nal chamber into the external one. Conducting walls of the slit con­
necting the chambers prevents exhaust untill plasma pressure exceeds 
some critical value. The Critical pressure has been recently cal­
culated by Degt~arev et al. using flUA-conserving equilibria problem. 

The equilibria under and over critical plasma pressure are 

shown in Fig.8. 

2. STABILITY 
Following instabilities of the tokamak plasma attract most 

attention: 
a) local balooning high number, m,n»1 modes, 
b) nonlocal internal modes, m,n.v1, 
c) internal kink, m=1, 
d) tearing 1l,oJes, 
e) free boundary kinlc modes, 
f) disruptive instability. 
a) Balooning modes. In the recent two years the theory of the 

local MHD instability in a plasme. of large shear S = Z 7 '/? i= 0 

has been developed lolost actively. An analysis of the numerical cal­
culations made at Princeton/20/ and analitical treatment of small­
scale (m,n »1' ) modes /20-23/ clarified the situation with local 
modes in toroidal geometry. 

In contrast to a cylinder the perturbations of the form expi 
(mQ-ns) are not independent eigenrnodes in a torus. Coupling parame­
ter is .d.- = - 2j://ly! 8: ~ 1:- ftp where Jp is the polo­
idal beta. For pp 'V f{/a. perturbations \'Ii th different m,n, but close 
ratio of m/n are coupled into a single balooning mode (Fig.9). 
Refined so~ution of the problem of local balooning modes is based 
on Conno:c, Hastic, Taylor (CET) transformation/24/. Basically it 
implies representa'don of the Fourier-components am" of the expansi­
on 

m, n 

in the form of the integral along magnetic 
)' = >: (2) on the magnetic surface 

00 

field line e = .s; (Z) J 

C( (i) ~ Const: 

U mn I 7(a; &~,~) eX)JL-,:.'(m6!t - h ~)}c12 . 
-00 
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-
/' 

The i ma ge r (Cl., 2.) is a ppear to satisfy the same equation as 
/\ r (Cl, 61, ~) Due to such representation, a smooth i mage ! corresponds 

to a rat he:r complico.ted original local perturbation l elongated along 
field line. If a nonper i odic function t is introduced as integral of 
the "local. shear" S along field line 

r _ [13 r7a] cot [8 'i7Cl.] 
13 \T t = S') p - / f7Q/l / (7QF , 

o.nd functiones F,G, connected with normal Kn and geodesicalK1 curva_ 
ture 

2 Ko _ 17Cl. '1(2,b .,. /$/ ) _ F 2. 1<.1. / r70 1 _ 
/ (7q / - / (7a I 2 / I3/z - ) 18/ 

[8 fTCl] v/8/,z _ r 
/8/" - 1.5 , 

then asymptotically (m,n~oo) equations for the CHT-image take the 
form 

where 

For margi n stability,w2 =0, this syst~ is reduced to a single eqlJ.­
ation with condi t ion of regularity of rat ;: ...... !()o , jJ' being eigen;-

vaiue / 24 ,25/.... . -+", 1\ 

. gr;(HB'11)-r;(F-rtG)T=O. 
At the m,n -;» 1 the most restricting J3 -value perturbations were 
shown to be those with m,n ....... CP • Thus solving of the last equat:j.on ha­
ve turned in one of necessary verification of plasma stability. 

Fig010 presents a schematic diagram of the stability in the pla­
ne ,t, cL 0 In the range of a small shear and large pressure gradients 
the stabi lity criterion of the balooning modes transfers to the Mer­
cicr criterion. The branch M is rather ser"si tive to the magnetic well 
containeci in I< n , and consequently, to the shape of the cross-sec­
t i on of the plasma to rus o As the pressure increases the magnetic well 
grows more rapidly than does the field line curvature-variant respon­
sibl e for the balooning mode, and. the plasma selfstabilization effect 
/ 26/ manifests itself. Recent calculati ons / 27 / have shown that as J' 

I 
increases the instability region ofP may become narrower (dashed li-
ne) o At mOder a tep'as the shear increases the stability first deteri­

orate. This fact is reflected explicitly in an analytical necessary 
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stability condition derived in Ref. /27/ 
, y 2 'l /2 f J'~+ ~;f> [.1- 7//- :: (Z- f s;np(-J)!j - 3S'/e!(r{Z) >0. 

Term wi th exponent exp (- L /ISI 

effect. 

) describes this destabilization 

At present the consequence of the balooning instability is not 
clearly understood. We know how should optimum profiles of current 
and pressure look like. A flat current profile in the region of ste­
ep plasma pres~ure gradient, and small pressure gradient in the re­
gion of current drop provide sufficiently high critical )3'" = 

21<jJz>/<B2> (Fig.11). 
Fig.12 illustrates an exruaple of equilibrium stable with respect 

to the local modes at }~10% with ~ changing from 1,1 to 2.2. Plasma 
is , however, unstable in a narrow region of the outside part of to­
rus for a more peacked current, 1,1 < ~ < 4. It is seen that if 
the balooning mode causes undesirable effects such as an appreciab­
ly enhanced transport then the careful control of the current densi-
ty and plasma pressure should be done. 

b) Lower inner modes. Acco~cing to the available calculations 
these modes impose a weaker restriction on'p than the local ones 
However, there is evidence that these modes may lead to a limitation 
on pressure even atJ3 p rv 1 if the shear is small and the q-values 
are near to the resonant values. 

c) Inner mode, m=1. The existing theory of the development of 
this mode explains well the structure of sawtooth escillations of 
the electron temperature at the plasma centre. It remained, howe'rer, 
to clarify the radius of the resonance surface, if =1, at which 
an internal disruption occurs.VParail and G.Pereversev have recently 
noticed that following the disruption, the central zone of the plas­
ma cools as a result of mixing the outer and inner p:).asma regions in 
accordance with the mechanism suggested by Kadomtsev. This leads to 
a hollow current density and nomnonotone profile J. (r) with two reso­
nant surfaces (Fig.13). ASffiL~ing that a disruption s t arts developing 

* atz a time moment when the second extreme of the magnetic flux 'f' :::: 
j(86 - k8a)dZ comes to zero so that conditions for the reconnection 
o 

of the axial and outer surfaces are fulfilled, and using the electron 
thermal conductivity coefficient, which is usually a~plied for simul­
ating macroscopic transfer phenomena, these authors reached a good 
agreement between the values of the calcull;lted period of relaxation 
oscillations (tooth widths) and experiment. 
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d) Helical tearing modes. At the stage of current growth in a 
tokamak its radial profile is unstable wi~h respect to kink modes 
with m=16 - 3. According to the calculations /30,31/ at this stage , 
periodic rearrangement of magnetic surface configuration due to re _ 
connection (Fig.14 ) ta~es place causing rapid growth of the current 
into the plasma oolumn. Thus, tbese modes prepare a stable current 
distribution in a heated plasma. 

e) Free boundary plasma kink modes. 
to be stabilized at the current profile, 

These modes turned out 
which has established a t 

-

the initial stage. Their stabilization is made easier due to the 
formation of a low density pla$ffia mantle around a hot plasma column. 

f) Disruptive instability. This catastrophical phenomena may 
be most likely attributed to non linear rn/17 =1/2 and 3/.!!. 

mode interactions and under favourable conditions for their develop­
ment, giving rise to the explosive instability. Callen's paper at 
the Innsbruck Conf., 1978 describes this well /31/. 

3. TRANSPORT 
Transport in a plasma has remained to be the most intriguing 

problem for physicists. It contains the most amount of uncertaintie­
es. Nevertheless, the application of various semiempirical formulas 
for trt;Ulsport coefficients allows the simUlation of a tokamak dis­
charge. The initial stage, relaxation oscillations due to the kink 
instability , neutral beam and HF plasma heating etc. are simulated 
suffiCiently well. It should be pointed out that as regards the fe­
asibility of a reactor, in principle, the existing level of plasma 
confinement is quite satisfactory. The development of theory is ne­
cessary for more profound understanding of physios and more acurate 
estimates of the design and operating conditions of a reactor. The 
PLT experiments have confirmed that neoclassical coefficients associ­
ated with the ionic plasma component are olose to those observed 
experimentally both in the range of intermediate and , rare oollisions. 
As to electron transport, it remains to be anomalous. Electrons dif­
fer from ions by a smaller size of the cyclotron orbits. This fact 
suggests that the cause of the anomality should lie in disturbing 
the structure of nested magnetic surfaces and appearance of "braiding" 
or"trembling" magnetic force lines. A stochastio motion of the field 
line and the attached olectrons leads to an electron thermal conduc­
tivity ooefficient proportional to square of the transverse oscilla-
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tion amplitude of 
in /34/ that this 

v '{' < (118/:;; 
t he force lines /32-34/ ,.I'e= "Ill' 18/2 • It is shown 
formula is valid both in collisional and strongly 

turbul ent cases. 
3tatical and flunctuating inhomogeneities of the toroidal 

magnetic :fi old /35/ have essentially an appreciable effect the tran­
sport. In the latter case, according to the calculations made recen­
tly by Morozov and Po;;utse the thermal conductivity coefficient de­
pendo on the number of coils on the f i eld correlation lengthLlN as, 
I'" ( 6 N &z 111;4#) 3/4. 

4. STELLARATORS 
It is usually assumed that the equilibrium j3 in a stellarator 

may be cl08e to unity for the given rotatioru;tl transform per unit 
length if the aspect ratio tends to infinity. This is however not the 
case . A linear stellarator (R/a - 00 ) has not magnetic v/ell. The 
presence of a magnetic "hill" leads to an instability of plasma as a 
whole (mode m=l, n=O) as in the case of simple mirror traps. In cont­
rast to the open traps, the instability appears in stellarators only 
above certain critical pressure, J3 >J3cz ,due to the presence of 
the rotational transform. In a toroidal stellarator the presence of 

the hill increases the displacement of the magnetic surfaces. The. 
se results obtained by Green et al /36/ in 19 66 hus been recently 
confirmed by the calculations ma~e at the Kurchatov Institute. If the· 
re is no m!;!.V1etic well the critical 'pr. determined by stability is 
also small. In an circular magnetic axis stellarator, the demand for 
the magnetic well is inconsistent with that for an !;!.ppreciably l!;!.rge 
rotational transform since the well is dependent on the curvature and 
requires a srn!;!.ll aspect ratio while a large rotational transform may 
be obtained only at a large aspect ratio. Both these conditions are, 
howelb r, consistent in a spatial axis stellarator with the D-shaped 
magnetic surface cross section Refs./37-38/ • Therefore, these sys­
tems deserve proper attention. 
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Fig . 2 Mixing process of a) two and bJ four columns into one. 

• 

Fig. 3 Scheme of pushing of columns to be mixed. 
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=ig . 4 

Fig . 5 

Field line reconnection during mixing and the structure of the 

current l ayer. 

Divertion of a magnetic tube. 
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Fig. 8a 
Fig. 8 The equilibria in a two stroke tokamak; a,c) plasma pressure is 

near crictical one , b) p l asma pressures exceed the critical one. 

9,1<;)::: :1.. (J ; 

C) l(V')=:1.S-j 
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Fi g. 8b 

Fig . B The eq uilibri a in a t wo stroke tokamaK ; a,c) plasma pre s su oe is 
near crictical one , b) pl asma pressures exceed the critical one . 
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Fig. Sc 

Fig. 8 The e quilibria in a two stroke t okamak; a,c) plasma pressure is 
near crictical one, b) pla sma press ures exceed the critica l one . 

q,.('f)~ i,l'i 

C) f'(V')=j,S-j 
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Fig. 9 Ba llooning mode structure 

Fig. 10 Sc hematic diagram of ballooning mode stability 



) 

V D SHAFRONOV 

p,j 

Theory of toroidal systems 

• 

J -- ....... 

3 

2 

t 

:L !. 
q 

Fig. 11 Plasma pressure and current distribution favourable for stability 
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z 

Fig. 13 I" and 1jJ. versus z. 
So lid line - before internal disruption das hed 
Dashed line - after internal disruption 
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r 

Fig. 14 ~ , ~', j versus z on the initial stage of the current growth 
So l id line - before, and dashed li ne - after the rearrangement 
of the magnetic surfaces. 

-
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REVIEW OF FUSION REACTOR PR9BLEMS 
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In revi ewing fusion r eactor problems this paper will deal only vlith 
systems based on toroidal magneti c confinement - essentially toka­
maks. In addition, it will concentrate on DEMO o r even pre-DEMO 
devices, i. e. on physics and technology problems rather than on 
questions of fus ion react o r economy or on the competition of fusion 
power with other power sources. Use will be made, however, of the 
r e sults of the I NTOR Workshop presently runni ng at the IAEA Head­
quarters in Vienna [ 1 J. 

The paper will compare the knowledge required for the successful 
construction and operation of a fusion reactor with the state of the 
art, and wi ll analyse the major remaining problems for their degree 
of influence on r eactor perf ormance and for the chances of their 
solution. 

In tackl ing this the f i eld has to be n a rrowed down even further. From 
a reactor point of view there would be a strong desire for a con­
tinuously burning, steady power source because a considerable number 
of the existing problems would be eased if pul sed operation could be 
avoided. This is particularly true for the cycling stresses to which 
all the reactor materials are exposed by pulsed l oads. And, indeed, 
there are proposals for steady ope ration by using the boots trap 
curre nt, or wave or particle d riven currents for systems with internal 
confinement, or by using the inherent properti es of external confine­
ment systems, like stel l arators. With the present exper ience, however, 
there seems to be n o chance to aim at steady tokamak operation al­
ready with the DEMO generation, and there is even some doubt whether 
it can b e achieved at a ll . For this paper, therefore, a pulsed p l asma 
operat i on wi th t he following phases will be considered: (i ) start-up, 
(ii) burn, (i ii) shut-down, (iv)dwell time, wi~h the conditions for 
the dwell time to be as short and for the burn to be as long as 
pOSSible, and to produce a high enough fusion power at sufficient 
power density. 

The integral reactor system can be broken up into a number of sub­
systems which, with their funct i ons and propert i es, are setting 
boundary conditions to the reactor core, the plasma , and vice versa. 
These subsystems have t o 

- absorb the thermal part of the fusion power i n the first wall; 
- absorb t he neutron energy i n the b l anket; 
- b reed the fu e l in the blanket; 
- shield the external componen t s from neutron and 1( - r adi a tion; 
- generate the magnetic fields; 
- take up a ll forces in a space-saving structure; 
- a llow for remote hand ling of a ll components; 
- generate the required v acuum; 
- r efuel and remove the ashes; 
- guarantee that all safety and e n v ironmenta l conditions are 

observed. 

All these subsystems interact with each o ther; t h e properties of 
most of them a re determined by the mechanical, e l e ctrical, and 
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radiation damage and activation properties of the materials they 
are made from, and quite a number of the fusion reactor problems 
have their origin in the limitation of parameters introduced by 
the subsystems. 

It is most appropriate to start the review with the burn phase and 
to argue later on how to achieve it . The considerations wi ll also be 
restricted to deuterium- tritium plasmas. This is quite obvious be­
cause the D-T reaction is the most powerful one already at not too 
high plasma temperatures. But its selection immediately introduces 

-

a set of complications: (i) tritium has to be bred in a breeding 
blanket and (ii) most of the fusion power comes with high energy 
neutrons which, due to their high energy, may lead to intense He 
generation in materials, to swelling, and to activation . Both these 
complications could be avoided in principle. The D-D reaction would 
not require fuel breeding and most of the neutrons would have some­
what lower energy, and the p-"B reaction, for instance, would not 
produce any neutrons at all. But unfortunately both of these reactions 
have comparatively low cross-sections. On the other hand, there is 
also some advantage coming along with the high-energy D-T neutrons: 
Their penetration depth allows to clearly separate the energy con­
version region, the blanket, from the energy production region, the 
plasma, and therefore allows a rather free choice of the first wall 
temperature. 

In selecting the plasma operating conditions one often looks for the 
ignition condition, where the a-power starts to balance the plasma 
losses, and for a thermally stable working pOint. But it might be 
more appropriate to optimize for the highest fusion power density at 
a given B because probably B will be the most stringent limitation 
for magnetic confinement. Fig. 1 shows the fusion power density vs. 
temperature, each curve normalized for thermal plasmas of constant 
pressure [2]. It is well known that there is an optimum at 
kT ~ 13 keV. 

O-T 

p-"B 

KT j [K EV) 

10-36 +-~'-----r'---'----L--.-____ -._ 

1 10 

Fig . 1: Normalized power density 
produced by fusion r eactions. 
Power density = P<av> ' N1 . N2> 
the aZphas containing 1/5. 

This result is obtained 
under the only assumption 
that the ions are Maxwellian 
in their distribution; and 
it is on l y the absolute 
value o f the power density 
which goes up or down if the 
electron mean energy differs 
from the ion temperature or 
if the pressures of the 
alphas or the impurities are 
using up part of the 
achievable B. 

In this context it is worth 
discussing the hot i on mode 
of operat i on [3 ] which has 
been suggested for next step 
reactor concepts. In pr inci­
ple, it has some very at­
tractive properties: 
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Since only the ions are needed for the generation of fusion power, 
it is more economic to aim at heating only them to the required 
high temperatures, particularly since the energy from the plasma is 
observed to be lost mainly through the electron channel, whereas the 
ion heat conduction seems to be close to neoclassical and hence much 
smaller. But the hot ion mode can only be obtained with a not too 
high collisionality, i.e. with not too high density, compensated by 
a high ion temperature. Typical values are kTi = 40 keV and 
kTe ~ 5 keV (in order to get sufficient heat flux from the a lphas 
into the ions) . But this kind of operation simultaneously means that 
B is used only to a reduced extent. Therefore, the hot ion mode 
offers advantages if the l eading plasma problems were with confine­
ment. If they are with power density or B, which are the more likely 
cases, one would prefer operation with thermal plasmas at kT = 13 keV. 

Apart from the magnitude of B, the maximum achievable power density 
in tokamak reactors is then given by the maximum achievable B. 
According to theory, the l imitation is manifold. But if one fo llows 
its recommendations [4J and tries t o lower q to the lowest value 
tolerated by the disruption limit, arranges for suitable profi les of 
current and pressure distribution, assumes an elongated cross-section, 
installs some passive and some active feed-back loops against the 
most critical modes, one can hope to achieve volume average betas 
of 6 % or perhaps a l ittle bit higher. This takes into account that 
the aspect ratio for reactors can hardly be below 4 since extra 
space is required within the main field coil system for blanket 
and shield. 

The plasma pressure and hence the fusion power d e nsity is then 
fully determined by the magnetic field technology. Here the state 
of the art is a 10 T technology using NbTi as superconducting 
material. This technology seems to be sufficiently developed but 
means that 10 T must not be exceeded at any pOint at the super­
conducting cable. With the magnet aspect ratio this condition re­
stricts the strength of the magnetic field on the magnetic axis 
to about 5 T, and thus y ields a maximum plasma energy density 

<E> ~ 300 

possible to be confined, or with 
particle density of 

kJ 

m3 

kTe = kTi = 13 keV a max imum 

<ne> ~ 1.5 . 1020 m- 3 

which in turn limits the total power density to 

p ~ 3 MW/m3 • 

This is about 30 times the power density in the combustion chamber 
of a coal fired plant. 

One is now starting to develop the 12 T technology by going to 
Nb3Sn as superconducting material or by alloying NbTi with Ta in 
order to inc rease its performance. 12 T, i.e . about 6 T on the 
magnetic axis, then seems to be the limit of the magnetic field 
compatible with the stre ngth of the structural material. It would 
allow raising the total power density to 

p ~ 4 Mw/ m3 

which, from a reactor point of view, is still rather low compared 
to the complicated and volumenous technology needed but, from the 
properties of the materials to be used in the first wall and blanket 
region, it is a lready very difficult to deal with. 



528 GGREIGER Fusion reactor problems 

-
In evaluating the above numbers no account was made yet for the 
contribution of helium to the pressure balance. If its density were 
about 10 % of the D-T density, it easily could use up what could be 
gained by the transition to the 12 T technology, particularly Since 
the mean a energy is higher than the temperature of the reacting 
plasma. On the other hand, one might be forced to allow an accumu­
lation of the ashes to such concentrations in order to be able to 
remove them with acceptable pumping speeds of about 106 l is. 1 GW 
corresponds to the generation of 3.6 . 1020 a-particles per seconah 

and no matter how the ash removal is done in the first place, via a 
divertor or not, stationary conditions will then require such helium 
concentrations at least in the outer plasma regions. 

~lith respect to the power balance one also has to recognize that 
the above quoted figures on power density include what is occurring 
with the neutrons. For directly balancing the plasma losses, how­
ever, only the a-power is available which amounts to about 0.6 MW/m3 

This would be sufficient if only the unavoidable losses, like heat 
conduction, bremsstrahlung, etc., were to be considered. In this 
respect it is conventional to assume the ALCATOR scaling [5J as a 
lower bound for the energy confinement time 

~E ~ 5 • 10- 21 <n> a 2 

particularly since there are some indications from PLT and ohmically 
heated stellarators that ~E might show some increase with temper­
ature. On the other hand, one cannot neglect that there are also 
some experiments showing a reduction of ~E once a certain energy 
density is surpassed so that some uncertainty remains. Unfortunately, 
there is also no generally accepted theory describing the present 
experimental results and yielding sufficiently safe theoretical 
grounds. At least in part this is due to the difficulty to reliably 
relate micro-instabilities and transport. 

T = 10 keV 

ui'11 
----

fC 

ui2+ -------+ 

Ui4+------~ _ _ ____ ~+-

I05+ _ _____ -+.-______ ~ 
101 10 2 

z 

Fig. 2: fc: impurity concentration 
leading to doubZing of the losses via 
its radiation. 

In any case, there is not much 
room left for additional power 
losses from the plasma, and this 
sets a rather stringent limit to 
the tolerable impurity concen­
tration. In Fig. 2 the relative 
impurity concentration, f c ' lead­
ing to just a doubling of the 
total plasma l osses by impurity 
radiation is given for the differ­
ent elements [6J. The plasma 
temperature assumed there is 
10 keV. Since the doubling of the 
power losses is probably already 
unacceptably high, the tolerable 
fractions of impurities are coming 
out extremely low, indeed. 

The primary source of impurities 
is the wall surrounding the plasma 

I 
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and, apart from its excessive heating, the main effect of their 
generation is sputtering. Fig. 3 shows that the sputtering co­
efficients become rather large if the energies of impinging 
partic l es exceed 10 - 100 eV, depending on wall material [7J. 

1.0 sputtering 
ion desorpt ion 
chem. erosion 
ESD 
photo desorption ~ 

room 
temp. 

o 

H~C 

grQPhlte~ 
/ 650'C 

o 

photo 
desorpt. SS 

,,~Ne'~Ni 

/' 
---

o 
(Uh;) Lymann sheath potent iol 

I~~----~-+r~~--L--&~C=~==~ ____ ~ __ +'-____ -L~~ __ J 
0.1 \P ID 100 IK 10K 

ENERGY {eVI 

Fig. J: Sputter ing yields vs. energy of impinging particles for various 
wall materials. 

A better way of looking at this problem is to compare sputtering 
and radiation properties for the various e lements . In Fig. 4 the 
ratio between "tolerable" concentration and sputtering coefficient 
defines a figure of merit which is given as a funct ion of the 
plasma edge temperature for various potential wall materials [8J . 
This figure exp l ains t he proposals for low-Z coatings if the 
plasma edge temperatures would turn out to be high. The technology 
for the application of coatings exists in prinCiple, only their 
properties in the fusion environment require further studies. 
Fig. 4 also ' explains the preference for high-Z willl materials if 
the plasma edge temperature could be kept sufficiently low. 

But even if one optimizes the plasma wall conditions for impurity 
generation, there remains considerable uncertainty on impurity 
transport, and it is surprising to see how little is known in this 
respect. Theory predicts accumulation of the impurities towards 
the plasma centre under many (but not all) circumstances. Present 
expe riments, however, if they are not too collisional, seem to in­
dicate that there is also an anomalous outward particle motion 
compensating the theoretically predicted inward motion, and often 
it is found that the relative concentration is rather independent 
o f the radius. It wou ld be very important if such a finding could 
be substantiated by more conclusive experimental results because 
then measures taken at the plasma edge would be sufficient to de­
termine the impurity contribution all over the plasma. 
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With the present knowledge, how­
ever, forecasts about the impurity 
behaviour in dense high energy 
plasmas are connected with l arge 
uncertainties, perhaps the largest 
and most influential ones we have 
to face at present. Experimental 
evidence coming from the JET gener­
ation, when it is in operation , 
will be extremely important and, 
hopefully, relax the situation. 
But at present, there is a growing 
tendency to go the safest way and 
to take all measures to reduce the 
impurities already at their gener­
ation. Two main opt i ons are open , 
the cold plasma mantle and the 
inclusion of a divertor. 

184 (W) 
IO·l':._~-'-~~~~~~-c:-,==;...:cLL.~. 

10 ' ~, 10' 10' The cold plasma mant l e would be 

ION PLASMA EDGE TEMPERATUR (eV) the optimum solution. With a low 
enough temperatur e of the plasma 

edge it would put the sputtering rate to almost zero . But the con­
dition for its stable existence is a complicated balance between 
heat flow, edge impurity concentration, edge radiation, etc. which 
is difficult to treat theoretically and to arrange experimentally. 
Experimental evidence is very poor here and before JET comes into 
operation , there are also no major programmes which would y ield the 
required information soon. 

All the present emphasis is therefore put on divertors. Under op­
tima l circumstances they should carry most of the particles leaving 
the p l asma along a scrape-off layer towards outside diverto r chambe rs, 
and ,by the same layer,they should shie ld the plasma from the rest of 
the wall generated impurities. By the same action,also the exh a ust 
problem should be greatly facilitated. Experimental evidence on 
divertor physics was gained alre ady early from the model-C-ste llarator, 
then ma inly came from DITE and DIVA and will come soon from ASDEX 
a nd PDX. But none of their systems is part icularly attractive from 
a r eactor pOint of view. A poloidal divertor whose coils are inter­
linked with the toroidal field c oils is not compatible with the r e­
quirements for easy ass emb ly and r emote maintenance and r epair. 
Breaking up the coils into modu l es would probably lead to excessive 
f orces and large stray fields . Poloidal divertors with coi l s out-
side the toro idal field coils avoid t he s e problems but l ead to 
rather weak configurations, sensitive to stray fields, wi de diver t or 
throats a nd not so favour abl e back-flow condit i ons a nd a r e not 
attractive from this point of v iew. 

In this respect, bundle diver t ors l ook better, but they have to 
d i vert a l arge fraction of the toroidal f l ux over a short d istance, 
and this r equire s the divertor coils to be c los e to the p lasma , 
introduces l arge forces and moments and, in addition, l eads to an 
unacceptably hig h ripple fi e ld for the undiverted region. 

Therefore, here is an area where creativity is urgently requested. 
A divertor is needed~ which diverts a layer of a r easonable cross ­
section of about 1 mG through the space between the main f i eld 
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coils into an outside chamber, has favourite streaming and power 
deposition properties, is not conflicting with segmentation and 
modulari zation requirements and is not introducing too large 
ripple fields. 

Under reactor conditions the magnetic field ripple [9J seems to 
have a rather deleterious effect on plasma energy confineme nt. 
Reactor designers have to aim at simplicity in order to solve 
their problems on "easy" assembly and credible solutions for re­
mote maintenance and repair . Therefore, they tend to reduce the 
number of coils generating the main magnetic field to the largest 
possible extent. But this simultaneously incre ase s the ripple of 
the magnetic field such that it starts to gove rn the e nergy con­
fin ement by the heat conduction of the ripple trapped ions. 
Fig. 5 shows the results of a calculation done for INTOR [lJ, 
i.e. for a case where the coil bore is large enough to provide 
the space required for blanket and shield around the plasma. The 
number of cOils is 12, leading to a field ripple of 4 % ptp at 
the plasma edge and of 0.4 % ptp at the p lasma centre . The extra 
heat losses by ripple trapped ions then exceed the neoclassical 
ion heat l osses by about two orders of magnitude or, what is more 
important, the empirical electron heat diffusivity by about one 
order of magnitude. Therefore, care has to be taken and perhap s 
e v en correction coils hav e to be applied to k e ep the ripple at a 
tolerable l evel which seems to be somewhat l e ss than 1 % a t the 
plasma edge and about 0.1 % at the plasma centre. But also deeper 
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Fig . 5: Field ripple contributi ons 

~T and ~p to ion thermal diffusivity 
7. 7.-

in the 12-coil 6 m bore ignited I NTOR 
plasma, compared with the neoclassica l 

xn.C and empirical electron thermal 
7.-

diffusivi ty If. e 

theoretical treatment o f this 
effect is r e qUired . Because it 
might well be that proper in­
clusion o f all effec ts, par­
ticularly those arising from 
the electric field, might lead 
to a drastic change and might 
make the situation much easier. 

On the other hand, if the ripple 
effect would be that influential 
and if a fast change of the 
ripple by e xternal means wou l d 
be feasibl e , it would provide 
an interesting t ool for burn 
c ontrol by affecting the plasma 
e nergy loss r ate. Other pro-
posals are by some major radius 

compression and decompre ssion [10J whi.ch requires sane .extra space for the 
plasma to move but offers the possibility of getting s ome perce nt of the 
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fusion power by direct conversion as electric power. The easiest 
and even automatic burn control would be by the B-limit itself if 
approaching this limit wou ld not lead to a sudden loss of plasma 
confinement but rather to a steep but reversible increase of the 
loss rate by the excitation of turbulence. There is a hope for this 
process to be feasible but certainly, since experimental evidence 
is missing, one should not rely on it alone but should prepare at 
least one of the above mentioned alternatives for back-up. 

After having dealt with the burning phase one has now to discuss 
how to es tablish these plasmas. 

There is general consensus that one should start with ohmic heating 
and, again in connection with INTOR, the scenario of Fig. 6 was 
discussed [11J. There an ionization and current initiation phase 
is followed by current . and temperature built-up. From present day 
experiments it follows that a loop voltage of about 300 V might be 
r equired to overcome the radiation barrier. But for reactor con­
ditions, this loop voltage is difficult to establish and might 
rather be limited to about 50 V or so by the superconducting ohmic 
heating transformer technology. In this respect, there would be no 
problem with stellarators because they provide confinement already 
with zero OH current and can be started with low loop voltages, 
indeed. But for tokamaks, other means are needed and RF heating is 
proposed to supply the missing power which is estimated to about 
30 11W for 10 - 100 ms. 
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A suitably adjustable RP-heating, if made available during the 
full start-up phase of about 5 seconds, should offer the additional 
chance of tailoring the plasma temperature profile and the current 
profile in turn. When discussing the achievable B during the burn 
phase, the tacid assumption was made that the plasma current pro­
file can be adjusted to the optimum, indeed. There is doubt, how­
ever, whether this is feasible because external power sources aim­
ing at influencing the plasma temperature distribution have to 
compete with the deposition profile of the intense a -power which 
might lead to a conf lict. The temperature profile might then be 
better adjusted by proper arrangement of the local heat conduction 
properties. But this is also a difficult and delicate task. 

For INTOR it is therefore proposed to circumvent all these diffi­
culties by limiting the burn time to 100-200 seconds which is 
short compared to the skin time, and to adjust the required temper­
ature profile already during the heating phase before the a-power 
occurs and then to rely on flux conservation. The gradual extension 
of the burn pulse can then be tackled later when sufficient ex­
perience is accumulated . 

With this initial ohmic and RF heating the plasma current should be 
built up to the required values but the plasma temperature will 
only grow to about 1 keV and the density has to be kept below the 
Murakami limit [12J 

n't<1.5 cr]. 

in order to avoid disruptions. 

B 
q. R· Z eff 

Further heating is then required to reach the ignition temperature 
and, simultaneously, to increase the density. Usually, neutral in­
jection is foreseen for this purpose. But if it is provided via 
positive ions, the injection energy is limited to 160 keV or so for 
deuterium. This might be alright with the lower, initial density, 
but once it gets higher the power deposition is shifted more and 
more towards the plasma edge and higher injection energies should 
be needed to avoid part of the power to be wasted or to bombard 
the wall to an unnecessary extent. But higher energies require 
the transition to negative i on acceleration for which no signifi­
cant development programme is running at present. 

If the heating is done via neutral injection, care has also to be 
taken to arrive at a proper fuel mix between deuterium and tritium. 
If only pure deuterium is injected in order to avoid unnecessary 
tritium problems with the injector, one has probably to start from 
a pure tritium plasma for achieving a 50/50 mix at ignition. Re­
fuelling wi ll then be done by the inj ection of pellets of proper 
composition. This is only a condition to the mass separation and 
fuel production system. Also the acceleration of pellets to veloci­
ties of a few km/s seem to provide no extraordinary problems since 
they seem to show a rather high mechanical stability. 

Ano·ther and, as it seems, more appropriate heating would be by RF. 
It should not only give an easier approach to the desired power de­
position profile at higher densities, but should also have the 
potential of reducing some of the other draw-backs of neutral in­
jection. There the beam lines represent rather large penetrations 
reaching from the plasma through the blanket straight to the outside 
beam sources, and a large flux of neutrons is leaving the machine 
along these paths. These neutrons lead to activation of the outside 
equipment, make its handling difficult, and require large and 
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massive shields around it. An RF transmitter, on the other hand, can 
be put far away from the reactor into the accessible region and the 
cable or wave guide be carried more easily through the blanket in 
such a fashion that excessive shielding could be avoided. 

Certainly, RF heating technology is not developed to the same extent 
as neutral injection . But if minority heating at the ion cyclotron 
frequency would be employed, one could work under conditions which 
at least in part are resembling the positive aspects of neutral in­
jection because also here some ions will be accelerated to rather 
high energies and then transmit their energy to the bulk of the plas-" 
ma by Coulomb collisions; but with RF, the acceleration takes place 
already inside the plasma by electric fields excited from the out­
side so that the penetration of high energy neutral particles is re­
placed by the penetration of waves which should offer a much higher 
flexibili ty . 

The shut-down phase should not present additional problems except it 
occurred in an uncontrolled manner as a disruption . It seems to be 
unacceptable for a device of reactor dimensions to be exposed to 
disruptions . The mechanical strength to safely withstand them re­
peatedly would probably require unacceptably large amounts of 
structural material. On the other hand, for a tokamak there is no 
recipe at present for reliably preventing them without drastically 
reducing the performance of the device . This is another item re­
quiring intensive research. 

To convert the energy of the fusion neutrons into useful heat and to 
breed tritium are the primary tasks of the blanket . For this purpose, 
it has to completely surround the plasma and needs a thickness of 
about 2 m if the shield is included . Both together also have to re­
duce the neutron flux by about six orders of magnitude before it 
reaches the magnet because higher fluxes would lead to a degradation 
of the insulating material, to an increase of the resistance of the 
stabilizing material, to a degradation of advanced superconductors, 
and to excessive heat deposition. 

Tritium breeding will be done from lithium via the two reactions 

6Li + n + 4He + T + 4.8 MeV 

7Li + n + 4He + T + n - 2.47 MeV 

Natural lithium contains 6Li and 7Li in a ratio of 7 . 3/92.7 . A large 
variety of possibilities, like pure lithium metal, its alloys or 
compounds in form of liquids, ceramic powders or molten salts are in 
discussion for their use as breeders, and an intens e Rand D pro­
gramme on their properties under reactor conditions is required be­
fore a final choice c"an b e made . Last year there occurred some doubt 
on the world- wide used cross - section for the 7Li-reaction and that 
it might be smaller by 20 % or so [13J . If this were true, it would 
certainly affect the breeding ratio, and to keep it larger than one 
would require not to dilute the blanket zone with excessive structur­
al material or penetrations . In the extreme case, it even might ex­
clude the use of natural liquid lithium metal as breeding material 
and r e quire the transition to enriched 6Li and the use of neutron 
multipliers , like Be or Pb. The production of 6Li then needed should 
b e possible at rather low cost of about 103 $ per kg [14 J. The simul­
taneous use of liquid lithium as coolant would then be excluded, but 
this has a low probability anyway because of the MHD losses if it is 
pumpe d through the magnetic field . The preferred coolant candidate 
is helium where expe rience exists from the high temperature fission 

-



I 
\ 

I 
, , 
I 

GGREIGER Fusion reactor problems 

reactor. But also water is considered. Its use might be burdened, 
however, by the corrosion products coming from the cooling ducts 
and their activation. 
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For fuel recycling, the basic technologies seem to be at hand but 
they have to be optimized for fast throughput, effective cleaning 
and isotope separation and low inventory in turn. Recovery of the 
bred tritium from the bl"anket requires preparatory work which large­
ly depends on the breeding material chosen. Particular problems oc­
cur with the permeability of tritium through most of the interesting 
materials at their envisaged working temperatures. 

Also internationally accepted safety standards for fusion have to be 
developed including new rules for tritium transport. With tritium 
inventories of the order of kg it seems to be unacceptable to live 
with the present containers which allow a transport of only 20 g 
tritium and with an accountability of 0.01 g tritium in view of a 
breed and burn of 0.1 to 1 kg per day. These are tasks which should 
urgently be tackled by the responsible organizations. 

Another burden for the designer of the first wall, blanket and 
shield is to provide their required e lectrical properties. Conditions 
of easy assembly have led to the request to have all the poloidal 
coils outside the main field cOils and to not have them embedded in 
the blanket region. From the plasma point of view this seems just 
possible but requires that the first wall region of the blanket 
should have a time constant of at least one ms to avoid fast plasma 
motions, whereas the time constant of the full blanket should not 
exceed about 30 ms to allow the poloidal fields to penetrate fast 
enough. Also the loop resistance should be high enough to avoid 
interference with ohmic heating. In view of the massive and partly 
metallic blocks the blanket is composed of, it might become diffi­
cult to satisfy all the requirements without allowing for at least 
some deviations from axisymmetry. 

The final topic is on materials. Their technology is probably the 
most problematic one. Some comments have been made already on the 
first wall, blanket and breeding, and magnet materials. What re­
mains are the structural materials. There a material is needed which 
in the fusion environment under rather e l evated temperatures shows 
high strain-stress properties, low fatigue under cycling loads, 
sufficient ductility, low radiation damage, low activation coup l ed 
with its fast decay and vanishing tritium permeation. In addition, 
it should be easy to manufacture, to machine, and to we ld , and 
should be easily available. But even if there were enough money and 
manpower behind, it would take more than a decade to develop a new 
material with all the related technologies of manufacturing and 
handling it industrially in big quantities and to measure all its 
properties. Therefore, for the DEMO generation, there seems to be 
very little chance other than selecting from materials already de­
ve loped for fission purposes and to measure for the most interesting 
candidates their properties for the fusion neutron spectrum and the 
envisaged temperatures under pulsed load conditions. Already this 
is an enormous task, and fission results are only of limited use 
since fusion neutrons g enerally lead to a higher number of (n,a) 
reactions per dpa , and also the pulsed conditions have little 
counterpart in fission. 

But for the DEMO it might be allowed to choose the projected life­
time shorter and the operating temperatures somewhat lower than 
necessary for a commercial fusion reactor. Under these conditions, 
some of the stainless steels are expected to have sufficient pro­
perties for DE1~0 application if this can be subs tantiated by further 
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mesurements. Even their high activation levels could be reduced 
if the typical Ni-constituent could be replaced by Mn. Also such 
materials exist, but if manufactured under industrial conditions, 
they still contain enough Ni as impurity so that their activation 
properties are only gradually reduced. This is an example of the 
general experience that activation properties are strongly de­
termined by impurities in the metals which are difficult to avoid 
on an industrial scale. 

On the other hand, materials with low activation and fast decay pro­
perties might be an essential element in DEMO design. Because even 
if full remote maintenance and repair is foreseen, also this equip­
ment might fail. There is also a limit to redundancy by additional 
complications and cost implied. Therefore, it might be essential to 
maintain some access by man which is still the most reliable way if 
unexpected difficulties occur, but this requires a fast enough decay 
of the activation. Aluminium and some of its alloys seem to have 
such properties but they can be used only at rather low temperatures. 
Nevertheless, they should be applied whenever the local temperature 
allows it. 

Since some time there is also a growing interest in ferritic steels. 
Their manufacturing and handling experience is ample, although 
irradiation data are available only for low helium content, they 
seem to promise a lifetime against radiation damage about 2 to 3 
times longer than for stainless steels. Their use was somewhat 
neglected up to now for their ferromagnetic properties, but for 
operating magnetic fields of 5 T or so their magnetization should 
be highly saturated. Nevertheless, the rather complicated distri­
bution of the structural material and the need for penetrations 
raises the question whether the influence of these magnetized regions 
on the magnetic field structure can be tolerated . This is a very 
important question, because if ferritic steels would have the needed 
properties indeed and if their presence could be tolerated from a 
plasma confinement point of view, the problems with the structural 
material for a fusion reactor would become much easier than they 
seem to be at present. 

In reviewing the fusion reactor problems a number of points were 
identified where experimentally proven solutions to them 
are not yet at hand. On the plasma side the most essential ones 
were impurities, start-up, profile shaping and disruptions, and on 
the technology side materials under high energy neutron irradiation 
and cycling load conditions and the complicated geometry, particular­
ly with divertors, leading to conflicts with easy solutions for 
remobemaintenance and repair. But if the fusion programme will be 
broadened to include all the problem areas with sufficient emphasis, 
it is fair to say that,with some confidence in progress, ignition 
devices are in practical reach today; and as the situation stands 
the first ones will be of the tokamak type. But one has to recognize 
that some of the essential problems are connected with the tokamak 
principle as such and one has to keep its mind open for modified 
or alternative systems which could avoid these tokamak specific 
problems. Certainly, these systems then might show other difficulties, 

-

but what finally counts is the average over all positive and negative i 
aspects. May be that the optimum is already found and that it is the 
tokamak in its present form indeed but it might be more likely that 
there are still considerable improvements necessary and possible. 
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Preliminary experiments on plasma heating above lower hyb­
rid resonance at frequency f· 2fLH bave been carried out in 
~okam(1k device TM- l-LlH. For toroidal magnetic field 1 .)'1', the 
f requency 1 . 25 GHz and I~ power 40 kW the increase of ion tem­
perature of plasma up to d Tl/T~H~ 1 was measured. The ion 
hestiJl8 incresses with the plasma density and a threshold cha­
racter on incident HP power ls observed. This HP heating is 
accompanied by changes in loop voltage and el ectron plasms 
density . 

Recently a considerably progress in the LHR beating of tom­

mak plasma was achieved [1- 4]. In the follo'lfing reeu.lta of the 
heating experiments at f""2fLH in TM-1-1tH device are given. 

'fhe parameters of the TI.!- l - Wi .;'ibl. lit~l. 

devi ce are as follows : R-O.4 m, uy" .,h., .. " 

11m.1 tar a-o.075 m, maximUlD toro- ....... I ..... ... 
idal magne tic field Ht'" 1.5 '1' , i.,"'.' .... , .. 
plasma current Ip up to )0 kA , 

loop voltage Uloopa 2-4V . Sche­
mati c arrsngement of diagnostics 
and a poeition of the HF coupl­
ing element ie ehoWD iD Pig. 1. 
A quasiatetionary state of the Iiooi"' ~ 

plasma diecharge is reached af-
ter about 2 ms, while the totBl 
discharge length i 8 8 ma, see 
Pig. 2a. Working gas is hydro­
gen at initial fi lling preesure 
usually 2xlO-2pa.To control the 
electron density, the additional 

"'ibl"I,b' 
,po<"o"o" 

"I .. ,., I,m .. 

c~., •• , ... ~ •••• 
, .. I, .. , 

PIG. 1 

pu.lse hydrogen gas injection by means of t he piezo-electric 
valve is used . The effect of this additional gas injection on 

plasma parametero is demonotrated in Figs. 2a,b, where time 
dependences without the injeotion are given ae well (daohed 
lines). It may be seen that while tbe plasma current does not 
change st all and the loop voltage 
i a only sli ght increSBing, the ele­
ctron density can be increassd re­
markably. The magnitude of the ele­
ctron density etrongly influences 
the ion temperature (measured by 
5-channel charge- exchange analyzer 
[6]) of the ohmically heated plas­
ma T~H, sea Fig. J. Maximum val ue 
of the density on the axis Ne(O), 
given in Fig. ) , wae evaluated un­
der assumption of the parabolic den, 

s i ty distribution, from the line 
averaged deneity measured by the 

<I JlIIII interfeI'OlDeter. 

Heating eXp eriments at f e: 2fLH 
were perfo~ed under following con­
ditions: toroidal magnetic fi eld 

Bt~ 1.) '1', plasma current Ip _ 17 kA, 
line-averaged electron deneity 
N e-(0.5-2 . 5)~1019m-), ion tem- ~ 
~erature of the ohmically hen­

• 

I 
'ted pltl.sma on the axie T (0) ­
"<'50 -150 eV and electron t:mpe- Ij" [., 

reture on the axis Te(O). )00-

;00 eV (estimated from conduc­
tivity measurements, UV radia­
~i on of impurities and recent ­
l y fronl Boft X-rays BS well). 

Ae a HP oscillator the C',V 

magnet ron (f .. 1. 25Gllz , P-4 5k\'1) 
,Ias ueed . I t was operat ed in 
the pulge regime : maxilr.um ou t ­
out powa r 50 J~/I , pule e length 

.3 in,. , output power drops during 

.. • 

• 

"';m • _ _ , 20 

I , 1,["'] 
u .... (.,t -::- - HI 

2 _" 

• • 

FIG. 2 

/ 
j . 

. . / 
"- . / 

1 'Ja" 
". (0) [,.'] 
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this pulse to about 50-"; of Ul8.J:imum value. liP power iOl feci to 
the device through the ferrite ieolator , calibrated di rectio­
nal couplere and impedance matcher. As a launching element r 

ooe:.d.al coupling loop is used. The HF power ie awi tched on i ll 
the third III8 after the begilUling of the plsswa pulse , that i :: 
in the moment,when the plasma current and loop voltage achie\~ 
r;he stationary value, see Fig. 2. All changes caused by the :,:. 
power are shown in Pig. 2 by 
dotted lines. For HP power of 
40 kW (at the beginning of pul­

Be) tbe ion temperature messu­
red by charge - exchange increaR 
!les by 25% (BHe Fig . 2a) . The 
bu.lk of ions ie not heated, but a 

moat probably a few tens per­
c ent of the total ion number 
only . Fig. 2a shows the effect 
of the HF power on the loop vc::. ~ 
tage. Thie voltage decreBSes by 

fac tor 10- 20%. It corresponda 
to t he electron temperature in­

crease by 7-15%. The beginning 
of the l oop voltage decrease ia 

retarded by about 0 .5-1.0 III8 

, -- ' 
-----~ ,,- ~--"--- . 

: .·.2S ~wI " 
f 

.' f , 
\" I 

'\.. · f 
• '1-- :/ , 

----=r:: ':-,4 . I 

. / 1 , 
• 2 410" 

with regard to the beginni ng of 
the HF pu.lae. After I[P pulae 

the voltage returns to the 
starting value quickly . The 
presance of HF power results in 
the moderate increaae of the 
el ectron density by about 10% 

(see Fig. 2b). 

The relat i ve increase of 
the ion temperature A '1'i/T~Ria 
shown in Pig. 4 in dependence 
on tbe plasma density for HP 
power 25 kIf. For densities 
1Ie (0) emaller than lxl019m-) 

practically no heating ie ob­

eerved. Coneldereble he-

ating takes place at NJOJ= 
.. 2xl019w-) when Dearly 

9~ of inoident power is 
delivered to the device 
(aee meaeured power ref­
lection coefficient R2 ). 

Very important is al­
so dependence of ion 
temperature increeee on 
tbe HP power, Bee Fig.5. 
This dependence has a 
threshold cbaract er. Me­
asurable HP heating l e 

• 
] 

• 

• 

• 
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'.' .', ',. .. 
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observed for powers greater than 20 kW only . Tbe date given 
in Fig . 5 wera obtained from spectra of charga-excbange neut­
rals displayed in Fig. 6. The spectra were measured in the 
1 ms time gate (4 - 5th ms). The threshold charactar of HF hea-

ting is now under study . 

It is not clear to us, if the ion heating in our experi­
~enta with additional gas injection is caused by the plasma 

~ensity increaae or bJ more efficient coupling due to change 
in plaame density profil e. Our next experiments will be devo­
t.d to the d~tailed study of tbe influence of form and posi­
tion of the coupling loops on the heating efficiency. 

Authors are gratefull to Dr. Klima f or fJ ~1IIiulE.ting discua­

sions • 
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AP.5 
INTERACTION OF TRAPPED PARTICLES IN A TORAMAK WITH 

A/l.IPLITUDE MODULATED RF FIELDS. 

E . L azzaro and S. Nowak 

L",bo.atorio di Fisica del Plasma C . N. R. EURATOM Association 

Milan _ Italy . 

Abstract- Numerical evidence is presented of {he onaet of stochas'ic 

instability of trapped electrons under the ac t ion of a cohe r e nt 

low frequ e ncy wave. 

In high temperature collisianles8 tokamak r eg ime s, cha rge d particle s 

trapped in the wells of the confining magndic field may inte ract with 

modes in t he frequency range Wo be l ow Or around the bounce frequen_ 

cyW = ~h.~ . where a , R,q are the tori radii and safety factor , and 
13 9R. R 

v
th 

the particle the rmal speed. The unper turbed particle dynamics i s 

that of a nanlinea. oscillator{pendulurn}. Under the action of a suitable 

s pectrum of wav es , with (.l:lo ( lU
s
' with a component of the .. Iectric fi .. ld 

along th .. magnetic confining fi e ld , the motion may be corn" etochastically 

unstable . A reduction of the fractio n of trapped par t icles resulting from 

this interaction could be important in controlling t r ansport phe nom "na. 

As a mode l prob l em w e consider the e ffect of waves in the fre>;·.eTtcy 

range well b .. lo .... the ion cyclotron fr eque ncy, on the dynamics of trapped 

e1ectroos . The s hear Alfven .... ave, excited as an eva nescent mode at , 
the boundary of a magnetized wa rm plasma , mode conve rt s t o a kinetic 

qua si-acoustic mod e at a point in the plasma where W=~C CA being 
W l D , ,. " 

the loca l Alfven sp"",d :the wave has ~ ....... .,-,':1 JI. 10 B [~R. / .... Te o..1 'c"1 w. _ 
and a perpendicula r wavele ngth of the order of ion gyroradiuB, larger , 
than an e lectron banana width, and a fini! " compone n t o f e l ectric field 

pa rallel to the magndic toroida I field . Al t ernatively t he excita tion 

of A) {ven wave s m ay result
Z

, in th .. rmonuclear regime s , from 0( 

particle saturated instabilities . The onset of stochasticity for a test 

electron is studi" d nume rically On the ba s is of the model simila r to 

tha t propose d in rel. (3), suitabl" to desc ribe a saturated instability 

spectrum, us i ng the s e t of equations of motion 

,. 1.. 
Z + LUS $ 1,'\1 I<t. Z 

K. 

" ~'I ~ C c. OS (I("Z-"t-10-tl ) 
'k-\ -N "I. 

associated to the set of variation equat ions 

i;q ~ bP 

b P "," _[C.Os. Q 

11 

I' 

and evaluating the maximal Liapounov characteristic number, defined 

b 4 A _ ~..!..~ [ ,£(\12.+ Sp1J'/z: 
y L IH - t:--"I _ t 
This is a measure of the local orbital instability , and is related to 

the rate of mixing in pha se space. Plotting A v e rsus t for variou9 

. trengths of the perturbation, a monotonic decreasing behavio,.r indi_ 

cates an ord e r e d motion with A = 0 , while a positive fairly well 

"" . tabili"ed value of A indicat"s an exponential instability of the phas " 

space trajectories. In the figures the two cas es ar" shown associated 

to a picture of the par t icle phase space. The a dimen sional varialtle s 

used are l::; e E'IfK", :c:::<: -1 I -r:. ::o W il L 
.......... ~'i~ 

The data considered arc those of a p lasma with BO =1 0 1( " T : I. ZKe v 

a/ R= ~ / '?,. L0~ ___ 1. HI-.."2. W o ""'-" l,r; H."- l.. 
" , 

A s di s cussed " lsewhere , detrapping may occur, cons" qu" nt to 

a systematic increase of p"rtic!es " ne ; !;y , a t an approximate 

rat e 1.. d 1'1 ~ £ ~ ~ 
The m:-!haitSm of the~lro;h'!<"slf,r}hehav i our d e scrihed can be t raced 

back to the ove rlap of nonlinear r "sOnances L, phas" space . Ca~ting 

Ihe Hamiltonian of the mol ion in ac lion angl" variables, ( expres ~ ed in 

term s of Jacob; {unotions a nd d lipti c int eg rals), it is slrai iil .t {orward 

10 obta in th" resonance width and overlap c rit " don. 

- \ 

! -~. .. 

e _ !i w ot - 'f 
S 

.Jl R = t::!.Wo + QC£.) 
5 

L (Jl-Jl.) 
.le 

J9 = .il - Jl. 
d- t 

(ll.o. )1.= ~CN. SL JSl fT=ij="~ 
"r 

I' 

I' 

6nally the condition for ov"dap of suhharmonic resonances requi r e8 

and a rich spectrum o{ waves. 
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BP. 33 
EPFECT OF' A l.1AGNEUC lfILL ON PLASIJA EQUILIBRIUM 
IN A STELLARATOR 

M,I.Mikhul1ov, V.D.Shafranov 
I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR 

It 1s oonsidered that there is no plasma pressure 11~t In 
tbe ete!laratore of a large aepect ratio and of a great number 
of period of belical magnetio field.Meanwhi le aa early BS 1966 
Green et sIl l /shown that there Is a critical plasma pr essure 
po in such systems and for.f :> )3<. the equilibrium of a pla­
sma column became unstable against the shlft ,Thi s i nstability 
was related with the absence of the magnetio well in ouoh sys­
tems. 

If the potential of the vacuum magnetio field is 

Y =. Eo! /JiB.~(~)Sin2(w -m ~) 
then the ori tieal.fin Is defined by p .. ~ f E~Z appro-
ximately.Magneti c hill effects also the displaoement of thB 
pla~ equili brium oonfiguration due to the curva t ure of the 
tOl'Us . It i s Been U'ig. 1) that in tL7'1» > 0 case (no "ell) the 
equllibriumj3 defined !'ram the condition .1 (aJ ::: a/2 (tJ. is the 
plasma column shUt) is less than it ill in v.::r<Pj= 0 case . , 

v":: 0 

l' 
Pig.1. 

Some data for working systems are pr esented i n Tabl e I. 
Table I. 

l"Itollot':o/l !! m t . (o) i.(a.) jlJ ~ , 7. p.. 1. Il. 

VJ VII A 0.061 ,of 0.22 0.23 0 .36 0 . 36 7.0 

L':v~/I-.! O.IIS 7 0.22 OJ SO fy 3 .0 

'v/ ~.9 et 0 .11 2..5' tJ.2 i 0.3 LV a U 

These results "ere obtained for a single helical I - harmonic. 
To consider an influence of the magnetio well one shoul d take 

a mi%ture of a different pi tobes barmonios of a helical magne­
tic field. To t r eat this oase we shall use the method of va­
riable convsrsion. We shall use the tlux coordinate system with 
the "strightsned" magnetio fie l d lines. 

Let ZJ w J ~ be I!I. quasicil1ndrioal ooordinates the 
ot "hiob is 

and let 

dtl="t~ .. z'dwl.+(R.- t.cOSUJjl.cI>l. 

e =.1' + O(p,C!, ,) 

w = C! +"/(p,C!, t) 

tIIetrics 

where,p, o, r - the nux stright magnetic fie l d linea coordi ­
nates and cf,..< - small correotions. We oan express the metric 
tensor J;"" as funotions ot d and.A. and define d and.rl 
frotll the equilibrium equation and frotll the relation between Co-

oontravar iant oomponents of the magneti c field 

t?¥ + H = ·P!<If>,,-v'}) 
-v + Y = !if"+ ~ 'P' f' '? • fJ:. , J+g !fJ+~f/> 

;) '? ,fT , 

B 

-./+ H - tf+ ~'? 
Here I, et> _ are poloida.l and toroi {\al magne tic fluxea , '" 1 
- are currents , V and Y are periodio funotions ot the coordina­
tes B and ) charaoterizing the charge separation ourrent and the 
potential of the magnetio field respeotively . 

We shall use the so- called stellarator ordering 

f - OrE') , 7f' - 0(/) , jl: 2 ~r ~ 0(,') 
For the case of vaouum configuration taking into aocount oondi ­
tion m » 1 1 t is easy to define 6 and.A and suoh characte ­
ristics of the conf"iguration 8S C. and v.:: ( tpJ • For 1_2 

stellarator , t?r e~ple , Ill. 
J::: E~ tt ~ £. OSl(B - m 'f), .A. =- - c~ iiJTptL. St·n2!O-m r), 

f ' ~ " I }' n' 'n' I n' 1'1'7 l::,,= P; = -.? =- 2mll1m-4jr(~ -m:p~I; +fiitjJl{'L+ii1ipy. ilJ, 
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Let ' s consider now the configuration of non-~ero plasma 
pressure. Let .P~, B., ~ are the flux coordinatos for vaouum 
and "p, B, > are those for a plasma oonfiguration . It 1s 
possible to prove that the following simple relations take 
place 

'po:'p + ~ (P)cosB 
80 ~ 8 .,/l,(p)sin B 

in our ordering. By tranefo:rming the metrio to new variables 
we can get 9i .. as funotions of 1I and .ft. • • Exoluding after that 

.A. . ,:I', v !'ram eq.( 1 ) we obtaine the following equati-

onfor.c.(p): , ~ 

(c',p'tJ")'. t (t;p'/4 - p',P'R V;: «1»6 = - Z:'f R 

wbere t. '" t..J +~" 

We have otllited here the term oorresponding to the vaouum sh1ft 
of the magneti o surfaoes . 

This"squation i8 analogous to the equation derived in/1/ 
but no"v..J'PJ has e. tIIore general form. " 

In a (lase ot a s ingle l-harmonio en e%pl'1ls sion v.. •• (et') 
ooi noides with t ha t obtained by Gresn et a l / 1/ and is pos! ti-
n . 

If vacuum magnetio field is di scrihed by the mixture be­

lioal harmonics Y = ~ .. ~ 1ihere 

Y; : E. If, BJ,!?,p)J"in<M -m~t· :t:=E,!/;8.I,(<pfjSin(JB-2m'ti 
then L(~; (tp) near the e..x1s bas t he form 

v." /'(>' 2m'E'r E ') ~~~ [ J =; R. 8':' .t - tJ;. -~ 
and may beoome negative. 

In thi s oase however additional rather complioated terms 
enter in the equation for 6 • Nsvertheless it ls ol ear that 

.magnetio hill is unfavourable for equl11brla. Thus the stel­
lerator magnetio system should possess magnetic well. 

The necessi ty of the magnet io well tollows a lso trom the 
Meroier oriterion tor tha localized mode 

fit.)' + p'v.;(1')f ) 0, jl < f ': (7(P/ 
Par example, for installation Liven_2 this oriteri on gi~s 
p ~ ./ h I2/., If the magna tic "ell presents , the oriterion 

won ' t give any .erious limitation jJ/. 

CONCLUSION 

To obtain large enough, in stellarator wi th oi rcular ma­
gneti o axis one should provide a magneti o well . Thi s i mpl ies . 
the presenoe of the different pitches harmonios of the magne­
tio field and as a oonsequenoe _ nonuniformity of jEll and 
presenoe ot the blooked particles whioh is unfavourabl e for 
confinement. To make a system close to that of helioal symmet ­
ry one oan use spaoe axi s sys tem.whioh has a wall wi thou t 

rough dbtortion of the eyrmnetry ~/"/' 
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DEPENDENCE OF IIITERELECTRODE INSULATING SySTEM SHAPE 

ON THE P.F. PARAMETERS AND EXPERDolENTAL VERIFICATION 

OF 2D SNOW FLOW CODE 

J. liowlkolVski. Z. Jankowicz, A. Jcrzykiewic:.?:, C. Pochr:ybniak, 

J. \'Ialiazewaki 

Inotitute of Nuclear Research, §wierk. Poland 

~: A distinct dependence of neutron yield Ye and 

the time of its emission /char~cteriaed by half width't/2 of 

neutron impule/ on tbe shape of interelectrodo insulating 

system bee been found. After amelI modification {change of 

veraion A to C - Fig. 1/ an increase about J times of Ye and 

about 1.5 times 'of 1:. /2 wee obtained. The comparison of the 

measured current and voltage traces to these 00S8. calculated 

from the modified 2D anow plow model [ 1 ) • showed their good 

86:reement. 

Investigations on the low energ~ device: E=11.4 kJ at 

Vo"]] kV [2] have been undertaken in order to recognize the 

influence of electrodes [ 3] and intarelectrode ineulating 

system on the P.P. parameters. especially on the neutron 

yielda and its reproducibility, which according to { 31 and 

( 4) depend on tbe material and ehape of the mentioned above 

elements of F.P. device. We hope that in thie way the circum­

stances to optimize low energy devices will be eettled, and 

tbe trends found here may further the yield and applicstion 

also of large devices. 

Investigations presented in thia paper wera made with 

three versions of interelectroda ineulating aystem A. Band 

C - ~ig. 1. The general c~racter of insulators geometry, 

their material /A120J/ end length, ae well aa the length and 

materia l of electrodes /Cu/ wae kept unchanged. 

Tbe averaga neutron yield Yn calculated in all cseea from 

40 diacharges ss minimum at optimum preasure and Vo")) kV in­

creased from 4.5.108 to 5.9.108 as a result of replacement a 

radial shape of outer electrode ring /version A/ by a parabo­

lic one /veraion B/. After modification of vereion B to C by 

reduction of insulator diamater to thia of inner electrode 

the Yn haa reached 1.2'109• 

In the wbole range of preasures in uae st a practically 

the aama current amplitude a for tbe definited pressure. dif­

ferent neutron yields for different versiona were obtained 

/Pig.2/ • 

Instead, the half width of neutron impulsee - Fig. ) -

snd amplitudes of voltage singularity practically similar for 

versions A and B, increased for version C. The half widtb of 

neutron impulses - Fig. J - increased about 1.5 timee and the 

amplitudes of voltage aingularit~ incroaoed about twice and 

reached the value 70 kV at the maximum neutron ~ielda equa l 

to 2.6'109• 

The acalling law versue current at ths moment of pinch be­

ginning Ip - Fig . 4 at Vo 3 27 ~ J3 kV and optimal presaures 
- 4 5 hae the form X'n ...... Ip' • 

Remarkable number of aaymetrical discharges registreted by 

a pin-bole cemera amounted 56% and 49% for vera ions A and B, 

respectively, has been decreaaad to 27% for eversion. Unfor­

tunatel~, dispersion of neutron yielde for a l l versions A, B 

and C remained the some and was equal about one order of 

magnitude. 

Using a modified 2D snow plow model [lJ aome tracas of cur­

rent and volta ge for s ome values of preeoure were calculated. 

On their bases the following characteristics as a function of 

prasaure were made: lmax; Ipl Ippl t: max' 1. pt i~ li=I ; 
max 

I1I,!::..V - eee Fig. 5 . 

542 

The results of calculationa were compared to the measured 

onee . On Fig. 5 tbe calculated and measured traces of current 

and voltage os well as the methode of determination characte­

ristic point3 of traces arc shown. 

The comparison abowed that tbe r~nge of pressure 

1 ~5 7 2 Torr in which experimentally maximum neutron yields 

were obtained, ia this one, for which according to calculat­

ions practically total energy of a condenser bank is trans­

ferred to the circuit at tbe moment of maximum radial com­

pression. In this range the modified Imahennik'e criterion 

C(I~2 '1 0)J for the Mather's type devices 11] is elso 

fulfiled. 

In conclusion we may say that- a good agreement of calcula­

ted and maasured results confirmed the correctneas of the mo­

del assumed to describe· the P. F. discharge. Remarkable enhan­

cement of neutron yleld~ aa a result of a relatively sma l l 

change of insulating ayatem auggests the need of inveetigat­

iens with uae of appropriate diagnoet_i cs in order to under­

atand tha influance of all being changed here parametera on 

the neutron production and its mechanism in general. 
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BP.10 

ON THE IIfTERACTION OF SOLID HVCAOGEN PELLETS IN CONTACT WITH f'\AGNETIIED 

PL!\S/'IAS AOO THE SELF-CONSISTENT ELECTRIC FIELD ~T THE SOLlO SlI'IFACE 

s. M"l'CUMO" 

o..p!lrtment of Physlcl, UnlvlI'rdty of Wl!>ConBin. lladlson WI 53705 (USA) 

1. INTRIJOlICTlON 

Recant seml8lllPlrlcal nudlu. by the author l on the Int"r!tctlnn of 5Ql1d 

hydrogBn I n contllct with IMlnattzlld pl'UI""'1 halla indica ted that thl! e~t" rnlll 

lM~nllt1c field elln bll poetul.Qesd to ba 

an uppar bound to thll 6IIlf-conshtllnt elec­

tric field lit UlI' lolid lurfllce . A simple 

fonaule for th .. abletion rollte of the solid 

wlls t hen dBrlvod 1n agreement with ell 

."perimants to date. In this paper we firlt 

outHne U". dllrlvlltion of the abova fo""",1II 

end then we exploIt it to dllrllll1 an Bxpras­

don for t he "elocHy of expansion of the 

cloud which surrounds the """pD.-lIUng pal­

lIiIt by invoHng 11 IMs s-arle r gy balllnce . Thll 

ISX-A ~ 

formula obtained turns out to be "ha in "Ire_nt .,ith expert_nts if the 

abovlI pOs t ulatll 11 invoklld . 6I;Jllidu "'0 8how that the o b8erved dllvi" U on of 

the pellet from the Btraight pIIth upon injection in " .... Inetizlld discharge 

chamber o f f.r l 11 d""lII IInd direct avid"nco for t he IIbove p!lstUlll t ll. 

Z. FORJ"IJLA FOR TliE ABLATION RATE 

The fact that the BoUd hydro8en can be rog"rdllCl 01 a SUperdenBe gaa (the 

bind1n8 sno r gy is W!l • • 005 eV/lItom) implies thll t 

lI) The phllse transition h just an .xpansion of II 11111 . t ... thennoelaatic relllxa­

tion tilMt of .. hio:h il Jua t thll thol1l\lll conductio" r o lllxlltion t1me 't
TH 

which 

in turn 11 1lQU1I1 to tho IIlectrical I:onducUon r"laxlltion time .,tl11:h 15 defined 

liS TO = 0 .. /4" JO(o). whera [J a"d J
O 

aro t he olect ric di s pll1co"",nt field 

IInd curnmt respectively. 

b ) lho! range 1n .. hich the onllrgy 11 dllpolUed 1a given by 1 • (n
o
"int) - 1 wher o 

no 11 tho 1011d m.mber dondty and "lnt tho Lenard-[)arrow intercopUon cron­

-section. 

c) The rlltio L1TO 11 t h" actual ablation front spoed U. be<:lIu5e TO 11 the ""­

IIctly the time 1n which the soUd lllyer of thickness 1 undol'&OOS the pllase 

transition . We Clln lIctua lly show that U h tho Ipood with whlch plll&lllll p r es­

sure driven oac111"Uons of period T • TO Clln prDP"8ate towards tho so11d 

c"rrying thll IIbllltion IInerlY ",ith t hom. 

Sinell lit t • 0 thoro 11 no shellth wo can idllntify the iniU,,1 dhpl a­

c_nt current ",Hh J
r 

• enc
lI
/4. the unahlelded nndom current. so tllat 

where n 11 theplll!llllll denSity. C
II 

the "veuge Ipeed of the electrons before 

tho intorllction with solid tllkes pl ... ce ... ncl e tho olec t ron charge. 

If the .... gnath: fielcl h sufficiently h1ah thet "'c > "'1" T~!lI then 

tho HtllI's electrtvrW:ltille force EH : (v/cl!l dom1nllte s OvOr the thenooeloctro­

fIICIUIIO force and we hlIIIO shown alaewhere2 t""t 

whoro t 1, the dieloctric conotant of tn.;. 5011c1. "'c IInd \oI
p 

the el octron cyclo­

tron and plll8IM frequencies. TCOIl the oloctron-neutrlll col11110n ti"lO IInd v 

11 t hll alectron drift IIlon8 tho SUrf'IIC8. as 5hown in Fig. 2 . 

Since export.enh ahow thllt fl-r. • I we Ilave 

III 

" " " 
and 01 shown 1n Fi,. 1 the IIblllt10n rates predicted by th11 formula lire 1n 

axcollont "&ruefTl!lnt with 11 11 experlr1"1Onts to dote.1.2 

3. VELOCITY OF EXP~lU'l OF ne ClOUO 

Since 1n the prolenco of 11 Iufflclontly high /II£I(:neUc fiold the Langmuir 

ShBoth becDIIIIIs a current &hBOt2 the onargy balllocB in .., vol\l'l'lll olliftlflnt of sne..,th 

(lOO (Fi8. 2) can be ellsBy Itud1ed by 

1nvoking the Poynting voctor technique. 

!ly ustng one-dimllndonlll lIIOdol in which 

!l is par ... llel to tno plllno so11d lurfllcB 

we have thllt 

whore u and v a r e two mutually pOr'Pen­

dtcuier crHt s IIcrOIlS !l. c the spe"d of 

I1lht tn VIICU"," IInd where Sp IInd Ss " .... 

thu mognHuco& of tho Poynting vector 

""roSI the pillSIIWI od(:e and the soUd 

fAS"f 

.. r-oont tUidrcoa: ABII. t:lJRA1'OH-CNE:fI IJ"Ho Fl4awnlJ. Centra di Fraaooti, 
f"1'a80ati , Rome, Itatl/. 
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lurfllCO re5pllcttvely. whl1l1 Ssh that IIlonl the sho"th. 10111 notice Incldon­

tlllly thll t 

This Impli85 th"t Sp ;; SIh which t elll us thllt most IInergy from the plll5rJ\11 

la convoyed IIIon8 the sheath IIncl evontulIlIy reflected. Thh enllrgy 15 nored 

in the &h"" t h end it 15 aVllilablo for 1nlllostic procaasog which Inevitably 

occur in tha clOUd. 

The velocity of oXPllnsion o r tho clo" d can be 01l911y 0l-tll1nod from the 

followin8 flux blllllflClI 

",here I1c is the "tomic IrIIISS of too ~Ioud. 
ey lnvoH"1I M"''''' con9"rvlltion. noU -

E( S) B _ 

-;.%. [j I1c v
2

• W!l] 

!ly Introducing III Into (21 we haVII 

~. I")" . r" , , 

, 

", 

From TIIble [ we SII II that on the IIVerll&o Q •• 9 which confirms onCe confi ..... 

onCII a~1I1n that tho solf con!liltent lIl.oct r lc field lit the boundllry 11 01080 

IInd lou th..,n the axhr nal "",!:netic fiold. 

Since IIxporu,..;nt!l livo noU _ 1023 cm-Z 58C- 1 IInd 

- '2! 6 17 -3 (PI 
v'" (v I • 10 cm/soc. thon nc - la cm and Wc Tcoll _ 10 

which turns O\It not to be in contndicUon with the abovo anumption . 

4. DEVIATION CF 11£ PELLET TRAJECTORY 

SoUd hydroglln peUots injoctllCl In bo t h toklllMk line! rotating p l a" .... s 

/\ave boen ob.erved to doviato from tho strllight pllth. 

Rotlltin& p l llsllllls Ilavo Jllr!:o IIxturnal elect r ic fiold (Ellxtl 01 but n0811-

glblo IrIIIgnetic field 8r"dlnnt (t! !l " 01. On thll cont rllry toll"""''' plllllllllll Ilave 

E'Ixt" 0 bLlt .. !l " !l/R I O. whore R 11 the rodi" l o f c u rv" turll of the fio l d 

lines . 

It has been poIntllCl out" that pollot!! in contllct with (Mgl"llltizod pllls­

mu lire surrounded with e shellth which belidos blllng IIn OlactrolltllUC dOUble 

layor 11111"" 11 allJ"r6l1t-l>"heot. The ""lIot .. 111 th" .... fore 1nto~<tCt with Eoxt 

bOCIIU50 of thll c hllr&o Q on its SLlrfllCe IInd .. H h VB boclluso of it !! IMgnlltic 

• monent ". • lho observllCl dhplacanant b. Clln therefo .... be obtllinod by a imply 

i nvo king the exprllnlon for tho diBplllcornllnt in 11 time t duo to 11 constllnt 

accoh'ratlon a. nIIIDIIly 

11 • - Q E • Vim ' !l) , E- • ~ 
tI ext 

""'oro 11 is the "",5S of the pollet . al shown in 181>10 11. 

For pellets in1llrllcttnt wit h rotllting plllsmlls3 (31 reads 

11 ,, ! ~ a Eoxt ~ • . 456" 106 (i"/rJ cm 
:;> 411 00"'H -

for thon 1nterllctin8 with tokllmllk plllSl!l89 we !\IIvo ., 
lI·ITt~i· 

if uso 11 m<lde o f 0 • £. !l IInd v " 8-1> who re 8* ! \. 

'" 

, I 
We notiCII 1nold"nt lllly that .f.. • !l/(411notlCI " 1.26!l cmlsec. which IIP-

pears both 1n tho oxpreuion f or (v
2 1' IInd 11. 1s not the Alfvlin Ipeed bllc"uaa 

sol1d hydrogon is not lit 1111 a (JOOd c:cnduator . (eo"""ian IIIlito havs been '<I,1Ki 
thl'OwghoutJ . 
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TABLE 1 - L1."1 " .9 

DEVICE (v")!/)'; (2"/6a
l ! a~.I 

PLFFATRON ~ " 41.9 ." 
'" 

97.4 1.03 
~~~~G? '" 121.1 .S-

TA!lLE II 

()fVICE 

PUFFATROr-t3.l(i.s[ )JIGC, r . S .lO-Jcnol 
ORI'IAK" (t"",x· \.1 maoc. R '" I ml 

. 23cm .2con 
1.8 cm 1.6 cm B~ • . 89 
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FIRST RESULTS FROM THE ETA - BETA 11 RFP EXPERIMENT 

Buff .. A •• Cosca S . , De Ange lia R •• Di M3r~oJ . N. ~. Giudico tti L., Hale &ani G. 
Na les s o G.F .• Ortalani S., Sca..-in P. 

Centra d; Studio sui Gas loniuati 
del Consiglio Nazionale delle Ricerche ... del I 'Universitil. cli Padova 

{AB8odazione ElIratom-CNR)-p"dova (Italy) 

ABSTRACT: Diffuse pinches arc studied on the ne~ experiment ETA-BETA n. High 

temperature, reduced fluctuations and improved confinement are observed when 

a RFP plasma is formed. 

ETA - BETA 111 is a roroidal diffuse pioch experiment designed to investigate 

the reversed field pinCh con"" pt. Both self-reversal and aided reversal o f the 

toroida l magnetic Held inte rnal to the stainless steel liner can be studied 

by "ontrolling the external ro..-oidal field. This experi .. ent is one of the new 

generation of RFP experiments that includes: ZT-~O, llBtX-lA, and TPE_1R
2
.Thc 

.. inor and .. ajor diameters are 25 cm and 130 (,m. The s tainless ateel (bellows) 

is the vacuu .. wall , its thickness is 0.25 .... , and the resistance in the 0 Bnd 

1'1 directions are )O .. ,Q and 0.24 .. .0 . Toroidal current (1
0

) is driven by a 132 

pr, 40 kV capacitor bank, and the toroidat magnetic field (Bil ) circuit uses 

a 96 I,r, 40 kV bank. Typical circuit characteristic. fo r the data reported h,! 

re are: 1
0

- 210 kA at 35 kV , with a rise ti"", to peak current of 90 ps. B
0

- O. J T 

at 25 kV, . with peak 8
0 

occurring in -150 ps. 

Work reported here includes operation of ETA - BETA Il in both the stabilized 

pinch and aided reversal mode. Preionization of the deuterium gas is not uBed. 

Filling pressures are 3 to 14 mTorr, although gas breakdown problell1s preclude 

operation below 4 mTorr, after the liner bec" .. es conditioned (100 sh"ts) . 8a­

s e pressure is _4 x 10-8 TOrl' . 

STABILIZED PINCH (SP) 

The nabilized pinch mode is Obtained by cr"wbarring the Bi! circuit and tben 

initiating Ii!' Plotted in figure 1 is the ti .. e :to for 10 to decay t" one-third 

of its pesk vatue vs tbe filling pressure. Figure 2 displays the temperature 

measured with Tho .. son scattering from the axis at tbe ti .. e of peak 103 , Supe­

ri!Dp"sed on figure 1 and 2 are the ruults of a computer s imulation of the 

circuit-plasma Characteristics witb specific amclUnts "f oxygen and iron imp,!!, 

rities assumed f"r the plasma. The correlatinn between tohe ti .. e bebavi"ur of 

the impurity lines, the .. easured elecer"" temperatures and the computer simu­

Jatino leads tn the following understanding "f th .. physics o f the plasma di-

6charge. The rapid increase in "0 at 6.5 mT"rr could be explained as the 

hurning out of the oxygen i"'Purity . In rhe plasJDa model classical resistivi ­

ty is uaed and the experi,gental reault s for botb the temperature and the cur­

rent decay ti .... versus preasure are quantitatively reproduced. The apparent 

saturation "f "0 at l"""r densities can also be explained by the effect of 

iron impurities althougb the quantitative r"Ie of turbulent diffU8ion is un­

known. It sh"uld be noted that, if the line density remains constant, the fie 

is :;:;0.1 at 5 mTorr and 210 kA.The values of k and ke' thep"loidal flux loss 

sod pol"idal field energy 1088 defined by, k- JVQdt/0
e 

and k e- IVQli!dt/We,are 

1.1 and 1.5 for a specific 5 mTorr discharge. The magnetic field radial di­

stribution measured by a aeries of p r obes inserted into the plu .. a is used 

to compute the flux (Qe) and the energy (\Ie).Tbe bank volt secondsBte in this 

case _0.20·f which -0.13 are applied at the liner and _0.12 correspond to 

"",gnetic flux (Qe) inside the liner. 

AIDED REVERSAL 

Aided reversal is accompli s hed by letting the toroidal field circuit comple­

te a half-period 05cillati"n before cr"wbaning, while IQ i8 initiated at or 

near the peak of the toroidal magne tic field. This technique should n"t be 

confused with field progranming where the reversal is driven on a timescale 

shorter or comparab le wi th the A lfven time. In ETA - BETA II the A Hven time is 

-0 . 5 1'" and the till1escate f"r the applied external reversal is -100 1''' (the 

liner diffusion ti .... c,,"stant fnr BIJ is -60 /<S).Nevertheless aided reversal 

is very useful to reduce the effect "f tbe t"roidal flux outside the .. etal 

liner heing ).-IJex/Qint'" 1. 

Ai.!" d rpv" na l r~ . "lt. in a . ub . tantid chang" in Ch" p<>rfonn~nc@ of th""t" ,!;: 

trical characteristics of the experiment. Figures Ja ,b show the appr"priate 

",aveforms for different values of the filling pressure. At 7 mTorr the IIJ d,! 

cay ti .... i s improved by a fact"r "f 1.5. c""'Pared to tbe stabilized pinch 

(sce figure O. Decreasing the filling density to the range of 5.6 to 6.5 

1IIT0rr results in a 9ubstantial chllllge in che decay time of I~. The time to 

decay to 1/3 of the peak value is 0.8 lIIli by extrapolating the measured si­

gnah. but it can be observed after the peak current a pe"iod of 51"" current 

decay, ",hich lasts for up to .,..0.7 .... ; during tbis per i od tbe e-folding ti",e 

f o r the current decay is _ 1.5 .... (see figure 3.11.). Value of e-Bewl < B
Q

:> du­

ring the field reversal phase are c""",rised between 1.5 and 2 with 

Ir!-IS
0W

l<lIji':;;:O.5..The l oop vo ltage 1'0 i ~ negative .during the s l ow current 

decay indicating that !,,,toidal field energy is going fr"", the pinch into the 

e xternal circuit. The negative V~ can be explained nn the basis o f the ai ...... 

p l c circ uit s hown in fi gure 4.The voltar.e drop on the crow-bar cso be negle~ 

On leave from Los Alruoos Scie"tific Laboratory, N.M. 
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la dL d . dIG 
t e d; then we have VQ - - Rllt-Ld <it -11J Tt. Ounng the decay dt~ and, due 

to the field penetration in t he flux guides and in the she ll, ~>O.Typi-
dLd dlQ dt 

cal values in ETA-BETA II are Rill "'30 V, IIJ cit"'5V and Ld 1"dt1""'15 V which 

explain t~tQobserved V
a

--20 V. A negativedl~op voltage i$ then "nly obser­

ved wb:ln dt is small and even neglecting dt it would always appear in the 

ti .. it ~""'O due to" the fin i te resis t ance of the external pri!Dary circuit. 

Time resolved spectra of the OIV and OV lines (see figure 5)sb"w that OV is 

burned through and remains so until the cu r rent is terminated, implyinr, that 

Te remains high for_SOD /.ls . The Te from Th""",,,n scattering is also Shown infl 

gur .. 2 for times corresoonding t" the pe<>k "f IQ ' 40-SOeV are .. easured on a­

xis at the l"",er pressures. Higherte"peratures a r e measured Bt later ti"",sup 

to -100 eV bof"re current temination . Magnetic probea inserted part "'ay into 

the discharge indicate that the fluctuation level "f the to r oidal and pn10i­

dal magnetic field is changed by the reversed Si! fi eld, wh i ch lIIIIy i ndica t e 

that the tu r bulent transp"rt is chang .. d by the es t ablished RFP configurati"n. 

A clear change in the fluctua t ion of the ddIQ signal is observed between the , a 
"tabiti~ed pinch and the Rn' c""figuration. The c"rresponding IQ,and d~ si-

gnals are shown in figure 6. Poss i ble explanations for tbe la teminati"n 

are, the ~e may becOJlle too high, 8inee IQ is decaying while the temperature 

increases . resul t ing in instability . The fie l d revernal ia lost when the ter­

mination occurs. Whether thel09s of r eversed Ba trigr,ersthe terminat i nnor the 

npposite is true retnains to be rnolved. 

CONCLUSIONS 

ETA-BETA IIhas been able [0 overc"",,", the rad i ation barrier impoaed by lighte l,! 

.. ents (oxygeo).The values of k and kecan be l Oll. 1. 1 and 1.5 respectively for 

a 8tabi1i2ed pinch discha r ge. Goo d confinement of an RFP p l aa .. a Can heachie­

ved by aided reverssl;long current e - folding times "f 1.5 awec ,witlJ reveraal 

"f the t" r oidal field lasting fo r 0 . 7 mshsve been obtained with value. nf 

~iJ~O.l.The level of the fluctuation in the •. LlJ/dt signal ia largely reduced 

wben a high temperature RFP configuratinn is fortDl!d . The i " creased plaSlnS t e,!!! 

peratures (_100 eV) resulting from ohDIic heating, a re consistent wi t h an im­

proved confinement time . 
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EP10 

MAGNETIC TOPOLOGY NEAR nIE 'I .. 1 SURFACE DERIVED 

FROH THE SOFT X-RAYS ~SURE!iEN!S rn THE tFR 600 TOIC.AMAK 

Tnt CROUP" 

~S50Cl.~TlO,V EURATOM -CE-l SUR U , US/D,Y 
D~pa".",ur d. Ph,.iq". <la Pla.m .. .. d. I .. ra,;on Conrr6lh 

Cen". 01'£,,,,1 •• ,Vad~ir.' 

Bol •• Po"a~ n· 6. 9Z:!60 FO,'i1£,VAY· ,W.t-ROS£S (FRAIVC£) 

Th. q .. I map. tie ishod atruc:tl,lre il illvuti&ati!.d by , oft X-ray 

technique &Ild lntl!t'ptetd IItth a DUIIlIIrical "'odel, io order to &iv. SOIIWI in­

a ight about sam .. 0"1''''' quu t ions £- 1. 2 , J, '_i , q .. I surfac. radius . i.­

land axisnnca, isl and .izoo .voll1tion, ... a t e ... 

A conventional silicon d"tac;tou array (!J] vith a centl'al apa­

tial u soludoD o f 1 cm and • bandwidth ot SO itN::; "',,"urn the. ,oft X-ray 

flwc from. 6 <:.Ill noli",. ptllma cyLindu (The. Umitar r&4iuI i., 20 cm). 

AIl ob.erved internal nlu:ation , is .yntha tind by the !lumatical 

lIIOd,,1. At a given time .. maln.tic aurfaca ut is assumltd ; t ha syntli.a tic 

signal obta iaad by intagrating t he :l:-uy lmiuivity along asch chord, i a 

then fHud t o the expari.ml!ntd flux." by adju. ting nva ral p .. r aml!tllU af 

the nUIIIl!rieal llIadel C6]. 

Kagaatic surface! : thay depand an differsnt paramaurs like thl! 

'I .. 1 sutfa ce radius t ~ , tha 'I .. 1 illand width B
isl 

and tha 'I .. I surface 

shift. tha island overlaps tha'l .. I l urh,ca . 

X-ray emil8ivitl: the emi u iviry t(r) autside chI! island i, 

coaster on l!aeh IIIOIgne.tie surfaea. It is auumad as <Ht) .. 'h axp(_p(r/a)l) 

C1 J wheu p i a the peakillg iodax and ( r /a) I. ncrmali n d radius at the 

IIIIgnatic surfaca. 

the initill value of thl! paaking indl!X p; is axperilll"ntally fittad 

to the data (I'ig . la) a t a dme of tha reganetatian ph .. a tl "hen the is­

land a ize is suppaud to be Vl!ry . _11. 

Insida tha island ' can be cons t . nt Or with a "positive" Or I. 

"oegaciv5" hump. Such aD amiuivity i s Icha_ticaLly .hown an Pig. 2. 

SIte ... evolution: arperilCl!nt .. U,. tha peKing indax cao vary (from 

5 to 20) during tha uga neration phau at the U lltooth .nd than I tronllly da­

crun. back to itl initi .. l vdua (Po) at tbe and of tha dilr\lption. 50 in 

tbe <III>CIel pet) ... (tIT )0. dudng the ugeneration phase &Dd p(t) ... - -f­
durina tha dilruPtion~ p 

k is of cha order of 20 to 300 and cor r llpond. ca tbl! mauured 

ratio (nganaratiaD tima/di l l;\lption duratian). 

0. and rp the CharlCteri.tic rege nernion tiDl<!! a n adjusted 'lIIpi­

riedly (although tp is dOlay. found v. ry cla51 t o tha actud ,ana). 

A.ccordiogl,. to tha work [ -B_7 eha island c .. nnoe groll iodeiinitely 

"ithout laading to a catastrophic eVant So it ia aUWlled t hat chI! dis ­

ruption phase h.ppen, .. hen ehe iJlIlDli "idth 6
id 

raach .. a cri ticIl vdue 

6c r it ' 

Tba avoludoo o f 6 i • l i, givan by !t(6i • 1
2) ... I( (I( reshtivicy -

like diH11Iion). K 'I. ( p(t) - pLl t i • l - L
• tid il tha i sland ara"th tim", . 

PI i s all. edjustabh value of p baloll .. hich 6 i •
l 

decnasu. It i s furthar 

assumad that the island IIideb doee not evo lve balo" a llIini_ sin 6~n 

Tb. cycle s earu b a ck SI p reachll po. 

the "hale LDa.p i. then rotat l d IIith ehe III .. I modI! frequl!ncy V 

which can v.ry in order ca reproduce the mode Iloving down avantua lly ob­

l erved. 

~ : the syDthl!eic silnab .hown an Fi.g. Ib can bl coarpued 

to tha exparimental anll (I'ia. la). Tha par .... "' ee rs v , a, k, p. are directly 

Ill"asured . tp' (I, "I: i • l • PI' ro . Bcr it and 6
m

i.n mUSt be .mpidc.Lly choun 

until a satisfact ory Ilree:=ent is r eached. rr."" our tutl and ex<:ap t to r 0. 

('I. 0.8 in ;;)Ost t ..... ). al l the s e parU:,H,HI S:I! sl!~sitive o::r.<! ;!. ~O ? vari;!.­

eian ot One ot thelll can destroy the fit . rig . Ib raluit l vhl!re obtainad 

with the fo11O\1iog par_reu 

V ... 6 ltH: ,P. 7. 3 , k • lOO • a .. ZO cm , eo .. 6 c .. ; tp ... 2. ~ OIl 

0." 1.0 • r i s l 240 UI , PL .. 13 , 6
mi n 

.1 C", and 6crie " 2 .8 CID. 

tloo. On 

rig. la) 

foLLovi!lg 
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Fi8' J . h"". 6(sl veraus tiu during the lut 2 OIl at thl r eLaxa­

chI S;QD8 pictu .... is plotted the !:l" I mada fU'Iue!lcy V (trOllL 

which I Xhibit . a .crons sloving dawn as the i s land gcoII •. 

From the fitting of . e vl r.l r l laxation. tha cancluaion ara the 

I) The dilruptian happens "han thl 'I .. I hland width il tathu .mall: 

(Bedt/ r,) " 1/2. [c. gro"th i . aLsa racher alOll IIich r u pect to tha disrup­

tion duratian. 

2) Tha q .. I .ud aea radius i. la'rller than the radiuI r
INV 

" hare 

eha ,alltooth .igna1l inveuion occurs , tyvically b,. a factar o f 2 "ith n .. t 
flux prolilu (p~ ... ~ - 3) and 1. 5 "ith paaked profiLu (P. 'I. 8 - 15). 

This iGl'pLiu ehat eha louu due to tha ineemal relaxatians milht h .. va bean 

unde r l!l twted up to nCl" and cha t tbe 'I .. I surface lies in tha gndiant 

regian. 

3) rha frequency doubling (H on Fi,. la) "blch Occurs on tha sipal 

cIa... to r • rL'iV e.Mat be obtained uithout a "cooling" inside eha island. 
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REDUCTIO:! OF ~LEcnOlf HEA. Tlt.l.'1S?OR'! Al,OKALY rn 
ClL.u:<:a .u.1l DENSER rn. DISCHAR(;ES 

.n CROUP 

,lSSOCl.UIO,v £L"lUTO,I/ -C£A SUR Ll n"slO,v 

Dif><'''''''''"' d~ P~y,jq~. oi" Pln ... n . r ,I. In F",iD>! C"",,,;/'" 
C~"". d'!, .. ,I., ,Vud;ni,u 

801,. Po""I. ,,' 6, 92~60 FO/vT£,V,jY·.~U.'{·ROS£S (FRA.,vC£) 

Tba ~nerlY babnce in UP. 400 <!isthargu l-I 7 0:&1 4Q~inae.d by 
.. htu·co.le heat tr .. nsport and x.. r .. chlld 100 ti::&5 eh .. -neoclassical vdu • . 
It vU 5110l1li lata .. chilt , ;lS th ... dlnsiey iRer""" .. , th .. ion lon te.= ba­
roe .. :Qu i~Drtant and the x.. &:I~ly i. raduc"d C2] Cl]. 

In t!tis pl.pet '.I, "naly;. rh .. ':larl)' bdanct of 400 kA dischargu 
i n oreln to .... duat" rh .. X. l.uOCUIly faccor in TFR 600. 

aigh densit!!:. iii;"_ - I. I 101'0 c .. - 1) "'het'l! obt .. i:>.d af t er .. :horoll&h 
... all conditioniog I 3 I I 4 I and ... stable radial aquilibriua ".s achieved 
by lupa ricp<;ui"R . - pr;;grim .. d" vudcal Hald and a fast hedbaek loop (5) . 
Connqutncly tbe pl ... :>a has a 10llgar duation . n.a =io cbaraccuisti.cl ct 
tba .. discharges are gl"an in t ;lbla 1, 'tOlatha r lIith tha .. of tha rahnne. 
d!: . charga (1l.0) in ITR 400 pubLishad at Barchtug.d"n confatenca (1 7. Both 
- 50 kG disth&rIU hav .. tbe Saca dalll icy ~roti1e , the same """an ion and 
-roughly- l1ec<;roo cellljlerat,.n. 

FroCl th. ti=! tvol,.doll of t, U, ii; (rig . 1) a!ld T.(o), Ti(o), 
na(o) (nS' 2), one can shoY thar dtbou,h cbIP. c .. oenl l1actroll t aa:paratuu 
d .. c r aasa. a. t he d.nsity incr.asu, eb. tocal anarD" eontain.d by a1a<;t:-ons 
r euills n.arly <;lIns t ant. 

n.. Ilactron h .. at conduc t ion is calculated during the <;ur:-ent pla­
t ea,. at t .. 250:ILI, lIb"n t. .... pr ofilu an me.asured ( Fig. l. 4 . 5). 

a .. 20 C::l Deuteriue 

'< , , n.(o) \'L T.(o) '. Tt (0) 'i 

" "" 
, 10::1 CII_ la ,., 

tJ'R 600 " '" , .. 16.1 10.9 Lt 0.677 0.95 0.5./09 

'.0 53.6 '" 1.96 7. , .. , L. 0.726 0.95 0.529 

'. 'i '. q(a) Zeff ?ud .. .", ano .... 1y 

>J " 
C::I~s - 1 f ac tor 

TFR 600 " 11. 1 34.4 2.' 1.53 ". "" " 
'.0 .. " 4 • ./01 18.6 3.75 2.72 '" 5000 '" 

Elect r on heat <;ondu<;tion 

Conaidedng .. qu ... i It.tionary I tat .. plas ... . t h" pow.r 10lt by h"at 
transport inaide • vol .... bound .. d by eh radius r is defin"d U (I) , 

Pe cond .. I'fl - Pnd - 1' •• - ~ 
Pe cond il the lull of conduction and convection losses. 

The nUlt due to he.t transport is •• <;ond .. Pe'w~~n,d and Xe exp" 0" cond 
.. • neT. "'TelTe 

It i l convenient to •• dlll.t. th. heat t r.nsport in th. region of 
the l:laximum gradient, betll .... n the q .. 1 Ind q .. 2 surfaces, whc-to th. ula­
tiv .. error on VT" i s mini!DUIII . 

- The ohmic power profile Po i.. detennined " ith the followinS n­
'Ulllption • • t he salle as for the R.D : th. e l ectric field is radially COIl!t4nt . 
the ~ ... i.ltivity i . neaclau ical l -6}. The curr .. nt den.ity is . i the~ find 

U j .. jo(1 - ~)q(.) Of computed ....... ;ng Zeff .. et 

Uling e i ther assumption the q .. 1 l utface is in the r ang. 
r, .. 9/ 10 ell. and q .. 2 lurface clo .. to rJ - 17 COl . 

The soft X ray sallt,eth lNuun .... ot •• hO\l q(o) " 1 and thl ;nver­
.ion radius r. - 6{1 c .. . It is Bhovn in (7] that [hi. i. compatibl .. with 
r , .. 9/10 CII in the cau of • flat Ta profile in th i s ngian. 

- Radiation losses Prad " Pbol - Pelt 

The bo l O111ctri<; profile, lII!&luud by ICean of a pyro.1ect~ic diode, 
pr ... nts a 1I"" i lOum n"ar the edse of the 1'1 ...... column (FiB, ~). 

The calculated charso exchans" lossas . Pe" - 9 % Po i , tho n .... 
U for the R.O but Pud _ 22 % Po i, h .. than for th<! R.O whe~e 
I'nd _ 63 :t Pn 

"bel invened line o .. inion radial profiles of so .... ion •• re shown 
in Fig. ~. ThIP.Y have been obtained by scanning in about 1 as the lower half 
at ~h" plu.... . Th~ -"e.lLul r .. <l1.ote<l I",,,,e r of O.l w ".-1 Fi,. , i . 00_ 
p.tibla with the observed .... t.Uic ion dens iti es . (The sisnal of Ni' C~ . Fe' 
respectively in the ratio 5 . 2. 1. ar. nOt _ch differen t from the inconel 
chelllicll compol ition of the lIall l and the limiter) , The peripheral pe.k of 
Fig. ~ is <;aused by o"ys"n and deuterium radiation. So our f u llnS .1 the 
at"""c proce u8s pl.y .n importlnt role at the plasma bounduy . 

The overall radiation 101"" lire half of that of R.D. Conductivity 
caleul;Hioo. and soft X ~lIy lIe .. uUment. yield Zeff _ 1 . 5/1.8 Zeff re ... in. 
ahlOat constant dudng the current pht. au. One has to remark that dudng 
all the eltperien,,-e ci_ nn illportant cold gal bl.nket ,.ist. bltwe .. n the 
pluma and the walls. (nD~ _ 310U 0Jcoa-'). 

- Pei ' the! cl .. ssieal ehctron·ion ene~IY transfer term is n .. w dominant 
Pe i - 50 Z Po (R.!) _ 13 I) . 

- p~ cond, Fig. 6 .hOIlI th .. poIIl!r lolC by h .. at transport . In tha ,radient 
raglon thi~ ~u.,. ~as th. sa, .. orde r of ,u,n i~ude u Pei Bnd the h .. lle tuns­
port coefhcunt " Xe eKp _ 250013000 cm ,- . the he .. t f1uK, Oe cond . an<l 
'7T" lite the s a",,, as in the ~ efcrence di,cha rse. but the Xe exp.va l ul! i. 
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redu<;.d by a factor of l due to th .. i ncun. of den,ity by the s r 
Siail .. r abiolutl value has been f""nd io Alcuor tor tbe sa"", de~ty a?;:j. 

. COlllp~Ud to the ~e.t flu:. liv.n by t he_neoclass ical theory (conduc­
tlon" conve cuon, neghc nng.the War a eff.c~) £6_7, the anomaly .hctron 
heat transport becomes _ 50, lnstead of 100 ln R.D. 

Ion hellt conduction 

In the slime way we define' Pi cond .. Pei - Pelt - dlli/dt so in the 
gradi.nt rtgion Ki _ 20001250!) cm1s-! Vi " _ 1 whiCh corresponds to a m",i ­
mum anomaly factor 1. 512 . 

n. ..... in etheta resultinl frOll an incrta ... of the density ata the 
incr"a5. of anergy e""ten t and of the Inerf(' lif. ti .. e. Thi. agrees with the 
s<;diug lawl of the type Te ~ (5/6) ltl- "If Iq .' 

o r Te = (5/6) 10-:'n,,(0) Te(o) 1I> a2 (ms, c .. , keV). 

In add iti.on the reduction of radi.ation louea allaws to reach a 
10'11"( v.lu. of q(a) and a greate r valu. of ne, mean"hi l e as Te beco"",. 
lawet, the .nergy exchange betlleen electron and Ions is imp rOVed . 

While ne: " .. increased by • foetor 2 the experiment X .. lIa s redu­
ced by t he sallle factor. 

Cl} 

(2) 

LJ_L 
~-~=1 

TFR GROUP in 1'1115 . Phys. '" Cont. Nuel. Fus. Research (Proe. 6th 
Int. Can,. B.r<;htesgaden 1976) "'01. I, lAEA. Vienna (1977) 35. 
TFR GROUP in Pl u. Phys. '" Cont. lIue1. FUI. Research (P~oc. 7th 
tnt. Conf. Innsbruck 19 18) Vol. 1, tAEA, Vienna (1979) 135. 
[ nerlY Confinement in Al"ato~. A. Gondhlleku .t al. Sub. in Nuc l. Fu. 
TFR GROUP, J. of Nucl. Mater. Vol. 16n" 1 '" 2, Sept. 78 . pp 587-593 . 
Influeoee of the i ~ on co r e on pIu ..... qui lib~iuO! .od stabi lity in 
TFR 600 . a tokam .. k "ithout copp .. r s hell. J. Blum et a1. lOth Symp. On 
Fusion Technology , Padua 4-9 S .. pt.mber 1978. 
F. L. !linton '" R. D. Hazd tine in R.v. of Modern Phys . Vol. 48 n" 2 
p.rt. I, April 1916. pp 239-)08 . . 
q .. 1 i.sland cartography derived from the soft X-ray sallteeth ac­
tivity i.n the TFR Tok ...... k . tJ'R GROUP thi, Conierence . 

Figure Caption 

ris· 
Fig . 
Fig. 

Fig . 
Fi H· 

Fig. 6 

Ti_ evolution of current I. volt.se U. INan deosit,. ne 
TiIN e volution of T .. (o) . Ti (0), ne(o), Zaft<o). !ill 
EI'ctron (Te) , ion (Ti) te.peraturu IInd density (ne) p r ofih • . 
The peripheral el .. c tron temperatura is obtained frOOl th .. radiel 
positions of the emission pealt' of th .. indi.cat .. d ions. I t is ' up­
poltd ch.e the different emiuion shelL. are alv.ys at tb .. lame 
ehctron t emper.ture the compsdlon wi.th Thomson 5c.tterinH having 
bun pl!r~or:>ed in other disehargu. 
Density power loot by radiation and neutral p.rticles (Bolom.try). 
Line eminion radial profiles for th .. indicated ions (LYn i . It r onB 
since the spearometer i s at the cold ,1& injection pott) . 
Profile of pOlle r cont.ined ins id. a volutlle li1llited by the radius r 
Ohmic pawer ?n, ~adiated power Pud, exchange electron to ion 
'.i, conduction .. <;onV"CtiOIl lo .. e. p .. eond' Xe e"p profil .. . 
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ZLECTRO]1 CYCLOTRon PLASMA. HEATING HI PT-1 TOK.ULlK 

BY THE I1AVE llU11CHED PROM A STRONGER MAGtlETIC PIELD SIDE 

D,G.BuIY6insky , V.E.Go!ant, ~.U.Larlonov, L.S.Levin , 
11. V .Shuetova 

A.F.lofts Physical-Technical Institute, Leningrad, USSR 

Experiments on electron eyclotron reaone.nce beating (ECRH) 

using cyrotron generators were carried out et TM-J / 1/ and PT-1 
/2/toltamake. In both csase the beating wave waa launched by a 

horn antenna from the external aide of e toroidel plasma in the 
zone of lower magnetic field. EX:RH efficiency can be improved 

due to elimination of the evanescence reslon for an extraordi­
nary wave , if it iu launched in a proper direction from the 
inner aide ot torus , in the stronger magnetic field zone, The 
paper describes the preliminary result of the e~er1ment on 
ECRH uaing the wave excitation of thie type. PT- l tokamak (R _ 
_ 62 em, a _ 15 cm, B "kGs, I m 30 kA) ls provided b~ tbo 

gyrotron generator ()O GHz, lOO kW , 2 ~s). The power is fed by 
the circular waveguide 32 mm in dia. It is introduced in the 
discharge chamber and placsd in the limiter shadow. The end of 
ths waveguide ssrves as an antenna. At the inner eide of e to­
rus it ia oriented along the toroidal magnetic field direction 
and ia cut by a proper way (Pig . l). The wave in a plasma ie po­
larisad perpendicularly and ia launched at about 400 to the 
magnetic field. Experimentally , during ECRH pulee the discharge 
current was kept constant . Changes in a loop voltage Ul and in 
a plasma diamagnetism.a. q, were observed . Mean electron density 
lie wae r egistrated alao. No increase of a densitl was obeerved 
during ECRH pulse. When the wave was launched by a horn from 
the lower magnetic field side a decreaee of Ul about 2~ and 
act> signal ( nAT-l. 10'4 eV . em-J ) were observed in a proper 
magnetic field range B) 8.5 kGs only in a low doneHy dischar­

ges, 'iie <3.1012cm-3• No influsnce of teRH on plaama parameters 
was found, if ne>3.1012cm-3. Heating by the wave launched 
from the atronger rield side was studied only st n .. 6. 10 12cm-~ 

~ . 
Te max~JOO eV , t.£~0.6 ma . An essential drop of Ul trom 2.2 V 
to 1.5 V, was observed in this case (Pig.2). It indicates the 
3~ electron heating, in spite of decrease of ohmic heating of 

t - ,yrot,., 
2. wa.w, ulat 
3· ilnhmil an.l 

.... Indow 
~ - (j.-jhr 

~ 
H~ 
°01234ms 

19f~ 
Fi~.' 0 F;9·2 

the eame order. od 4> signal was observed 8180,"1ig.2) . Its value 
gives.6.nT. 2 .1014 eV.clll- J • It can be compared with ohmic hea­
ting value nT _6.5x10'4cm-3 was found. The rise and decay time 

of Ll cl> and Ul aignals are close to 'LE. Data obtained allow us 
to estimate the efficiency of teRH in comparison with ohmic hea­
ting. Taking into account the riae of nT , the docrease of oh-

~ 
mi~~t:rJ. and aseuming ~£ • conet, we obtain : f}CR/f == Pot(M • 

• (~ r 711). 42 kW. There is a etrong dependence of efficiency 
on the megnetic Held. Effects of ECRM e:d.st at B) 8 . 5 kGs and 
vanish at B<.8.5 kGs, when the resonance zone removes itself 
from a plasma volume. The hard X- ray rlu.x was observed and 
found to be decreasing during ECRn. Thue, run- away el ectrons 
are not produced by the microwave pulse . 

In conclusion, we point out the main result of this expe­
riment . teRM by the extraordinary wave launched from the inner 
oide of a torus is effective in B plasma with rather high den_ 
sity, ne max-;" 10 lJcm- J , WI'''- ::=- u.{"c ' while the wave launching 
from the external aide produces some heating only in a low den_ 
sity plasma, ne mex<5.1O '2 cm- J • 
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O N. TOROIDAL VACUUM FIElDS AND PARTICLE ORBITS IN MODIFIED 

STHLARATORS AND TORSATRONS 

W VII-A Tean+) andW. u,1::r., presen t.d by F. Ra" 

MCllc-P lonck-lnltIM fUr PIOIITIcp/ly.ik, Auociation EURATOM·IPP 
D-8046 Garehlng, Federal Rapubli c of Germany 
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~ Guidin~ c;antar trajadorlel of high energy deut.rons ore , .... di.d In the -Ra-

6..ced-Q-Conflguratlon" /1/. If the ener~y exu.d. 0 va l". depending crit ical ly on the 

, ' ar';ng point, the pcrllcl •• con get azimutha lly un tropped for lOITIe time, Then J _ 

J .... dl+ + J vl/ dl_ h found la cnange opprec1ably (dl+, dl. polh o lementl tt ~d ,. 
to B) . No particle Iou cwean ta be eouwd if the energy il no l too large. 

Inlro6..ctlon: The "Reduced-Q·C~nflgurallon" Introduced In /1/ h characterized by a 

noli poloidol variation of q 2 f dVB. l - length of 0 fie ld period. Certoin regions 

... 0 .... wperbononol closed .... ithln ~e fi e ld period/I/ . The adiabgtlc invarl onll 1' '' ~ 
and J - 'v, dl ore u,ed. Thi.should be gpplicable up to modorate particle ener~ies _ 

Large Particle Enerpiel: In thi" upp leme"" ta/V we ,'udy The lnfluenco .. f I ... "" I>"r­

ticle ener~le. on guidin~ center IrojeclOtI •• far the Re6..ced-Q-ConfilF-'rOlion in the ab­

sence of collilion, and electric field • . D1fferan t 1I0rting poinll ore con,ldered. main ly 

in the azimuthal plooe , _ r/lO, (see /1/, Fig. S, drown cu ...... ) 01 R '" 182 en and 

variable Z. ~ .hoWI R( If ) of 0 deuteron wllh energy W " 82 keY lIarting at Z '" 

5 cm. Similar ta/V, Fig. 6, the IUperbanono I1 clo ... d .... lth in one field period. In.:reO" 

.ing W to 167 keY y ie lds 0 different guiding center trajectory , fli.:...!!.: after ""I.S 

WperbononOI at large .)Ccu"lonl the douteron goll un lrapped, paue, the second fI .ld 

period and getl trgpped fo r same time .... ithln the third field pllriod (not shown In Fig. I B1, 

elc . The computation ench In the 9th field period. Th. lime evalutlon of J
c 

i, shown In 

!li.:.....!.f. for the two COIII • • The Iharp pe'*l of the upper curve correlpond to the azimu­

tha l tr..,.ih of the 167 keY trajectory; J
e 

..... ainl flCIor ly constant during the localized 

pgrtl, 01 different va lvel however . For W . 82 keV the quantity J
e 

•• found ta be con­

Itant to .... ithin .10% (lower curve In Fig . l e), Increosing Z by 1 cm reduces the crlti ­

col enorgy by 0 factor of "2. Reducing Z to 1 cm o llowl W up to 0.2S MaV for ~ulding 

~nler Iraj.ctarlelltillloealized within one fi e ld period. Deuterons a t 0.5 IWJV drift 

out of the confinement region . Therefore, at large energle.the Iln~ le particle traJecto­

ry shou ld be anoly.ed 0110. 

" 

" 

- STAIIT 
16l1c", 

". 

R 

'" 

Flg. 1C 

~,:~~ 
, L-____ ---,,"',.~, 

• 

F~eCa~ 

~.!!., Guiding center trajec torie. 

R (f) for deuteron, 01 energiel W .. 82 

and 167 keV: locoli::r.ed and p""tiolly un· 

trapped orbits 

£!i.:....!..S...!. TIme evolution o f J c • 

f .... d l+ + j ...• dl ~ for the cOWl. of 

Fig. lA, lB; arbilrar;-.lucina 

References, / 1/ Ihell!l proceeding., Vol. I, paper BP 22 

+) W VII-A Team: cf Ihese proceeding., Vol. I, poo.r BP 24 

in 9th Europ.Conf . on Controlled 
Fusion and Pl asma Physics, In­
vited Papers; UKAEA Culham Lab. 
~~ingdon, Oxon, 1979, p . 547 



E2.4 

nlE ACCESSIII I LITY OF TIlE RESo.NANT SURFACES AND TIlE ROLE 
OF SURFACE WAVES IN RF PLASMA HEATING 

Ernc5to Canobbio 

Depart-.en t of Physics , University of Ca l ifornia 
Los Anie les, CPlifomi. 90024 , USA ' 

".d 
AS5fXiation EURATOH-CEA , Oeparte-.ent de Physique du PIas.a 

e t de la Fusion Control!!e 
Centre O'Etudes Nue l eaircs, GrenohI ". 380.41, FIlM'CE" 

[n thi s SupplCDCnt we present a quantitative s t udy of t lte IDw_frequency 
wave charac t eristics of a finlte-B plas"., of which only a crude account 
was given in the Main Paper (~IP) . With the assumptions and notations used 
to derivo Eq. (I) in ~IP . the rel"vant dispersion relation r eads 

~8 (A-I) (l+XIIT efT!) xi+IX,, -A-1j1l (2.A)XlIT eIT i IX1.{A-2AX,,+ X~ -~X~rTe/Ti 1- 0 (1' ) 

which replaces the Incomplete Eq. (I) in t.tP. 

The t wo se lu tions X, _h(X .. ) (X" ~ 0) have been cOOtjluted for various A, 
6 (6 « I), and TelTl values. The r esul ts are sllown in Figs. (a)-{f) 
(phne linos) for tllo fo ll owing parameters. (a) A_2 , B a 2.10-2 , Te/TI -3 . 

Cb) A_ I. I, 6_2.10-
2

, TeIT
I
-3 . (e) A.- loO:, 6_10-1 , T"/Ti -3. Cd) A- 1.01, 

6_ Z.10-2 , Te'Ti· l; ~ ;tI). (e) A __ I, S- I U- ,'1'/"1"1-3. (fJ A~-l . S-2. 10-~ 

T IT.-1;3;10. One so lution appears c105B to tile ",ell knOloll cold-plaslla 
fist1wave. The other solution hn been disClllued 50 fa r only In the 
~!lIi t of largo Ixa! : If Ix. l is large and XII- OCA;Ti/Te), Eq. (I') reduces 

~B(A-I)(I.XIIT,/TI)XJ - A-X" 
wh ich corrects and &ener al!:es previous results (MP, Ref. 1. ) . If both 
Ix! ! and x" are !ar&e, one solution t ends to the a sr-ptote X1",-X".1\/Te 
and the other one to the uy.ptote X1-(Xu-2Ti /IlTe )/(A - I). The l atter is 
the branch which &Ives rise to resonance cones when A ~ I (MP , Ref. 2). 
The asy.pto t es are plotted as dashed lines i n the fi &ures . For Xn ~ 0, 

~~:~: ~~\~':e3c~~!:~s~!/ta~!/{~o!~r~ ~OZ~~!! :t:t~d i!ft~e<~). 
I .. grateful to In&o Jechart for her assistance with the nunerical 

work. 
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.) The .. ea.urotd Stokea par .... eters in the second Bection of the paper lhould 

be 10 • 21 =- 1. Ip . 4.S =- 1.5, H - - 4 .!: 1, C - 0 =- loS, S • - 1.01. 1.S. 

Tile unita ere In unit~ of int ensity of an a rbitrary value. 

b) 011. to a at';l n . rror in r e f ~ r""ce (B), the func tion G(q . 9), for the an';lular 

v.riation of thl optical depth T ,is i"co,.,.",ct. The cor r ect fOrlll . lIou l d ba, 

""" 
(Hq,B) _ 3qn l Bin2e [n

4,dO n
2

(1_9)(I+COB
2
0)+ 2(l-2/3 9) 11_9_,,2 81n2

e )] 

2{l - 2q) <3 - 2q) (l _ q - n 2 ) _ qn 2 (i • C0120) 

1\, a <:onu"CfU<>noc , in "D ntr,, ~t to 1'1'1 ' 1, Ch" coruc:" hoMy!c ... r of Q(q,O) 

inc1icates that th .. optical depth for th .. O __ e at obliquo ""'11". il IIn orde r 

oC .. II'1nltud" ...... U.r than the . - OIOde IInd the fi,,1t~ de"dty theory ';Iivel III .all 

corrr.ction to the re.ult Ob t ained from the low dendty theory 'liv.n in ref.renc" 

(). A part1culllr ""omit for q - 0.2 is shown In the f19"re bel"... 

Th. ab.enc. of .tro"", polarisation in the obu ..... otd _i ll .ion t;:lIn thuG be 

explllinotd only by catl"", account of .. all "efiectio"" a. in ".fereot;:e HJ . 
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