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Progress in toroidal magnetic confinement 

G. Grieger 

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association, D-8046 Garching, F.R. Germany 

Rksumk. - L'objet de cet article est de discuter les propriktks de confinement des plasmas plonges dans des champs 
magnbtiques quasi toroidaux. 
Dans de tels systemes, le confinement est obtenu par addition de champs magnktiques toroidaux produits, soit 
par des courants toroi'daux induits dans le plasma - confinement interne - soit par des courants circulant dans 
des conducteurs exterieurs - confinement externe. 
Les principaux reprksentants du confinement interne et externe sont respectivement le Tokamak et le Stellarator. 
Cet article concerne essentiellement le Tokamak et ajoute certains commentaires quant aux differences spkcifiques 
essentielles, s'il y a lieu. 
De plus, les acquisitions actuelles sont decrites dans la perspective des imperatifs d'un rkacteur 21 fusion afin de 
mieux ktablir un bilan sur l'ktat de la question et les problkmes restant a resoudre. 

Abstract. - This paper will discuss the confinement properties of plasma in magnetic fields which are charac- 
terized by their strong toroidal components. In such systems confinement is achieved by the addition of poloidal 
magnetic fields which are either produced internally by toroidal currents induced in the plasma - internal confi- 
nement - or by currents flowing in external coils - external confinement. The main representatives for internal 
and external confinement are the tokamak and the stellarator respectively. 
This paper will mainly deal with the tokamak and add some comments on ohmically heated stellarators when 
there are essential differences to be reported. In addition, the present achievements will be put into perspective 
with fusion reactor requirements in order to allow an assessment of the state of the art and of the still open pro- 
blems. 

At first, the range of parameters of a fusion reactor 
based on the tokamak principle will be evaluated. 
It will turn out that the range of working conditions 
is very limited and that not very much freedom is 
offered in choosing them. This results from rather 
simple physical and technical considerations and does 
not use arguments about the ability of fusion power to 
be competitive. Such arguments are not within the 
scope of this paper although one has to keep in mind 
that the already large and complicated experimental 
devices have to be built and operated in a cost saving 
manner. 

This paper will discuss the confinement properties 
of plasma in magnetic fields which are characterized 
by their strong toroidal components. In such systems 
confinement is achieved by the addition of poloidal 
magnetic fields which are either produced internally 
by toroidal currents induced in the plasma - internal 
confinement - or by currents flowing in external 
coils - external confinement. The main represen- 
tatives for internal and external confinement are the 
tokamak and the stellarator respectively. 

This paper will mainly deal with the tokamak and 
add some comments on ohmically heated stellarators 
when there are essential differences to be reported. 
In addition, the present achievements will be put into 
perspective with fusion reactor requirements in order 
to allow an assessment of the state of the art and of 
the still open problems. 

Therefore, the range of parameters of a fusion 
reactor based on the tokamak principle will be eva- 
luated at first. It will turn out that the range of working 
conditions is very limited and that not very much 
freedom is offered in choosing them. This results 
from rather simple physical and technical conside- 
rations and does not use arguments about the ability 
of fusion power to be competitive. Such arguments 
are not within the scope of this paper although one 
has to keep in mind that the already large and compli- 
cated experimental devices have to be built and 
operated in a cost saving manner. 

The core of a fusion reactor based upon plasma 
confinement by a toroidal magnetic field is a stably 
burning plasma of sufficient fusion power density 
and of not too large unit size. In very simple terms the 
output power is given by 

P = 2 n2 a2 R7iD.ZT.f ( T )  (1) 

for D-T plasmas, where a and R are the minor and 
the major plasma radii, ZD and Ti, the volume average 
densities of the deuterium and tritium fuel components, 
and f ( T )  a description of the temperature dependent 
fusion cross-section. 

Figure 1 shows that for not too high temperatures 
the fusion power density is steeply increasing with 
temperature [I]. But since the same is true for the 
plasma pressure, 3 n, kT, and since this pressure 
has to be balanced by the confining magnetic field, 
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Fig. 1. - Normalized power density produced by fusion reactions. 
Power density : P = ( ov ) . n ,  .n, ,  the alphas containing 115. 

it is much more relevant to ask for, the maximum 
fusion power density achievable for a given confining 
pressure. This is answered by figure 2 where the tempe- 
rature effect on pressure increase is compensated by 
a reduction of n, and n, so that the resulting pressure 
remains constant. It yields that optimum conditions 
are obtained for n, = n, and a plasma temperature 

This result is valid only for thermal plasmas. Systems 
considered to run in a non-thermal mode (e.g. hot 
ion mode) are not considered in this paper. A compa- 
rison between figures 1 and 2 also shows that the 
contributions to the generated fusion power is largest 
by reactions between particles of the tail of the distri- 
bution function so that their confinement properties 
require particular attention. 

A burning plasma then requires its power losses 
to be balanced by the fusion power occurring with 
the a-particles because only these interact with the 
plasma particles, whereas the four times larger 
neutron power will be absorbed in the blanket sur- 
rounding the plasma and be converted into useful 
heat. Therefore, neglecting profile effects and setting 
n = n, + n,, the required energy confinement time 
is given by 

Since the plasma temperature has already been 
fixed by (2), one obtains 

I D-D CHAIN 4 

Fig. 2. - Normalized power density produced by fusion reactions 
for constant plasma pressure. As an example : 1 MW m-3 is 
produced for n, = n ,  = 4.3 x 10'' m-3, kT, = 13 keV and 
P = 5.3 bar. 

with C, following from figure 1 

Expression (4) is equivalent to the well-known 
Lawson criterion, but instead of considering various 
types of losses, like bremsstrahlung, it is based on the 
power production rate and an optimum plasma 
temperature. It is very satisfactory that the resulting 
value for %, is close to that of the Lawson criterion. 

The tolerable range for Z will be determined by the 
highest acceptable values for p and B 

Stability considerations (see later) seem to limit the 
achievable p values to 5-10 %, and technical consi- 
derations make it hard to believe that B could be 
raised very much above 5-6 T. Therefore, as shown 
in figure 3, the average density of a fusion reactor 
will be in a rather narrow range around 

In addition, via eq. (4), these simple considerations 
also determine the required energy confinement time 
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Flg. 3. - Range of ii for a fusion reactor. 

It  is clearly understood that the rather rough argu- 
ments given above can only yield rough results, 
but this may be fully sufficient for the intended reactor 
oriented assessment of the state of the art. 

A first comparison can be made now between 
requirements and experimental findings. In figure 4 
the gross energy confinement time vs. density is plotted 
for various experiments [2 ] .  One observes that, 
irrespective of their other conditions, there is a linear 
increase of z with n for each of the devices, only the 
slope being different for different machines. If one 
then depicts a certain density and compares (in the 
insert of figure 4) the resulting confinement times 
of the different devices, one finds that the slope is 
given by a2 and that z, is thus best described by 

which holds for clean ohmically heated plasmas. 
Obviously, this result is very general. But this is 

striking because tE is found to be mainly determined 
by the energy losses through the electron component 
which however from neoclassical collisional theory 
would be expected to be much lower than that of the 
ions. There is no clear-cut theory up to now to describe 
these losses correctly so that extrapolations to the 
reactor regime are very difficult. 

In order to substantiate this remark, it has to be 
remembered that the confining magnetic field is 
twisted around the magnetic axis and that therefore 
the magnitude of B is not constant along a magnetic 
line but rather varies as indicated in figure 5. This 
comes about by the excursion of the magnetic line 
in the toroidal magnetic field 

Therefore, a particle moving around the torus expe- 
riences magnetic mirror effects which will determine 
its orbits; and this effect is the stronger the less 
collisions the particle will feel during its path. 

Fig. 5. - 1 B I along a magnetic line (schematically). 

Three regions have to be considered regarding 
their influence on particle and energy transport. 
They are determined by the ratio between the particle 
mean free path, A, and the mirror distance, qR. 
In figure 6, A vs. (kT)2/n is plotted together with two 
lines for A/qR = 1 and A/qR = (R/a)3/2. These two 
lines separate the collisional from the collisionless 
regime with an intermediate one in between. R = 5 m 
and a = 1 m have been used in this example. Figure 6 
indicates that present day experiments have hardly 
entered the collisionless regime, whereas the fusion 
reactor lies deeply within it. 

It  is expected that the trapped particles occurring 
in the collisionless regime by their interaction with 
the passing particles will lead to the generation of 
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observed indeed in ISX-A and Alcator under such 
circumstances (see Fig. 7) [2]. 

/ 

Fig. 6. - Mean free path by like particle collision for R = 5 m, 
a = l m .  

trapped particle instabilities which, by their fluctuating 
fields, might affect both particle and energy transport. 
If this occurred, ZE would have to be modified for the 
collisionless regime. 

In this respect it was an essential result that PLT 131 
with moderate plasma density and high power neutral 
injection could reach temperatures of about 6 keV 
and thus produce collisionless plasmas. Fluctuations 
which co;ld be attributed to trapped particle instabi- 
lities were found indeed, but their effect on transport 
was obviously negligible. There was even some 
indication of an improvement of confinement with 
increasing temperature, but in this point the results 
are not fully conclusive yet. The experiments listed 
in figure 4 are not suggesting a strong temperature 
dependence within their range of conditions. I t  is 
conservative, therefore, to assume their validity also 
in the collisionless regime and to neglect potential 
T and q dependencies. 

If one does this, one can compare the required 
energy confinement time (9) with the measured one (10) 
and obtains 

fl 

which by using (8) results in a condition for the minor 
radius 

which, in fact, is a very low value for a and has cer- 
tainly to be increased a bit under realistic circum- 
stances. 

It has been mentioned already that in present day 
devices it is observed that the energy is lost prefe- 
rentially via the electrons. The ion heat conduction 
plays only a minor role and seems to be in agreement 
with neoclassical theory within factors of 1 to 3. 
Only at high densities in small aspect ratio machines 
the neoclassical ion heat conduction reaches values 
similar to the observed electron heat conduction, 
and a drop of the energy confinement time was 

I I I - 
2 L 6 n* 

PLASMA DENSITY [10'~cm-~] 

Fig. 7. - ISX-B data for high plasma densities and different 
values of B. 

The exchange of energy between ions and electrons 
is rather accurately described by classical Coulomb 
collisions between the particles. This statement 
includes the interaction between beam generated 
particles and the bulk of the plasma. Therefore, 
there is little doubt at present that the same will 
hold also for reactor plasmas except that the fusion 
generated a-particles with their high energy are 
exceeding the Alfvkn velocity and might generate 
some instabilities this way. One may hope, however, 
that this effect only leads to a faster slowing down 
of the a-particles and not to a serious particle and 
energy loss. Assuming classical energy exchange 
therefore would also for reactor conditions result in 
not more than a small difference between T, and Ti 
for the bulk of the plasma. 

The next question to ask is for the available means 
of heating these plasmas to the required temperatures. 
In this respect ohmic heating, though effective, is 
only of limited use, because the available power 

is limited by y dropping with increasing temperature 
proportionally to T - 3 / 2 ,  and the plasma current 
being determined by the magnetic configuration it 
has to produce. 

This configuration is of helical structure and has 
to be stable against helical perturbations or kinks. 
They will always occur if the rotational transform 
t = l / q  is a rational number 



PROGRESS IN TOROIDAL MAGNETIC CONFINEMENT C7-91 

such that the field lines do not ergodically form a 
magnetic surface but close upon themselves after 
n revolutions around the machine. 

These effects were discovered already very early 
and investigated in steliarators, in the C-stellarator 
for ohmically heated plasmas and in the Wendel- 
stein W 11-A stellarator for thermal plasmas. Figure 8 
gives a good example [4]. Under the conditions of 
the W 11-A stellarator, the resulting plasma density 

Fig. 8. - Resonances in confinement measured in the Wendel- 
stein W 11-A stellarator. n is proportional to z under these condi- 
tions. The values of the measured iota (1) have to be reduced by 
10 %. 

is a direct measure of the confinement time. One 
observes that the confinement is reduced whenever 
iota passes through a rational number and that the 
effect is stronger the closer iota gets to unity. At 
t = 1 no confinement is possible anymore. 

In a tokamak the current distribution will be 
determined by the loop voltage and the temperature 
distribution which determines the distribution of the 
resistivity according to T - ~ / ' .  Since the temperature 
tends to be highest in the plasma center, q= 1 will 
first be reached there. Further increase of the current 
will lead to an expansion of the q = 1 zone leaving 
a turbulent state with vanishing pressure gradients 
and constant current density behind and shifting the 
confinement regions to outer zones where q < 1. 

This is shown schematically in figure 9. Experi- 

Fig. 9. - Possible cases of current distributions (schematically). 

mental results show that in most cases the current 
can be increased until q at the plasma edge reaches 
values of about 3.5. Such profiles still include reso- 
nances, but if at their position the magnetic shear 
and Vp  could be kept at not too high levels, they are 
obviously not destroying the gross stability. 

If the plasma current is increased further, it usually 
responds with a disruption, i.e. a sudden drop to 
zero (hard disruption). For large machines, these 
disruptions are extremely dangerous because by 
inductive coupling the plasma current is immediately 
transferred into the more or less conductive structure 
surrounding the plasma where its complicated path 
excites all sorts of forces and moments. Small machines 
are usually built disruption-proof, but whether this 
is also possible for very large machines is considered 
with some doubt. 

Therefore, there is a strong incentive to aim at 
avoiding disruptions, or since their occurrence is of 
statistical nature, to reduce it to an acceptable limit 
which is almost zero. They are usually preceded by 
a growing m = 2/n = 1 mode and are found to be 
triggered by (i) impurity influx, (ii) imperfect plasma 
positioning, (iii) .too high density, (iv) too high h, 
or (v) too high I, during plasma build-up. Some of 
the points could be observed by careful operation 
of the machine, but there seems to be a density limit 
above which a stable operation is no longer possible. 
For ohmic heating alone this limit is the Murakami 
limit [5] 

which for reactor conditions yields about 3 x 10'' m- 3. 

This value is almost one order of magnitude smaller 
than the required value of 2 x lo2' m-3, and one is 
relying on strong additional heating to bridge the 
gap. 

Disruptions are completely avoided in ohmically 
heated stellarators if, according to present results, 
the contribution to the rotational transform by 
external fields is above to w 0.2. It is conceivable 
that the stellarator inherent effects, namely the 
immediate stabilizing reactions upon any gross dis- 
placement of the plasma column are the origin of 
this property. The inclusion of stelhrator fields in a 
large machine might be a difficult task, however. 

In carefully performed tokamak experiments in 
Diva, Alcator, Pulsator, etc., it was possible to run 
stable discharges with q, as small as 2. 

Optimization of the stable operation of tokamaks 
requires the control of the plasma current distribu- 
tion by properly shaping the temperature distribu- 
tion. To do this with additional heating with well 
selected deposition profiles might be a feasible scheme 
for present day experiments. In reactors, however, 
one had to compete with the M power deposition 
profile so that one is probably forced to live with 
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the natural current profile. But one still needs strong 
additional heating initially for reaching ignition. 

Strong heating can be achieved by the injection of 
intense neutral beams. I t  is the best heating method 
existing at present. I t  is understood and, in general, 
its heating effect is predictable. Only classical effects, 
like charge exchange and ionization, and heating 
via Coulomb collisions have to be considered for 
describing heating by neutral injection. Rather reliable 
high power injectors are developed for application 
to the present day devices, and the high temperature 
results by PLT, TFR, etc., were obtained with their 
help. If one could use neutral injection also for 
reactor startup, one had the advantage of even 
getting some additional heating by fusion reactions 
during the slowing down of the injected particles. 

But unfortunately there are also some draw-backs 
connected with neutral injection. At present, neutral 
beams are generated by neutralization of high energy 
positive ion beams. This method practically limits 
the injection energy to 160 to 200 keV for deuterium 
due to the steeply decreasing neutralization efficiency 
for positive ions (Fig. 10). This provides no problems 
today, but for reactor plasmas this beam energy is 
too low to reach the plasma centre. In addition, 
these beams contain not only Do, but also certain 
fractions of D,O and D!, i.e. after ionization, ions 
of fractional energy, the penetration depth of which 
is even smaller. These are heating only the plasma 
edge - which, in fact, needs to be cooled - and 
therefore represent a waste of power and, even 
worse, might lead to excessive sputtering of the vacuum 
wall. 

00.- 

30.- 

-. NEUTRALISATION FRACTIONS 

5. 'HYDROGEN AND HELIUM IONS 

10 20 30 50 100 200 300 500 1000 
E [keV] --) 

Fig. 10. - Neutralization efficiency for positlve ion beams. 

There is a chance to circumvent all these problems 
by generating neutral beams via negative ions by 
which way monoenergetic beams of higher energy 
could be established. The development of this new 
technology is just being started. 

The alternative to neutral injection is radio- 

frequency heating. There is a large variety of resonant 
frequencies of the plasma allowing to feed power 
into the plasma and, if desired, also with well deter- 
mined local deposition profiles, because all of them 
have different properties. This is an advantage and 
a disadvantage at the same time. The advantage is 
that, in principle, one always should be able to find 
a frequency or a mode so that the power deposition 
can be taylored according to the needs. The disad- 
vantage is that the large variety of possibilities 
requires a wide-spread experimental programme for 
testing, an essential prerequisite for application. 
Probably, it was this reason which lead to the success 
of neutral injection, because there was only one 
choice and a straight-forward development pro- 
gramme could be therefore established. 

Just to give an impression of the R F  heating pos- 
sibilities, the main representatives shall be mentioned : 

Heating by transit time magnetic pumping with 
frequencies of about 100 kHz occurs on the ions via 
Landau damping. After some less successful expe- 
riments in smaller devices, the heating effect was 
demonstrated in Petula. 

Ion cyclotron heating in the range of 100 MHz 
in itself offers a variety of possibilities. Perhaps the 
most interesting one is the heating of a minority 
species of the plasma to rather high energies. Heating 
of the bulk of the plasma would then occur in very 
much the same way as with high energy neutral 
injection via Coulomb collisions. This kind of heating 
would thus allow us to preserve a large part of the 
already proved methods. TFR, Erasmus and PLT 
have shown the feasibility in  principle of ion cyclo- 
tron heating. 

Lower hybrid heating at a few GHz could be 
used to heat either the ions by mode conversion or 
the electrons by Landau damping depending on the 
mode spectrum excited. The relatively high frequency 
allows the application of assemblies of wave guides 
but their required close distance to the plasma edge 
might be a problem. Plasma heating at the lower 
hybrid frequency has been demonstrated in ATC, 
Wega, and JFT-11. 

Electron cyclotron heating occurs by direct cyclo- 
tron damping by the plasma electrons. Launching 
of these waves would be comparatively easy via 
oversized waveguides, but reliable gyratron sources 
for frequencies above 100 GHz and of sufficient 
power have still to be developed. Electron cyclotron 
heating has been demonstrated on Tuman-I1 and 
TM-3. 

These examples show the wide variety of R F  heating 
possibilities. But before relying on such methods for 
the heating of large machines, high power RF heating 
experiments have to be carried out successfully. 
There is a strong trend in this direction and, perhaps, 
more reliable results will soon be available. 

Most of the comments made up to now are consi- 
dered with the tacit assumption that the plasmas 
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considered are sufficiently clean, which means that 
the ion constituents are practically only isotopes of 
hydrogen. At first, experimental experience coming 
up during the past years showed that with decreasing 
amount of impurities, or with the effective charge 
getting closer and closer to one, there was a simul- 
taneous transition to longer confinement times and 
higher temperature plasmas. This is both a direct 
and indirect consequence of the main effect of impu- 
rities, the much higher radiation power per atom. 

It is interesting to look at the tolerable fraction 
of impurities for reactor plasmas. Information on 
this is found in figure 11 which gives, for plasmas of 
10 keV, the relative concentration of impurities for 
all elements which just doubles the power losses 
(with respect to a clean plasma) by their radiation [6] .  
Although it restricts the fraction of light impurities, 
like oxygen, to only a few percent, and that of heavy 
impurities, like typical wall and limiter materials, 
to or less, this concentration is probably already 
too high to be acceptable. These figures have to be 

5 I I 1 1  r n l l l l  I 1 1 1 1  1 i l l  
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Flg. 11. - f, : impurity concentration leadlng to doubling of 
losses via its rad1ation.A : impurity concentration requiring doubling 
of energy confinement time to allow for the additional radiation 
losses. 

seen in connection with the sputtering coefficient of 
wall materials because these are the source of the 
most critical impurities. Typical values of sputtering 
coefficients vs. the energy of the incident particles 
are shown in figure 12 [7]. Unfortunately, these 
values are rather high already for small fractions of 
the plasma energy, particularly, if one includes self- 
sputtering. There is a tendency, therefore, to coat or 
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Fig. 12. - Sputtering yield vs. energy of impinping particles for 
various wall materials. 

protect the wall with lighter elements in order to 
take advantage of their lower radiation power. This 
follows from a figure of merit which relates the 
tolerable fraction of impurities resulting from figure 11 
to the sputtering coefficient for the same element [B] .  
In figure 13 this ratio is given for a number of potential 
wall materials, like SS, carbon, and refractory metals, 
as a function of the plasma edge temperature. One 
observes that heavier elements offer advantages only 
if the edge temperature is not too high. If the tempe- 
rature would adjust itself to higher values, lighter 
elements should be preferred as wall material. 

This is true in particular for limiters which, from 

t 
az of f i r s t  wall 
W 
I 1 -  
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0 
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Flg. 13. - Figure of merit for different wall materials. 
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their very nature, are in very close contact with the 
plasma, and experiments have shown that upon 
replacing the limiter material from refractory metals 
to carbon the plasma temperature could be increased 
considerably, indeed. But, in general, the arguments 
are not that straight-forward. They have to include 
particle transport within the plasma (impurities) and 
in the edge region, in particular. But our knowledge 
of particle transport is still comparatively poor. 

As far as experiments are concerned, it is consistent 
to assume that the gross particle confinement time 
is about 2-4 times the energy confinement time, but 
the local value is not constant over the plasma cross- 
section. Larger machines, for which the penetration 
depth of neutrals originating from the wall becomes 
small in comparison to the plasma radius, have 
given some deeper insight into this problem. But it 
is still the outer edge, which is governed by recycling, 
where we need to know the details in order to formu- 
late the full balance equations which determine the 
edge temperature and the sputtering in turn. 

But even if one knows how many impurities are 
generated per unit time, one has to check how and 
at which rate they are penetrating deeper into the 
plasma. Diffusion theory predicts their accumulation 
in the plasma centre due to friction between light and 
heavy ions. Indication of such an effect was reported 
from Pulsator [9] for a rather collisional plasma, 
but no clear-cut indications about impurity accumu- 
lation are known yet for less collisional plasmas. 
There the best description is that the fractional 
impurity concentration is constant over the whole 
cross-section. 

It would be extremely important to know if this 
experimental finding could still hold under reactor 
conditions, because even if one would succeed in 
reducing the impurity generation to an acceptably 
low value, one still has the problem of the fusion 
generated helium. If this would not accumulate in 
the centre but rather distribute itself smoothly over 
the cross-section, one could keep its concentration 
low enough by pumping at the plasma edge. If the 
contrary happened, the fuel would become more 
and more diluted so that the reactor would quench 
itself either, for constant pressure, due to lack of 
fuel, or, for constant fuel density, due to exceeding 
its pressure balance limit. 

Also for this reason, it is very satisfactory that 
for experiments with high temperature plasmas impu- 
rity accumulation in the plasma centre is not found, 
but the even distribution of impurities over the 
plasma cross-section still makes it necessary to 
reduce their generation at the wall. This could either 
be done by reducing the plasma edge temperature 
according to the concept of a cold plasma mantle or 
by reducing the. wall bombardement by the intro- 
duction of a divertor, or, more probably, by a combi- 
nation of both. The basic principle of a divertor is 
the magnetic introduction of a scrape-off layer 

along which most of the edge particles are carried 
out of the plasma chamber without too large inter- 
ference with the vacuum wall. Via the pressure in 
the divertor chamber the pressure in the scrape-off 
layer could be controlled. 

Although the impurity question is probably the 
most crucial at present, there are only very few 
experiments especially devoted to this problem. Dite 
and Diva have yielded first information on the 
bundle and the poloidal divertors respectively, Asdex 
and PDX will investigate the properties of the poloidal 
divertor for higher temperature plasmas and Textor 
will study the plasma/wall interaction. The intro- 
duction of a divertor into a tokamak machine, how- 
ever, would add considerably to the technical diffi- 
culties. Therefore, one should try hard to be able to 
live without it. In this connection, it is surprising 
that there is practically no experimental programme 
on the concept of the cold plasma mantle although 
it has to be admitted that here reactor relevant expe- 
riments are difficult to perform. 

A very similar situation exists with respect to P, 
the fraction of the magnetic field energy used for 
plasma confinement. In contrast to the impurity 
situation, however, the achievement of higher betas is 
not yet a vital question with the present experiments, 
but only comes up for the forthcoming experiments 
after Jet, etc., i.e. in connection with an experimental 
test reactor. 

Theoretical investigations indicate that assuming 
a fixed boundary of the plasma high-n ballooning 
modes might allow an average P of up to a few percent. 
Also low-n internal modes might not become more 
restrictive under these conditions. A plasma cross- 
section slightly elongated parallel to the main axis 
of the torus should have a positive effect on beta. 

The maximum P for low-n, free boundary kink 
modes depends strongly on the pressure and current 
profiles. If they are optimized, values for beta up 
to 4-5 % or so can be expected from them. A conduc- 
tive wall or short circuit loops around the plasma 
would have a stabilizing influence if their distance 
from the plasma edge is not larger than about 1/3 
of the plasma radius. Feed-back stabilization will 
help to counteract the dominant modes. 

Experimental results were ~btained in Tosca with 
p = 2 % and in ISX-B with B = 1.8 % (8 % on the 
axis). These numbers are still lower than needed in 
reactors, but it is essential that the poloidal beta has 
already exceeded one. Above this limit the pressure 
balance can no longer be established by the poloidal 
field alone, but the toroidal field has to contribute. 
Obviously, the transition from the paramagnetic to 
the diamagnetic regime occurs rather smoothly. 

It would be very interesting to learn how the plasma 
would react when the plasma pressure gradually 
approaches the beta limit. If this did not result in a 
sudden loss of the plasma, but only in a steep increase 
of the losses, this would be an ideal effect for auto- 
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matic reactor burn control at optimum conditions. problem and to reach a stable plasma state at  a suffi- 
Burn control would be rather difficult to manage ciently high beta. Certainly, this assumes that all 
otherwise. difficulties are already known and, during the remain- 

In conclusion, it is perhaps not too bold to expect ing step to reactor conditions, no new ones will occur. 
the ignition of a D-T plasma in the not too far future. We might, however, allow ou/rselves this hope because 
The main obstacles still to overcome are the impurity of the progress made during the previous years. 
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