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TNTRODUCTION

There have been many important advances in the Tokamak field since
the last IAFA Fusion Conference held in London in 1984.

A mumber of new devices have been brought into full operation
ranging from JT-60 an advanced large tckamak fram Japan, a country
with a well established and mature fusion programme, to HL-1-a
medium sized tokamak fram the Republic of China, a country who's
fusion programme has recently embarked on a considerable '
expansion. We congratulate our Chinese colleagues on having
achieved full chmic tckamak coperation, with all the usual features
and on providing a useful plasma for future research.

The tokamak has always been an enchanted system., Through the
years it has proceeded from success to success desplte the
ineptness of experimentalists and in spite of the cleverness of
theoreticians. It may be that the secret of this success has been
that, so far, fate alone has had control of the current density
distribution: in the tokamak, it is this current density
distribution which controls the magnetic shear, the stability
properties and indeed the form of the magnetic configuration
itself,

Many physicists now believe that further advances depend upon
securing external control of this vital feature. 'hat is, in
being able to impose a current density profile rather than having
to accept the one given by inductive current drive and ill-defined
wall-boundary conditions. The cbvious approach is to replace at
least some of the plasma current with nen—inductively driven
current, the difficulty is that the available methods are rather
inefficient.



One of the most important results to have been achieved on JT-60
is the demonstration of Lower Hybrid Current Drive on a large
tokamak system. This is the first demonstration on a large
tokamak and our Japanese colleagues are to be congratulated in
having achieved significant resuits with 1.2 MW of Lower Hybrid
power at 2 GHz, driving up to 1.5 MA of current, with substantial
current drive cbserved at mean densities up to 2 x 101° m-3., An
important, hoped for, benefit of operation in a large tokamak
configuration is improved current drive efficiency. JT-60 has
cdbserved a synergetic effect of neutral beam heating on lower
hybrid current drive and in this configuration has abtained 0.7 MA
of non-ohmic curvent driven by 0.7 MW of lower hybrid power, in
the presence of 7 MW of beam heating (see table 1). This gives a
figure of merit zﬁeR/pLH of 2.8 x 10*® A/m? W which, indeed, is
sane 3 times the value obtained in smaller experiments.

These results will give increased impetus to ohmic current
replacement experiments and we can expect new results in time for

the 1988 meeting.

SAWTOQTH BEHAVTOUR

Let us now look at same of the benefits which might came from
establishing control over the current density profile. The most
impressive results to date concern the internal disruption
relaxation - the so called sawtooth oscillation.

This form of instability has been a feature of Tokamak operation
since the very first experiments were carried out in the USSR

in the late 1950s and early 1960s. Only very recently have cases
been reported where this oscillation is stabilised for long
periods.




Fig. 1 shows an example of spontanecus sawtooth stabilisation in
JET. It is spontanecus in the sense that, while there is a well
defined recipe for its production, there is no control of a
directly relevant physical quantity (e.g. current density
distribution). The diagram shows the electron temperature profile
at a number of t_}'mes, indicated in the insert, during a pulse
exhibiting sawtcoth behaviour. Also shown is a profile during the
ohmic phase of the same discharge, when the sawtcoth amplitude is
very small. During the normal sawtooth behaviour wlth neutral
beam heating only, the flat profile at the bottam éf the sawtooth
is same 0.5 keV higher than the ohmic profile.» At the top of the
sawtooth the profile has became much more peaked and the central
temperature exceeds the chmic value by 1.5 keV. The application
of Ton Cyclotron Heating (ICH) heating induces a stabilization of
the sawtooth behaviour which lasts for 0.9 s {even longer in other
cases). For the first 0.3 s of this period the central electron
tanperature continues to increase, reaching 7.5 keV (5 keV more
than the oimic value).

The JET authors believe that the mechanism for the sawtooth
behaviour is assoclated with the existence of a very flat current
density profile inside the inversion radius. ' The application of
non—ohmic heating is then supposed to broaden the current profile
very slightly, taking q, just acove 1 to stabilise the mode.
There is evidence for this behaviour in that during the flat top
of the "monster sawtooth", a very low level of MHD activity is
chserved indicating that the m=1 mode is stabilised. Furthermore
at the sawtooth cragh which terminates the "mongter", the
inversion radius has moved outwards suggesting again that j(r) has
broadened.

However, Faraday rotation measurements on Textor appear to
demonstrate conclusively that there are at least same instances of

sawtooth behaviour where g on axis is and remains significantly




below 1. The sawtcoth behaviour in these discharges is clearly
not amenable to an explanation based on small changes of the axis
g vailue fram 1. The Julich group suggest, instead, that the
behaviour is determined by the current density profile near the

g = 1 surface, (which is typically in the steep part of the
tenperature profile, between centre and edge). In extreme cases
the flattening of the profile near g = 1 to stabilise the m=1 mocde
is actually measured and the sawtooth relaxation is supposed to
hold the profi%e near this marginally stable condition. The
Julich Group expect this process to lead to a universal current
dengity j{xr) profile in terms of a suitable cambination of
externadéquantities {(i.e. J in units of BT/pDR and r in units of
(uORI/B)A}. They have shown by direct measurement that this is
true for a range of ohmic profiles and for thosge profiles which
have been measured in ICH discharges.

These measurements would seem to provide, at last, scme of the
direct evidence which is needed to guide the debate on profile
establishment and profile consistency in tokamak discharges.

Stabilisation of the sawtooth mode by replacing scme of the cohmic
current by Lower Byorid Current drive has been reported'in many
experiments (e.g. PETULA, ASDEX, PLT and ALCATOR). In PETULA and
AICATOR the experiments extend to densities in excess of 102¢ m-3,
In these experiments aléo, it seems that a simple, small,
modification of the central current density profile is not
sufficient to explain the stabilisation. Thug there are often
regions where an m=1 oscillation remains (implying q<l) and the
inversion radius does not change as the Lower Hybrid power is
increased to the threshoid for stebiligation,

BOOTSTAP CURRENT

A further twist to this argument as to who shall control the
current density profile is introduced by the first clear evidence

for the nec—classical pressure driven current, the so called




bootstrap current which was predicted 15 vears ago by Bickerton,
Connor and Taylor. Now careful comparison of the experimentally
measured and theoretically predicted loop voltage in certain TFTR
discharges gives a strong indication of the reality of the effect,
an example is shown in Fig. 2. Note that in the discharge shown
aoout 40% of the current is driven by this Neoclassical dynamo
effect while 30% is driven chmically and 30% by injected beams,
this latter contribution having been minimised by using balanced
injection. '

PLASMA HEATING

Just as we may now be reaching the point at which the inherent
tokamak current profile is no longer adequate for our purpose so
we have already passed the point at which the inherent tokamak
heating mechanism can no longer produce the required temperatures.
For many vears, many of the resources of fusion research have been
devoted to establishing and understanding additional heating
methods for the plasma, This work has came to full fruiticon at
this Conference: many heating methods are routinely applied at
the multi megawatt level to many tokamaks (see Table 2). These
heating methods have now reached such a lével of success that the
emphasis has changed fram understanding the heating to
understanding the plasma behaviour. Examples are the study of
energy confinement using modulated ICH by the Belgian Group on
Textor and the use of Electron Cyclotron Heating on T-10 and ICH
on JET as spatially localised heat sources to probe the energy
transport.

The Heating methods have been very successful in increasing the
plasma temperature. Two examples of successful heating from the
very many available are shown in Figs. 3 and 4. First, in Fig 3
1s shown Neutral Beam heating on JI'60 with and without divertor:
note the successful heating in each case (A’I‘e > 1 keV), but note
also the greatly reduced radiation loss and reduced particle
influx (fram Hq) in the divertor case. Second, in Fig. 4 is shown
ion heating in TFIR by neutral beams. Temperatures of 20 keV are



reached, thus exceeding by a wide margin the value necessary for
fusion energy production.

WALL TNTERACTTION AND IMPURTTY CONTRCL

One of the keys to obtaining high temperature, and indeed
generally good performance, in tokamaks, is the production of pure
plasmas, especially plasmas in which the heavy ion impurity
content is sufficiently low.

This has proved to be especially important in discharges with ICH
where anterma interactions (as demonstrated in JET) or power
coupled to the wall (as in ASDEX) can release metal impurities.
One solution is to surround the plasma with a low Z environment.
One technique, first developed at Julich {FRG) and demonstrated to
be effective in JET, is carbidisation where a glow discharge is
used to dercsit a hard carbon layer on walls and antenna gcreens.
Two examples of the effectiveness of the method are shown in

Fig. 5. In JIPP TIIU the method is an essential prelude to high
power ICH operaticn while the ASDEX result shows that the
technique gives substantial gains even in a divertor tokamak.

An alternative technique to modify the edge plasma behaviour has
been known theoretically for same years, but is now demonstrated
for the first time by the group from the University of Texas
(UsA). A helical perturbation is used to produce an edge ergodic
field layer as shown in Fig 6a. Measurement shows this to
depress the edge temperature over a few cmg and to steepen the
edge temperature gradient (see Fig. 6b). This may turn out to
have implications both for impurity control and for production
of the H-mode confinement configuration,

The use of applied helical perturbaticns may also have
applications to the stabilisation of MHD modes as was first
reported by the PULSATOR group same vears ago. Work reported at
the conference by the groups fram Tosca in the UK, HT6M in China
and JFT-2 in Japan shows that the method is capable of further
development.



CONFINEMENT

If the good news is that more heating does indeed give hotter
plasmas, the bad news, until fecently, has been that more heating
has given worse confinement. This has been so to such an extent
that the fusion figure of merit HDTETi {(product of deuteron
density, energy replacement time and ion temperature) had until
this week not been increased by additional heating. I could
choose data fraom almost any experiment to demonstrate this
degradation, but it would be invidious of me not to use JET data
for this purpose. In Fig. 7 it can be seen that at each plasma
current the g degrades with increasing powér according to an
offset linear law for the plasma energy. The incremental energy
replacement time (corresponding to the value at large power) can
reach only 0.2 —+ 0.3 in JET compared to the best chmic confine-
ment times of ~ 0.8s.

A way out of this dilenma was first found in ASDEX where it was
shown that for divértor plasmas a second confinement mode - the so
called H-mode could exist where the confinement time recovers to
essentially the ohmic value and does not degrade with applied
power. Experiments on DIIT and later PDX -showed that similar
behaviour could be produced in tokamaks without a divertor, but
inciuding an internal separatrix.

Following in these footsteps, as was reported in a post deadline
paper at the Conference, both separatrix and H-mode discharges
have now been produced in JET. For the first time in JET the
nDTET:L product has exceeded the chmic value reaching a value of
20 x 10*?s keVin-®. Same of the separatrix and H-mode points at
2 MA and 3 MA are indicated in Fig. 7. The H-mode Tw valueg are
better than those for gimilar limiter discharges by more than a
factor 2. i.e., the H-mode in JET appears to be worth about 2.5 MA
in Plasma current.- Oddly enough it turns out that in JET
mechanical forces will limit the ultimate plasma current
capability with X—point to about 2.5 MA below that for limiter
discharges! |




It is not vet clear in JET whether or not the H-mode points will
be free from power degradation as was found to be the case in
ASDEX. However DIII-D a new magnetic limiter plasma, which has
only been in operation for a short time at General Atomic (USA),
has achieved H-mode discharges already arkl here g doas not appear
to degrade with power (see Fig. 8).

The ASDEX group at this conference have given an account of the
various techniques which can allow a tokamak discharge to make the
transition to H-mode confinement. An increase in edge electron
temperature, requiring a threshold in heating power appears to be
necessary. One of the technigques which the ASDEX group advocates
to achieve this, is a reduction in edge recycling. This may
provide a link with the so called S-mode high confinement
discharges which have recently been produced in TFTR., The method
used 1g to reduce the edge hydrogen recycling by preconditioning
with He digcharges. So far, this regime can only be produced over
a limited range of plasma current with roughly balanced beam
injection. However, some extengion of the range has been obtained
by ramping the plasma current and further improvements are
planned.

In this super shot regime in TFIR the energy confinement tJ_me is
restored to the ohmic level and again shows no cbovious degradation
with additional heating power (see Fig. 9).

A further bridge between H and S mode discharges may be provided
by JFT-2M which has cbtained H-mode discharges in X-point
configurations, but which also, remarkably, has produced H-mode
discharges in a limiter configuration, As with the S-mode the
technique used by JFT-2M is to restrict the edge recycling.

An important question to ask is: whether, as has been speculated,
the H-mode confinement time scales as the product of plasma
current and dimension, or whether it scales only as the current.
Table 3 shows a camparison of the five devices which have reported
high confinement modes at this conference. It will be seen that



there is little to choose between the Ip and the IpxR scaling and
we must await further results to resolve this tantalizing
question.

An important difficulty with the best H-mode discharges in ASDEX
is that the plasma suffers from impurity accumulation effects
which finally destroy it. This effect does not at present seem to
occur in JET, TFIR or DITI-D, but further experiments are
required. A

DENSITY AND B LIMITS

We have discussed temperature and confinement time, two of the
parameter_é T}mich determine the approach to fusion conditions. The
third parameter is plasma density. The first constraint is that
on the plasma pressure. In order for the present generaticn of
experiments (such as JET and TFTR) to reach fusion conditions and
in order for future tokamak reactors to have a chance to be
econcnic it is necessary that the plasms P shall reach the
theoretical limit, established camputationally by Troyon. The
results in Fig. 16,~from TFTR show that this limit can indeed be
approached in the low g regime which is the one of interest for
fusion relevant tokamaks.

In addition to the B limit, realistic parameters for an approach
to fusion conditions require central densities in excess of
102om~3, say mean densities in excess of 7 x 10*% m~3, The
operational range of tokamaks is restricted by & density limit
above which edge impurity radiation initiates a shrinking of the
profile leading to instability and ultimately to disruption. For
high field devices (such as ALCATOR and the Fascati tckamak) this
limit is high encugh to permit reactor relevant densities but for
lower field devices there has been concern that, with achievable
plasma purity, the density limit would be too low. AL this
conference we have seen that a number of low and intermediate
field tokamaks (ASDEX, JT-60, TFIR & JET) can routinely produce
values of .the figure of merit nR/B 2 6 x 1019 m~2T-1. At this




level, the necessary densities can be obtained. Some operating
diagrams are shown in Fig 11. The higher values of nR/B are
obtained with the help of pellet injection or neutral beam heating
or both,

Once densities above those possible with purely ohmic discharges
have been reached, however, same method of controlling the density
down again is required. Success has so far been cbtained by
profiling the power input reduction and by introducing same
in-vessel purping such as, for instance, the suitability
conditioned carbon tiles on the wall of JET.

PEITETS

The use of injected solid pellets of deuterium ice as a fuelling
method for tokamaks has facilitated high density operation and has
iead to considerable performance improvements in many

experiments. It can also apparently lead to changes in the basic
transport processes, as was reporied in a paper by the ALCATOR
group. Camparisons of the cbserved ion thermal conduction loss
with Necclassical theory are always imprecise because of the
experimental difficuity of establishing the various components of
the ion energy balance. The ALCATOR C experiment however appears
to show a clear transition between a regime with an ancmalous ion
thermal loss at about 2.5 to 6 times the neoclassical value to a
regjine with a level which appears not to exceed the neoclassical
value (see Fig 12). The transition is induced by injection of a
pellet which doubles the plasma density and steepens the density
gradient, Improved particle confinement and necclassical impurity
concentration are sald to occur concurrently. This appears to be
2 regime worthy of further elucidation.

PROSPECTS
Now that we have discussed each of the three camponents of the

fusion figure of merit let me bring them together on a diagram to
assess our progress and our prospects,

~10-
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The ddagram (fig 13) is a plot of the product 0, Ti T, Vers Ti,

E
the density and temperature being central values while the energy
replacement time is an overall value. Two canputed curves are
shown: the one marked "ignition" corresponds to dominant

a-particie heating {(taken as Pa/P = 74% or fusion power/power

input, Q = 14 ie a condition wherébifze plasma temperature would
continue to escalate due to the fusion rower, even if the exter—
nally applied heating power were to be progressively reduced).

The other corresponds to substantial a-particle heating {taken as
Pq/PLOSS= 14% or Q = 0.8)*. The value of Ny Ti "CE on these curves
is approximately constamt in the important region of its minimm
near ’T\i = 20 keV and so forms a figure of merit. Also shown on
the diagram {(in the box) are the best values so far obtained and
reported at this conference. In addition the best values of
’ﬁD/T:.LTE reported at earlier times are indicated for some represen-—
tative experiments. It will be seen that, in round terms, the
figure of merit has increased by a factor 10 over the past 3
years, a factor 100 over the past 10 years and a factor 1000 over
the past 20 vears. The presently obtained best value of 2 x 1020
keV m-2 s needs to be increased by about 20 times to reach the
level of "igniticon" but by only soane 3.5 times to reach the level
of substantial o—particle heating. In a pérticular case the
substantial a-particle heating curve would be reached by a modest
increase of the parameters presently cbserved in JET i.e. by
increasing N fram 0.55 to 1 x 102¢ m-3; Ti fram 6 to 12 keV and
e fram 0.6 to 0.8 s.

Thus, there now seems every reason to expect that todays tritium
campatible tokamaks (JET and TFTR) will reach the regime of
substantial o particle heating within the next few years.

*The camputed curves are for a plasma with 50% of its lens as
tritium and 50% deuterium. They are for specific profiles
corresponding to 11/1'1O and T/TO = (1—92}OL where p 1s the normalised
radius and O * Op = 2, the subscripts denote the indices for
density and temperature. The values are insensitive to the
profiles as long as we consider broadly similar shapes, thus
taking 0, + Oy = 0.5 reduces the "ignition" curve minimm from

4 to 3 x 102 keV m-? s,
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TABIE 1

JT-60 LOWER HYBRID CURRENT DRIVE

FREQUENCY : 2 GHz

LOWER HYBRID PCWER up to 1.2 MW
DRTIVEN CURRENT | up to 1.5 MA
PLASMA DENSITY : up to 2 x 101% m-3

I driven’ne . R)

Pin

EFFICIENCY { up to 1.7 A/m?2 W (no beams)

up to 2.8 A/m2 W (with beams)



TABLE 2

OPERATTIONAL, MW LEVEL HFATING SYSTEMS ON TOKAMAKS

Neutral Beam (NBI)
JT60 (20MW); TFTR (20MW)
JET (10MW); DIII-D (6MW) ASDEX (4, 4MW)

Ton Cyclotron {(ICH)
JET (7MW), PLT (4.5MW) ASDEX (2.6MW)
TEXTOR (2. 5MW)

Lower Hybrid (LHRH)
AICATOR C {1.5MW); JT-60 (1.2MW);
PLT (1MW) ; ASDEX (1MW) ; PETUIA {0.5MW)

Electron Cyclotron (ECRH)
T-10 (2MW) ; TFR (0. 6MW) ; JFT-2M4 (0. 2MW) ;

T-7 (0.4MW); CLEO (0.2MW)

ALFVEN WAVE TCA (0.6 MwW)
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Fig 1. Spontaneous stabilisation of Sawtcoth oscillation in JET.
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(a) MAGNETIC FIELD STRUCTURE, m/n = 7/3: q(a) = 2.7
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Fig 13. The fusion figure of merit {'SD Tfi TE) versus central ion

" temperature ('fi) showing Progress towards Ignition

Conditions with Tokamask Systems.






