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ABSTRACT

In this paper, we present the most recent results obtained during
the Alfvén Wave Heating experiments being carried out on the TCA Toka-
mak. We have obtained both significant electron heating and some ion
heating using rf powers up to 230 kW, greater than the value of the
ohmic heating power in the target plasma. Firstly, we shall describe
the AWH method as applied to TCA and then briefly cover some of the
low power experiments carried out during the last year. The higher

power experiments will then be discussed, along with some of the pro-
blems we have encountered.

INTRODUCTION

Alfvén Wave Heating generally refers to the resonant absorption
of a wave's energy at a particular layer in a non-uniform plasma where
the imposed wave's phase-velocity equals the local value of the Alfvén
velocity. The Shear Alfvén resonance (sometimes referred to as the
perpendicular ion-cyclotron resonance) is the major absorption mecha-
nism available at frequencies below the ion cyclotron frequency,

Wei. In common with other examples of resonant absorption, it has
the property that the rate of transfer of energy is independent of the



actual dissipative processes. This frees us from the concern of how
the energy is being dissipated, and leaves us to study the problem of
coupling rf energy to the resonance layer.

Antennae external to the plasma create magnetic field and hence
pressure modulations which are arranged to have both a definite fre-
quency and definite wavelength. Theory and experiment have both de—
monstrated an improved loading of the antenna structure when it exci-
tes the so-called "surface wave". This is the first radial eigenmode
of the asymmetrical (m # 0) fast wave in a plasma column surrounded by
a vacuum layer, and is heavily damped at the Alfvén resonance layer.

Early experiments (namely in stellarators) used helical antennae,
measuredthe antenna circuit loading and observed both heating and, in
some cases, enhanced transport. At present, there are five experiments
attacking AWH, some of which have changed to more convenient launching
structures; they are Pretext (Bengtson et al., 1983), Tokapole II

(Prager et al., 1983), Tortus (Cross et al., 1982), RO-5 (Demirkhanov
et al., 1982) and TCA.

The TCA Tokamak has been described in detail elsewhere (Cheetham
et al., 1980) and has major and minor radii of 61.5 and 18 cm respec—
tively, By ~ 11.6 and 15.1 kG. The following results were obtained

in a variety of conditions using hydrogen and deuterium as filling
gases.

The antenna system comprises eight groups of three stainless
steel antennae plates, phased in such a way as to excite the mode
structure desired, usually N = 2, M = 1. The antennae are wide, and
represent 16% of the plasma surface area. Experiments have been car-
ried out at frequencies between 1.9 - 5.0 MHz with the high power work
at 2.5 -2.6 MHz. This corresponds to a value of w/wei ~ 0.23 at
15 kG in deuterium. We note in passing that the range of w/wei cove-

red by TCA (.2 - .8) overlaps the early operational range of JET, at
25 MHz in hydrogen for which w/wei ~ 0.58.



WAVE STUDIES

Our first low power experiments on TCA (de Chambrier et al.,
1982a) confirmed the parametric dependence of the loading predicted by
MHD theory, but surprisingly also revealed narrow resonances. These
appeared as peaks in the loading at frequencies just below the start
of the continua associated with the Alfvén resonance layers. These
resonances have been identified as global eigenmodes of the Alfvén
wave, which, although they do not exist for a non-uniform currentless
plasma in ideal MHD theory, have been known to exist for many years as
the result of the Hall term (w/wei). It has since been shown that
the existence of magnetic field curvature (as a result of the plasma
current) not only enhances the loading in the Alfvén continuum, but
also enhances the excitation of these eigenmodes (Appert et al.,
1982). The basic lack of coupling between different layers of the
plasma for the Shear Alfvén Wave (Hasegawa and Uberoi, 1982) is remo-
ved by the effects of both finite frequency and field curvature, al-
lowing the existence of global eigenmodes.

Experimentally we observed (and now it has been demonstrated
theoretically) that these eigenmodes (or Discrete Alfvén Waves) only
occur for one sign of helicity. That is, if the wave field is written
in the cylindrical approximation as

b = b(r)ei(mp +m - wt) (1)

then DAWs only occur if n and m are of the same sign. Unlike the con-

tinuum loading, their usefulness for heating depends on the damping

mechanism, and, like the fast wave eigenmodes, they suffer from being
natural modes of the plasma, with large wave amplitudes.

We have continued low power experiments to study the spectrum of
DAWs, observing eigenmodes with n ranging from 0 to 6, and have used
magnetic pick-up probes to determine mode numbers and also to investi-
gate the interference between the eigenmodes and the continua which
have different n and m numbers. Of particular interest, both for DaAWs

and continuum loading, is the comparison with recent theoretical work



predicting a preference in the loading for modes with m negative. Our
magnetic probe measurements have confirmed this theoretical result,
the experiment being extremely clean due to our ability to select
fairly pure mixtures of toroidal mode numbers in the excited waves,
and also by the possibility of launching waves with a preferred toroi-
dal direction. This latter work has confirmed the DAWs to be dominant-
ly excited in the direction of electron drift, i.e. with both m and n

negative, a result which may have a possible implication for current
drive.

We show in Fig. 1 the measured antenna loading as a function of
the plasma density (at constant frequency) with the antennae phased
for N = 2, M = 1 excitation. This is compared with a cylindrical cal-
culation which considers the contributions of the waves excited by the
dominant Fourier components of the actual antenna current distribu-
tions. We can see in the Figure how the loading is made up from the
various continua and discrete resonances. Considering the possible
effects of toroidicity and surface dissipation as well as the use in
the calculations of constant radial profiles and an artificial dam-
ping, the agreement of the general form of the loading is quite satis-
factory. Up to the highest powers used, the loading resistance remains

constant, suggesting that glow and arcing problems are not important
at these levels.

HIGH POWER STUDIES

The heating experiments were carried out mainly in deuterium at
15.1 kG with Ip = 122 XA (g7 ~ 3.3) and Ip = 93 kA (g1 ~ 4.3).
The driving frequency was 2.5 MHz and most results were obtained with
an N =2, M = 1 excitation structure. We have succeeded in delivering
up to 170 kW averaged over the 30 msec rf pulse without causing a dis-
ruption, with maximum instantaneous power reaching 206 kW. We have
exceeded the ohmic heating power before the rf pulse is applied at
dr = 4.3, Poh = 142 kW, and almost equalled it at q = 3.3,
Poh = 215 kW. Power up to 220 kW has been delivered for up to
10 msec. Most of our work concentrated on discharges in which the saw-
tooth activity was not interrupted during the full rf pulse but we



shall later discuss the change in discharge character produced by the
rf pulses. We note that the rf powers quoted are total electrical
power lost from the antenna circuit due to the presence of the plasma.
This quantity can be accurately measured during the rf pulse at this
low frequency, since the resistive losses in the antenna circuit are

known directly from the measured antenna current and calibrated resis—
tance.

Previously (de Chambrier et al., 1982b) we had observed ion hea-
ting and electron heating, but the latter was confused due to apparent
changes in profiles and in the transient nature of the temperature ri-
se at higher power. We have now been able to confirm these, obtaining
significant electron heating. In Fig. 2 we show the waveforms for a
discharge with ~130 kW of rf power input. The plasma density,
ne ~ 3-5 x 10833 Guring the rf pulse, puts us into the
(n,m)=(2,-1) continuum, which has its resonant surface at r ~9-13 cm,
and below the (n,m) = (-2,-1) DAW into which we cross at the highest
powers,

Active control of the plasma density and current has given us a
longer useful flat-top as well as maintenance of the g-value through-
out the rf pulse, the latter being operationally essential at high
power.

Electron Heating

The electron temperature increase is maintained for a given rf
power level for much longer than was previously the case. The electron
temperature measurements shown were obtained from soft X-ray measure-
ments on axis and at r = + 5.3 cm, normalised to agree with the elec-
tron temperature profiles obtained with a single pulse ruby laser
Thomson scattering system. We obtain for this shot a peak electron
temperature increase of ~150 eV from an initial value of 635 eV, at a
line-averaged electron density of Ng = 2.3x10'3 am® ., we obtain,

over a complete power scan, an incremental heating factor of

NeATeq/Prp = 3.4x10%3 eV/cm’kW. The increase in electron tem-
perature remains roughly linear with delivered rf power, up to the



highest powers, when the radiated power loss increases too early for
the electron temperature to reach its true peak, as shown in Fig. 3.

From the change in the value of dTe/dt we obtain a heating power
3/2fngTedV ~ 57 KW. We have not included the term 3/2f NeTedV
in the estimate of the heating power since puffing experiments accura-
tely simulating the density waveform obtained with rf heating power
also showed an increase in this term while the electron temperature
remained relatively constant; this suggests that only the slope of the

electron temperature should be taken as an indication of net power
input.

The subsequent decrease in the electron temperature, which is
slow with respect to tpg~2 msec, is fully explained by the increase
in the radiated power loss during the rf pulse. This has been demons-
trated using a simple evolution code.

Radiation and Impurities

We have made a considerable effort to reduce the radiated power
loss by studying different limiter designs and materials, namely car-
bon, Stainless Steel and TiC coated carbon. In Fig. 4 we show the ex-
treme cases of the large surface area stainless steel limiter (Fe-2)
and the small surface area carbon limiter (C-2). We see that the pea-
kedness of the radiated power profile is dramatic in the case of the
Fe-2 limiter and just hollow before the rf pulse in the case of the
C-2 limiter. For constant conditions of plasma current and density we
have been able to reduce the core radiated power loss from 2.6 W/cm®
to 0.6 W/cm3 during an 80 kW rf pulse under standard conditions. Va-
cuum UV spectroscopic measurements have confirmed the decrease in me—
tallic impurities. The radiated power from the plasma core must still
be due to heavy metallic impurities and the antennae themselves are
the most probable source of such impurities, being only 2 cm from
the limiter radius. The vessel wall is at its closest on the inside,
being only 3.5 cm from the limiter radius. In the autumn we shall be
replacing our present antennae by an improved design. The radiated
power increases during the rf pulse and this is due, to a large part,



to the increase in plasma density. The radiated power profile has been
simulated from the measured electron density and temperature profiles
and modelled impurity profiles, assuming coronal equilibrium, and an
example is shown in Fig. 5. Peaked heavy impurity concentrations are
required to simulate the measured profiles. The value of Zefg(r) is
calculated from these profiles from which we obtain <Zeff>. The
agreement between <Zgrg> measured and simulated, 2.5 and 2.67 res-—
pectively is surprisingly good.

In spite of the increase in the electron temperature, the plasma
column resistance has still not decreased, and in fact it still in-
creases during the rf pulse. The amount of this increase, for a given
rf power, depends on the resistance of the target plasma. There has
been a considerable reduction in column resistance, by a factor of two
during the year, following the limiter changes and a more intensive
discharge cleaning programme. The decrease in target plasma resistance
is mainly due to a broader electron temperature profile obtained with
carbon or TiC-coated carbon limiters compared with the metal limiters,
rather than a considerable decrease in <Zeff>. The fractional in-
crease in resistance, at a given rf power, has not, however, shown any
indication of further reduction. It increases roughly linearly as the
rf power delivered is increased and it is also almost independent of
the applied mode-structure (N = 1,2 or 4).

These observations are compatible with an impurity concentration
increase proportional to the impurity concentration itself. Light im-
purity sputtering provides such a mechanism. Using Langmuir probes we
have investigated the density and electron temperature in the scrape-
off layer (Hofmann et al., 1983). We find that the electron tempera-
ture increases from typically 8-10 eV to 15-30 eV during the rf pulse
(Fig. 6), an increase which is sufficient to produce enhanced sputte-
ring. At the same time, the plasma potential drops to assume a negati-
ve value and the plasma density drops. We consider these effects to be
due to the power deposited in the plasma, rather than local antenna
phenomena related to the electrostatic potential or rf current, and we
still do not intend to add an electrostatic shield to our antennae.
The rf will, however, have a direct effect on the sputtering coeffi-
cient from the antennae themselves. This is obviously only important



once sputtering is already an important mechanism. Fast video films
taken under a wide range of conditions have shown no local antenna-
related emission in the visible region. Measurements of the scrape-of f
layer and surface erosion were also performed using surface interac-
tion probes, and in general indicate an increase in the sputtering
yield during the rf pulse by as much as a factor of 2-4,

Ion Heating

The ion temperature increase has also been systematically stu-
died. Previously the ion temperature decreased from its maximum level
towards the end of the rf pulse. This we associate with the drop in
plasma current during those experiments and the increase is now main-
tained throughout the rf pulse. Under standard conditions, the central
ion temperature increases from Tj, ~250 eV to ~430 eV with 140 kW of
rf power and we still find a heating factor value of
NATio/Prf = 1.5x10'3eV/cm®kW under the standard conditions. 1In
hydrogen, and under similar imposed conditions, we obtain a similar
figure, namely 1.7x1013eV/cm3kW, with no line-averaged density increa—
se. The increase in ion temperature and the change in dTjo/dt at the
start of the rf pulse are observed to be linear as a function of deli-
vered rf power as shown in Fig. 3. A part of the ion temperature in-
Ccrease can be due to the increase in density observed at high power.
We have studied the ion temperature behaviour in shots during which
the density increase is negligible, obtained at modest rf power by
closing the gas feed valve before the rf pulse, and we still find a
similar increase. We also show in Fig. 7 the 1locus of T vs Fe,
both in a discharge with the rf pulse applied, and with a programmed
density increase. We see that with the rf power the ion temperature
increases considerably more. We therefore maintain our claim that
there is a direct power transfer to the ions., We estimate the power
input to the ions from the rate of increase of the ion temperature at
the start of the rf pulse; again we neglect r.le contributions to the
power balance for the standard conditions (ne ~ 2.3x10'° o3,

Ip ~123 kA, D,, 15 kG) and we obtain P; ~ 7.6 kW. The clearness of
the ion heating signal is due to the small electron—ion collisional

power transfer, in this case ~ 11 kW integrated out to r/a~ 3/4.



The dissipative mechanism which leads to the ion heating has not
been established. It has, however, withstood the changes in limiter

material and the corresponding large decrease in the metallic impurity
level at the plasma centre.

Density increase

We now turn to the observed plasma density increase. The initial
higher power experiments showed a large increase in line-averaged den-
sity during the rf pulse. This increase was reduced by better condi-
tioning but has since resisted further modification. Current control
has led, in general, to a more definite and continued density ramping
rate rather than a simple density increase. The ramping persists at
high power, albeit reduced, when the gas feed is completely cut just
before the rf pulse. We attribute the previously observed "saturated"
increase to a drop in particle confinement and/or recycling rate as
the plasma current decreased. The density increase is again relatively
insensitive to the applied mode structure (both N and M) under fixed
conditions, and its magnitude increases roughly linearly with the rf
power. The density increase is, however, dependent on the target plas-
ma density, being considerably smaller relatively and absolutely at
higher densities. This behaviour is shown in Fig. 8. We also observe
an 1increase in the density profile peaking factor Ky [ne(r) =
Neo X (1-r2/a?)KN| measured with an 8-channel FIR interferometer.
The value of K, does, however, itself increase with increasing den-
sity without the rf pulse. Combined with the observed linear increase
in line-averaged density with increasing rf power, the increased pea-
king factor shows that the peak electron density is increasing faster
than linearly. This further exacerbates the problem of enhanced radia-
ted power loss from the plasma core.

Effect of mode structure

The increase in the line-averaged density during the rf pulse
serves, in addition, to confuse the interpretation of the effects of

the Alfvén Wave mode structure, since the Alfvén Wave spectrum is
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swept through during the pulse. We have, as mentioned, observed little
correlation between macroscopic parameters and either the excitation
structure or the position in the Alfvén Wave spectrum. One striking
exception is found at the estimated threshold of the n = 2, m=0 con-
tinuum. Here we find a loading resonance which is assumed to be the
(n,m) = (2,0) DAW excited, via toroidal coupling, by the (N,M) (2,1
antenna structure. In fact, direct excitation using the (N,M) (2,0)
antenna structure shows little loading by this resonance, presumably
since there is no (n,m) = (2,0) surface wave at this frequency. The
excitation of this DAW is also more pronounced at lower values of
da when, with a broader current profile, toroidal coupling could be
more important. We see in Fig. 9 that at the moment we cross into the
(n,m)=(2,0) continuum we observe a maximum in the soft X-ray emission,
a break in the density rise, an increase in the D, emission and a
break in the radiated power signal in spite of an increase in delive-
red rf power. There are also indications that crossing into the
(nm) = (-2,-1) continuum, at a higher density, has a similar effect
in reducing the density increase. A weakness of our present antenna
system is its inability to excite waves of specified helicity. This
weakness has, however, led to the main advances in our understanding

of the Alfvén Wave spectrum.

Particle Confinement

We observe a decrease in the line-integrated D, emission during
the rf pulse, in standard conditions, both with and without density
feedback. At the same time there is an increase in the height of the
wings of the radial profile of the D, emission, indicative of a
change in the electron temperature and density profiles at the plasma
edge, and/or a change in the recycling conditions (reflected energy
spectrum). The drop in D, emission together with the increasing
Plasma density strongly suggests an increase in particle confinement
time during the rf pulse. Impurity ionization is rejected as the prime
cause of the density increase since the magnitude of the effect has
remained similar for very different impurity conditions with the va-
rious limiter materials. In addition the effect of the (n,m) = (2,0)
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continuum on the density rise demonstrates that the increase in parti-
cle confinement during the rf pulse may well be related to the form of

the wave-function within the plasma, rather than simply to the power
input.

Power Limits

Up to now we have not been able to deliver the maximum available
rf power to the plasma although the limiter changes led to substantial
improvements, as did improvements to the Tokamak operation. Ramping
the rf power up over 10 msec was found to be important in avoiding a
disruption early in the rf pulse at high power. Time also plays a ro-
le, with improvements in plasma performance continuing over the weeks
following a torus opening. It appears evident that the conditioning of

new carbon limiters takes several weeks before full rf power can be
applied.

Under any condition, however, we find a power level at which the
sawtooth activity cannot be maintained during the full duration of the
rf pulse. At this power the discharge converts to a mode-dominated
regime (MD) which often, especially at high power, leads to a disrup-
tion within 5-10 msec. This MD regime is characterized by large ampli-
tude Mirnov oscillations, synchronous with internal soft X-ray flux
modulations which occur at the g=1 surface. This mode-locked activity
leads, in general, to an increase in the plasma column resistance, an
increase in the D, emission and its fluctuation level, a reduction
in the density rise and an increase in the bolometer signal. The saw-
tooth activity, of course, ceases. When the value of g at the limiter
is not far from rational subsequent disruption is likely. When the
value of g lies in a relatively small region 3.1 < qr < 3.5 then a
high level of mode-locked activity can be maintained non-fatally, pro-
vided the plasma position is slightly to the outside.

The choice of the carbon limiter for present operation was made
on its ability to promote sawtooth dominated discharges (SD) although
the TiC-coated graphite limiters provided a lower ratio of
Prad/Poh. We assume that the more hollow radiated power profile in
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the case of the carbon limiters is important, or, in other words, that
the high radiated power on axis is the main trigger of MD discharges,
hence of our observed power limits.

In addition, SD discharges at the highest powers can also disrupt
without apparently having converted to prolonged, g-related MD activi-
ty. This occurs late in the rf pulse, when the density, radiated power
and plasma resistance have reached abnormally high values, is preceded
by a short burst of mode-locked activity, and is obviously related to
the observed accumulation of heavy impurities at the plasma centre.

CONCLUSIONS

Following limiter changes and operational improvements we have
succeeded in delivering rf power up to 206 kW, roughly equal to the
ohmic power, into standard discharges.

Both electron and ion heating are observed with a measured total
heating factor of Ng(ATegtTio)/Pre = 4.9x103 ev/cnd ki.

We find an increase in both electron density and radiated power
loss which limit the power we can deliver without suffering a major
disruption.

We have related the impurity problem to changes in the scrape-off
layer, measured using Langmuir probes.

We have found first evidence of an increase in particle confine-

ment during the rf pulse and it is related to the Alfvén wave spectrum
excited.
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FIGURE CAPTIONS

1. Antenna Loading as a function of density (15 kG, D,, 2.5 MHz)
a) Experimental curves
b) Theoretical calculation
2. Waveforms for typical discharge (15 kG, D).
3. Variation of parameters as a function of peak delivered rf power.
4. Radiated power profiles
a) Wide stainless-steel limiters
b) Narrow graphite limiters
5. Modelled radial profile of Zggg.
6. Scrape-off layer measurements (15 kG, D, q = 4.3)
7. Focus of Ty vs E; with and without rf.

8. Behaviour of the density increase during the rf pulse.

9. Effect of the (2,0) continuum threshold on the density rise.
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