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ABSTRACT

Non-inductive current drive using second harmonic ECRH at both 28 GHz
and 60 GHz has been studied in the CLEO tokamak. At 60 GHz RF driven
currents of up to 5 kA have been observed at i, =4 x 1018 n3 for 185
kKW of injected power indicating an efficiency of nn = ﬁe Ir%Ro/Prf =
0.001 (102% m=3 AmW=!). The RF driven current scaled 1inearly with
total plasma current in the range 5-15 kA and was maximised when the
cyclotron resonance was lTocated near to the centre of the plasma.
Sawtooth activity was normally strongly affected and transient sawtooth
stabilisation was often observed. Detailed theoretical studies are
able to reproduce both the high absorption efficiencies and the scaling
of RF driven current with resonance position seen in the 60 GHz
experiments. However the magnitude of the observed current is a factor
of ~ 3 below that theoretically predicted. At 28 GHz no evidence of RF

driven currents could be detected. Possible reasons for this are

discussed.
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1. INTRODUCTION

The study of non-inductive current drive using electromagnetic waves
has received much attention in recent years. Most experimental effort
has been devoted to the use of the lower hybrid slow wave and this
particular scheme is now well-established both experimentally [1] and
theoretically [2-5]. However the extrapolation of lower hybrid current
drive fLHCD) to the reactor regime is not straight-forward [6]. Due to
the effects of accessibility, étrong electron Landau damping and the
need to avoid interaction with the fusion generated alpha particles one
is restricted to current drive in the outer regions of the plasma which
may lead to the development of unstable profiles. Other RF current
drive schemes have been suggested theoretically. Iﬁ particular, Fisch
and Boozer [7] have pointed out that preferential heating of electrons
moving in a particular direction to the magnetic field leads to the
deve1opment of an RF driven plasma current via the creation of an
asymmetric resistivity. This mechanism lies at the heart of the LHCD
scheme but more importantly allows for the possibility of RF current
drive using electron cyclotron waves, which induce velocity space
diffusion primarily in the perpendicular direction. As in the case of
LHCD, the Taunched waves must be directed with a finite net K,
(wavenumber parallel to the magnetic field). However, contrary to
earlier assumptions, Cairns et al [8] have shown that strong absorption

of the waves in a single pass through the plasma is not necessary in



order to drive a non-zero total current. This conclusion is reached
from consideration of the effect on the electron cyclotron resonance
condition of the reTativistic_correction arising from the velocity
dependence of the electron cyclotron frequency. The host important
result of this correction is that the current driven in the plasma in
response to a given wave amplitude is, in an inhomogeneous field, no
longer antisymmetric about the cyclotron resonance layer. This effect

is important even at a temperature of 1 keV.

The first observations of plasma currents driven by waves at the
electron cyclotron resonance were made in the Culham Superconducting
Levitron [9]. The current was observed to flow in opposite directions
on opposite sides of the cyclotron layer and was found tb scale
Tinearly with microwave power and with Te/ne in accordance with theory.
Subsequently RF current drive at the second electron cyclotron harmonic
was demonstrated in the TOSCA tokamak [10] where the strong reduction
in current drive efficiency observed when the resonance was located at
large major radius (R>RO) was attributed to the influence of electron
trapping. More recently electron cyclotron current drive has been
studied at the fundamental and second harmonic in WT-2 [11] and WT-3
[12] respectively, where in each case the total plasma current could be
supported by the waves. However in both experiments the direction of
the wave-driven current was independent of the direction of wave

propagation and the mechanism of current drive was attributed to the



interaction of the waves with a pre-existing superthermal tail in the

ohmically heated slideaway target plasma.

Here we report the results of a systematic study of second harmonic
electron cyclotron current drive in the CLEO tokamak at both 28 GHz and
60 GHz in hot (> 1 keV) well-controlled plasmas using well-defined
launched wave spectra. The techniques used to inject the waves into
the plasma are outlined in section 2 together with the salient featurés
of the tokamak design. In sections 3 and 4 the results of experiments
at 60 GHz and 28 GHz respectively are described. A combined
Fokker-PTanck and ray tracing code has been used to study the expected
wave-plasma interaction and the theoretical predictions are presented
and compared with the experimental results in section 5. Finally, a

summary and discussion of the results is given in section 6.

2. TECHNICAL DETAILS

The CLEO device has been described in detail elsewhere [13]. Although
the present version was originally designed as an & = 3 stellarator, in
recent years it has operated primarily as an iron-core tokamak of major
radius Ro = 0.9m and minor radius a = 0.13m as defined by two poloidal
tungsten Timiters placed 180° apart toroidally. Feedback control of
plasma current, line-averaged electron density and both vertical and
horizontal plasma position allow well-controlled reproducible plasmas

to be established with pulse durations up to 0.5s. Titanium gettering



of the torus is carried out before every tokamak shot resulting in a

low particle recycling coefficient during the discharge.

During all ECRH experiments on CLEO the RF power was transmitted up to
the torus from the low-field side in oversized waveguide aligned along
a major radius in the tokamak mid-plane. A directed spectrum {i.e.
with finite net ku) required for current drive was achieved in a number
of ways. At 60 GHz a Vlasov-type antenna was fed with the TE,, mode
propagating in 30 mm diameter circular guide. This antenna produced a
narrow crescent-shaped beam at 22° to the waveguide axis (Fig 1). The
theoretical pattern was confirmed in both Tow and high powér tests.

The high power tests were carried out using a real-time,
temperature-analysing, infra-red camera to look at the result of
launching the gyrotron output onto large absorbent tiles [14]. At Tow
power the polarisation was demonstrated to be azimuthal with respect to
the waveguide axis in accordance with theory. Therefore it is to be
expected that in the plasma the extraordinary mode is predominantly .
excited. At a distance of 15 cm the full 3dB width of the antenna
pattern in the tokamak mid-plane was measured to be only 2.5 icm,
Calorimetric measurements showed that up to 185 kW of RF power could be
delivered to this antenna from a single 200 kW gyrotron located 32
metres away. 'This performance was achieved as a result of careful
design of the three bends and two mode convertors incorporated in the
transmission 1ine. As a control experiment a symmetric (with respect

to k“) spectrum was also launched into CLEO by feeding a conventional



straight-waveguide antenna with the TE;; mode. This produced a hollow
cone pattern with the main Tobe at ~12° to the waveguide axis. It.is
expected that in this case there is equal excitation of the

extraordinary mode and the ordinary mode in the plasma.

At 28 GHz a directed wave spectrum was produced in two different ways.
First of all a TE;, Vlasov-type antenna was employed, as at 60 GHz, but
in 40 mm diameter waveguide giving a crescent-shaped antenna pattern at
~37° to the waveguide axis. Again it is to be expected that
predominantly the X-mode is excited in the p]aéma with this antenna.
Secondly a directed spectrum was achieved by Taunching a TEq,+ TE,,
mode mixture from open-ended straight circular waveguide. The open end
of a circular waveguide excited in the TE,, mode radiates a Tinearly
polarised beam with its peak intensity on the waveguide axis. For 28
GHz and a waveguide diameter of 40 mm the H-plane antenna pattern has
10 dB points at + 17°. When the same waveguide is excited in the TEq,
mode the antenna pattern is a hollow cone with its maximum at 19° from
the axis. The polarisation is azimuthal and hence the electric fields
have opposite signs on either side of the waveguide axis in the tokamak
midplane. If the two modes are combined the TE,, wave will increase
the TE); field on one side of the axis and decrease it on the other
side as illustrated schematically in Fig 2. A mixture of TE;, and TE,
was produced by removing one period from a four-period mode convertor
designed for complete TE;,»TE,, conversion. The relative phase of the

two modes varies continuously in the plain waveguide following the



convertor. The deflection of the wavefront was optimised empirically
by varying the length of plain 40 mm diameter waveguide between the
convertor and the plasma. The angle of deflection was measured by
launching the wave at high power into free space and measuring the
antenna pattern with heat sensitive paper. The beam can then be
directed either parallel or anti-parallel to the plasma current by
rotating the convertor by 180°. In the best case, angles of +11.3° and
-8.0° with respect to the waveguide axis in the tokamak mid-plane were
achieved, the asymmetry being due to residual spurious modes. The
radiation is almost l1inearly polarised and should predominantly excite

the extraordinary mode in the plasma.

3. 60 GHZ EXPERIMENTS

3.1 Gross Features

A typical set of oscillograms for a 10 kA discharge is presented in Fig
3 to illustrate the parameter regime in which the experiments were
conducted. The magnetic field corresponding to second harmonic
cyclotron resonance at 60 GHz is 1.072T and the Tow-density
extraordinary mode cut-off is at L, = nc~2.24 x 101%m=3, The ordinary
mode can propagate at densities up to 2 ne but absorption of this mode
is weak at the second harmonic. Most of the experimental work was

carried out at line-averaged densities of N ~4 x 1018m~3 since this



represents a satisfactory compromise between the requirements %or large
RF driven current (j.e. low ﬁe) and high single-pass absorption (i.e.
high ﬁe). At this line-averaged density, the central density in the
initial OH target plasma is estimated to be Nag™8 X 1018m=3 (see below)
which is sufficiently far below n. to avoid strong refraction. If the
gas influx, T', is maintained constant during the discharge there is a
significant decrease in ﬁe during the ECRH pulse due to both a
broadening of the density profile and a decrease in the total number of
particles. This phenomenon has been observed in many devices [15-17]
but is particularly pronounced in CLEO because of the low particle
recycling coefficient of the gettered vacuum vessel walls. For
discharges during which T is maintained constant, the decrease in ﬁe
due to the RF increases with increasing target ﬁe so that the
phenomenon resembles a density "clamp". Such behaviour has also been
reported in the THOR tokamak [18]. During the current drive
experiments described here ﬁe, measured along a central (R=R,) chord,
was normally feedback controlled to be maintained approximately
constant during the discharge. There is thus an increase in gas influx
during RF injection and a broadening of the density profile is
observed.- For example with reference to the discharge shown in Fig 3,
although n, at R=R, is maintained constant (Fig 3(c)) at ~ 4 x 1018

m-3, simultaneous off-axis interferometric measurements show that,



x
i < N - ) 2 n
assumwng_a profile family of the fonn g = Mgy (1-r¢/a®) , Nao

decreases from ~ 8 x 1018 o3 to ~ 6 x 10'® m™3 whilst «  decreases
from ~ 2.6 to ~ 1.6 upon RF injection. The total number of electrons
is not significantly changed but of course the increase in T implies a
significant reduction in the global particle confinement time rp. The
"overshoot" in ﬁe at the end of the RF pulse is evidence that T

recovers as soon as the RF is turned off.

Pulse height analysis of the soft X-ray emission spectrum heasured with
a Si(Li) detector before and during RF injection typically-indicates an
increase in central electron temperature from Teo ~ 400 + 50 eV to
~1250 + 200 eV upon injection of 185 kW of RF power. In contrast to
earlier low density experiments at 28 GHz [19] there is no strong tail
formation eithef during the OH phase or the RF phase of the discharge
although a soft tail is observed (Fig 4). The experimentally measured
specfra at both 28 GHz and 60 GHz have been successfully modelled using
a bounce-averaged Fokker-Planck code [20]. A hard X-ray detector
located outside the 25 mm thick stainless steel vacuum vessel detects
emission arising from the slowing down of electrons with energies E >
100 keV in the tungsten limiters or vacuum vessel wall. The Tow Tlevel
of emission preéent in the initial OH phase is normally extinguished by
the RF (Fig 3(d)). This is possibly associated with the strong
reduction in the DC electric field but may also indicate that the fast

electron confinement is influenced by the RF. The reappearance, or



not, of the emission after the RF pulse depends strongly on the plasma
density behaviour during this phase of the discharge. For the usual

conditions shown in Fig 3 there is little emission during or after the

RF.

It should be noted that in these low current (typically Ip ~ 10 kA)
plasmas, estimates of the RF absorption efficiency (see below) indicate
that PRF(absorbed)/POH(in1t1a1) > 10 whilst the ohmic power input is
completely negligible during the RF phase. Magnetic measurements

indicate that the poloidal beta, Bp’ increases from ~ 0.7 to ~ 2.7 upon

’ a
RF injection. If a temperature profile of the form T = Teotl-r2/a2) T

is assumed these measurements are consistent with the interferometric
density measurements and the Si(Li) measurements of Too!f ap decreases
from ~ 4.2 to ~ 2.1 upon injection of RF. The broadening of T (r) and
ne(r) is reflected in the strong broadening of the soft X-ray emission
profile, ISXR(r), as measured with an array of surface barrier diodes
viewing the plasma from above (Fig 5). Furthermore, it can be seen
that accompanying the large increase 1in absolute emission (Fig 3 (g))
there is a strong outward shift in peak emission upon RF injection (Fig
5) associatéd with the large increase in Bp. Note that the excursion
in the position of the outermost flux surface is held to a small value

(Fig 3(f)) by the position feedback control system.



The parameters (typical) during the OH phase and the RF phase of the
discharge in Fig 3 are summarised in Table I. The total power input
during the RF phase is calculated using the estimated absorption
efficiency of ~ 80-85% (see Fig 10 and associated discussion) combined
with the measured injected power (185 kW). The energy confinement time
degrades in an L-mode-like manner falling in this case to ~ 0.9 ms
which lies between the predictions of the Goldston [21] and the
Kaye-Goldston [22] scaling laws which give vp ~ 1.6 ms and tp ~ 0.5 ms
respectively. It should be further noted that during the RF phase B ~

is the critical beta given

2 . o .,
ﬂp(s/Q(a)) 0.06% O'BBcnit where B_ ..+

by Troyon et al [23].

Evidence that the broadening in ne(r) and Te(r) is accompanied by a
broadening in the current profile j(r) is provided by the observation
of sawtooth stabilisation. Figure 6 shows that for the discharge -
illustrated in Fig 3 the sawtooth activity disappears shortly after the
onset of ECRH although it reappears in the form of rounded sawteeth
several milliseconds later. The presence of sawteeth in the initial
ohmic phase indicates a very peaked current profile in view of the very
high q at the edge, viz q(a) ~ 10. Figure 7, for a 15 kA discharge,
shows complete stabilisation of sawteeth during the ECRH phase with
their reappearance after the RF. The sawtooth period is typically
between 0.5 and 1.0 ms but this increases to over 2 ms when the
resonance position is displaced outwards by ~ 4 cm ie, close to the

shifted magnetic axjs (Fig 5). This is probably associated with the

10~



deposition profile being centred accurately inside the g=1 surface. As
at 28 GHz no slow ﬁrecursor activity is apparent before the sawtooth

crash.

3.2 Current Drive Studies

For discharges studied initially (such as that in Fig 3) the plasma
current flowed in a counterclockwise (CCW) direction and the waves were
launched preferentially in a clockwise (CW) direction around the torus,
as viewed from above. Since the waves were injected from the low-field
side, and bearing in mind the relativistic effects on the resonance
condition pointed out by Cairns et al [8], this is expected to lead to
an RF driven current which is parallel to the existing ohmically driven

current; ie since

w = M /7 = kyvy > 0

the waves are expected to drive an electron current in the same
direction as the wave propagation. The wavenumber and electron
velocity components parallel to the magnetic field are denoted by kh
and v, respectively, w is the angular frequency of the wave, s (=
eB/m) is the electron cyclotron frequency, y(=(1 - v2/c2)'%) is the
relativistic factor and the equation applies at the 2th harmonic. It
is not possible to open-circuit the primary in CLEO during the

discharge and the loop voltage was not driven to zero or below with the
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available RF power. However since the plasma current can be held
closely constant using a fast feedback amplifier it is possible to
identify non-inductive currents by measuring the difference in loop
voltage, Vi, when the relative direction of k is reversed with respeét
to Ip. A clear and consistent difference in loop voltage was observed
in the 60 GHz experiments whether the current or antenna direction was

changed.

Rotation of the Vlasov antenna in order to reverse the direction of k
invo1véd a significant perturbation to the 30 m RF transmission line.
Therefore, in the first instance, Ip was reversed. The Toop voltage
waveforms for discharges with CW and CCW plasma currents (k is CW) are
shown in Fig 8. There is a substantial difference in V2 during the RF
phase although in all other respects, for example the line-averaged
density, stored energy (diamagnetic measurements) and electron
temperature (Si(Li) detector measurements) the discharges were
virtually identical. Furthermore the absolute soft X-ray emission and

its profile ISXR(r), which is particularly sensitive to Te and n_, was

e
the same for both discharges. The variation of V2 was studied as a
function of B¢ (ie, as a function of resonance position) for both
directions of Ip (Fig 9). If it is assumed that the RF driven
component of the plasma current, IRF’ is unchanged when Ip i; reversed

and that the plasma resistance is the same in both cases one may

write,

-12-
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I

p RF ~ VCCH/Rp

and Ip + IRF = VCN/Rp

Thus,
L VeewNew)ty 1)
RE— (Voo ey

where VCCN and Vcw are the loop voltages measured with counterclockwise
and clockwise plasma currents respectively and Rp is the plasma
resistance. The RF driven current deduced in this way from Fig 9 is
plotted as a function of toroidal field in Fig 10. Also displayed in
this diagram are the experimental estimates of absorption efficiency
which were obtained by estimating the unabsorbed gyrotron power using a
calibrated 'horn receiver' to detect the magnitude of 60 GHz radiation
in the torus. The absorbed power was typically 80-90% and only a. weak
function of B¢, Ip and ﬁe. This confirms the theoretical prediction
that wall reflections may ensure efficient absorption even when the

single pass absorption decreases significantly.

The deduced RF driven current was found to increase with Ip in the
range 5 kA < Ip < 15 kA (Fig 11). Also displayed in this diagram, for
comparison, is the RF driven current in a 10 kA discharge for an

injected RF power of 120 kW. It was not possible to study the

=



variation of IRF with PRF over a significantly wide range §1nce the 60
GHz gyrotron did not operate reliably below an output Tevel of ~ 100
kW. Similarly, because of the difficulties of particle control
discussed in section 3.1, in particular the "density clamp" effect of
the RF, it was not possible to study the current drive efficiency as a
function of ﬁe'

A second experimental campaign was carried out with the Vlasov antenna
rotated through 180 degrees to launch waves with k CCW. As before,
experiments were carried out with CW and CCW plasma currents and the
results were compared. In Fig 12(a) the loop voltage measured during
ECRH with PRF = 185 kW is plotted as a function of B¢ for both
directions of plasma current. Once again there is a significant
difference in Vl between the two directions of Ip but comparison with
Fig 9 shows that upon rotation of the antenna the Tower Toop voltage is
achieved with Ip CW instead of Ip ccw.- This rules out the suggestion
that the difference in Vl for the discharges shown in Fig 8, for
example, is due to some device asymmetry with respect to the direction
of Ip, [24-25]. Unfortunately the RF heating obtained during the B,
scans used in Fig 12(a) was not the same for the two directions of Ip
for reasons which we have been unable to ascertain. This is
illustrated in Fig 12(b) where the increase in poloidal beta during

ECRH is plotted against B Although this complicates the quantitative

0
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analysis, examination of Figs 12(a), 12(b) provides clear, unequivocal

evidence of a non-inductive component of the plasma current when the

following points are noted:

(i)

(i1)

(ii1i)

For Ip CCW and B, = 1,034 T, ABP ~ 1.4 and Vo2 0.5V yet for Ip

¢

CW and B¢ = 1,005 T, Vl is only ~ 0.25 V even though Aﬁp < 0,6.

For Ib CCW and B, = 1.1 T strong heating is observed with ABP ~

¢
2.2-2.4, At the same field, but with Ip CW, much lower heating
(ABp < 1.2) was observed yet the same loop voltage (~ 0.4 V) was
measured. At lower B¢ (~ 1.07 T) when the same heating
efficiency was achieved (Asp ~ 2.3) a loop voltage of only

0.1-0.15 V was measured for Ip CW.

With the TE;; Taunch, when no net RF driven current is expected,
heating experiments were also carried with both directions of
Ip_ For Ip CW exceptional heating was observed with ABP ~ 3.3
(implying Bp ~ 4, i.e, sBp>0.5). Electron cyclotron emission
and Si(Li) detector measurements indicated that the central
electron temperature was increased to ~2 keV. The reasop for
this has not been determined. A loop voltage of ~ 0.1-0.15 V
was measured ie, of the same order as with the directed launch
when Asp ~ 2.3 was measured. In fact for Ip CCW and TE;; launch
ABp ~ 2.2-2.3 was obtained but in this case Vo~ 0.25 V. The

difference in V,for different Ip directions when using the TE;,

Taunch is explicable, within the experimental errors, in terms

-15=-



of the different heating observed. In fact it should be
mentioned that in 15 kA discharges using the TEg; launch the

same Aﬁp and the same V2 were achieved for both Ip directions.

One may gain further insight by concentrating only on data from Fig 12
for which ABp ~ 2.3 (ie Bp ~ 3). This data is summarised in Table II.

For the TEy, discharges one can then write

Ip - IRF - VCH/Rp
and Ip + IRF = VCCN/Rp

where Ip = 10 kA, V., ~ 0.125 V, VCCW = 0.4 V and IRF and Rp are

CW
assumed to be the same in each case since Aﬁp is the same. Solution of

these equations gives

RE "~ 5.2 kA

and,
R~ 26 puQ
P =

(NB Assuming Spitzer resistivity with a temperature profile

= e 2 242 = 7 i a3
Te Teo(l re/a®)* and Z ;¢ 2 this would imply Teo 950 eV)

-16-



For the TE,; mode one may write

I =Y /R
P o/ p

which would predict (taking the same Rp)

V, ~0.26 V

in close agreement with experiment.

It can be clearly seen in Fig 12(b) that there is a strong asymmetry in
heating efficiency with respect to the resonance position relative to
the torus minor axis. As the resonance moves to larger major radii the
heating efficiency falls off extremely rapidly for R > R,. This
behaviour has been reported previously at 28 GHz in CLEO [15] and has
also been observed in WT-2 [11]. In the case of the CLEQ experiments
there is evidence from soft X-ray and electron cyclotron emission
measurements to suggest that this phenomenon is connected with wave

coupling to trapped electrons which are then rapidly lost [26].

4. 28 GHZ EXPERIMENTS

The extraordinary mode cut-off density for 28 GHz second harmonic
heating is at n_ ~ 4.85 x 108 m=3, The heating efficiency falls

substantially if Neo significantly exceeds Ne since wave absorption is

-17-



restricted to the outer regions of the plasma. Therefore most
experiments at 28 GHz were carried out at a line-averaged density of

ﬁe ~ 2 x 108 @3, A typical discharge is illustrated in Fig 13. With
Ip = 10 kA (feedback controlled) and CCW, the Vlasov antenna was
rotated to launch waves both CW and CCW. The toroidal field was varied
around the second harmonic resonant value of 0.50 T for both antenna
orientations. In Fig 14, where the loop voltage and the increase in
poloidal beta due to the RF are plotted as a function of B¢, it is seen
that in contrast to the experiments at 60 GHz there are no significant
differences for the two antenna orientations. The injected power was
measured calorimetrically to be 120 kW, exceeding the initial ohmic
power by almost an order of magnitude. For central heating (B¢0 ~ 0.5.
T) ABp ~ 1 and as observed at 60 GHz the heating efficiency falls off

rapidly for B¢o greater than the resonant value.

Closer examination of the diagnostic behaviour for the two antenna
orientations (eg soft X-ray profiles, sawtooth behaviour, hard X-ray
emission etc) fails to reveal any discernible differences. At such low
densities, sawteeth are normally absent in the ohmic phase (despite
q(a) ~ 5 e, a factor of two lower than in the 60 GHz experiments).
However injection of RF often results in the excitation of sawteeth.

As at 60 GHz the hard X-ray emission (> 100 keV) is usually
extinguished by the RF and increased gas influx is required during the

RF phase to maintain ﬁe constant. As ﬁe is increased, sawteeth appear

-]18-



in the ohmic phase and the hard X-ray emission falls to a negligible
Tevel before and during the RF. However, in such discharges a large
spike of hard X-ray emission is usually observed , 5-6 ms after
termination of the RF. This would indicate that despite the low
overall heating efficiency observed for ﬁe ~ 3-4 x 1018 p=3 the RF can
still accelerate electrons to energies in excess of 3-4 keV which can
then 'runaway' in the post-RF electric field (~ 0.4 V/m). The
time-delay between RF turn-off and appearance of the X-ray burst is

consistent with this mechanism.

Experiments were also carried out using the TE;, + TE,;, mode mixture
described in section 2. In this case the RF was injected into
discharges with decaying plasma current. The inductance in the primary
circuit was reduced to a Tow value to accentuate changes in Ip and
de/dt as a result of RF heating and current drive. The voltage and
current waveforms for two discharges into which the RF waves were
launched CW and CCW respectively are shown in Fig 15. The plasma
current is CW and is ~ 10 kA at the time of injection. The injected

power was 135 kW. There is no significant difference between the two

sets of oscillograms.
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5. THEORETICAL MODELLING

Theoretical studies of the absorption and the expected RF driven
current have been carried out using a ray tracihg code which includes a
current drive model allowing for trapping effects [27] and the weakly
relativistic resonance condition [28]. Predictions_ of current drive by
a bounce-averaged Fokker-Planck code [20,29] agree well with the linear
current drive calculations. In addition, the electron distribution
function predicted by the code is consistent with the measured X-ray

spectrum during ECRH.

The 60 GHz radiation pattern shown in Fig 1 was modelled by a bundle of
270 rays. Profiles of the form n, = n,, (1-r2/a2)? and

I, =T (1-r2/a2)3 and shifted flux surfaces with the magnetic axis
displaced by up to 4 cm were assumed in accordance with the
experimental data. The results are i1lustrated in Fig 10. Multiple
wall reflections are included in the calculations although for central
heating and current drive this has little effect since the single pass
absorption is ~ 80% As the resonance is moved off-axis wall
reflections play a more important role enabling the high absorption
efficiencies of > 80% to be maintained in agreement with the
experimental measurements. However the RF driven current falls off

much more strongly as B¢o is varied since multiple passes of the waves

through the resonant region produce strong cancellation effects of the

-20-



oppositely driven currents on either side of the resonance. This

prediction is also in accord with the experimental results.

However, although the calculations are able to correctly predict the
absorption efficiency and the scaling of the absorption and of the RF
driven current with B¢0, the absolute magnitude of IRF is overestimated
by a factor ~ x 3. The theoretical results shown in Fig 10 already
include the effect of electron trapping which reduces the predicted
current by typically ~ 20% for the cyclotron resonance at R < Ro' As
B¢o is raised so that the resonance is displaced outwards to R >.R0 the
calculations show that the trapping effects are severe, reducing IRF by

a factor of > 2. The theoretically predicted current drive efficiency

for central resonance is ~ 70 A/kW launched, corresponding to a figure

ﬁe (1020 m3) IopRoPre ~ 2 % 10-3, This figure is

low compared with that achieved in LHCD experiments because, as

of merit n

Fokker-Planck calculations have shown, the waves interact primarily
with electrons in the range 1 < v"/ve < 2, where Vo Ts the electron
thermal velocity. In all LHCD experiménts in which efficient current
drive has been achieved, high phase velocity waves have been launched
in order to interact with very energetic electrons. As with LHCD, the
ECRH current drive efficiency increases strongly with increasing v"/ve
[27]. The Fokker-Planck calculations also show that distortion of the
electron distribution function from Maxwellian by the ECRH is
significantly less in the conditions of the 60 GHz experiments than in

those of the 28 GHz experiments [20].
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The calculated profiles of absorbed power and of RF, driven current are
shown in Fig 16. As the heating and driven current profiles are
somewhat broader than the high q displaced ohmic profiles, sawtooth
suppression is to be expected, as observed experimentally (Figs 6,7).
However it would appear that the sawtooth activity is more sensitive to
the absorption profile and its location than the current drive profile
since no significant difference in sawtooth activity is observed
between co- and counter-current-drive and since stabilisation is
normally achieved on a very rapid timescale (within one sawtooth period

after RF switch-on).

The possible influence of a bootstrap current [30] has been studied.
Employing the transport coefficients given by Hinton and Hazeltine [31]

the current density arising from the bootstrap effect is given by

1 dne dTe(EV)
JBS = -e(r‘/R) [2.33 Te(eV) a— + 0.74 ne T]/Be

For these hot electron plasmas with vé ~ 0.1 over most of the plasma
profile and poloidal beta values up to 3 the bootstrap current is
calculated to be between 4 kA and 7 kA with a hollow profile peaked at
~ 4 cm from the magnetic axis (Fig 16). The expected bootstrap current
in the initial ohmically heated plasma is much smaller (< 2 kA). The
presence of such a bootstrap current in the RF phase of the discharge

would Tead to a significant reduction in our estimates of IRFsince one
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should repldce Ip in equation (1) by (Ip - IBS) where Inc is the
bootstrap current. However, the appearance of such a hollow profile
bootstrap current should not only suppress sawtooth activity in these
high g discharges but should also initially depress the loop voltage
significantly below zero when the RF driven component is parallel to
the inductively driven current (and hence also to IBS) as indicated in
Fig 8 from current diffusion calculations carried out using the HERMES
code [32]. No transient decrease in Toop voltage is seen associated
with the predicted decrease in inductance. Furthermore, neglecting the
bootstrap effect the current diffusion calculations show that within
errors the average of the loop voltage decreases observed for co- and
counter-current-drive corresponds to the observed temperature rise if
the resistivity remains neo-classical and Zeff remains close to 2. It
is possible that the effect of a bootstrap current could be masked by
an enhancement of the resistivity by trapped electron effects over and
above that given by the usual neo-classical expressions and brought
about by the wave interaction. However the transient loop voltage
behaviour should still be evident. Therefore it would appear that the

bootstrap current is much smaller than theoretically predicted in these

plasmas.

6. DISCUSSION AND SUMMARY

The conflict between theory and experiment evident in the results

presented here requires some discussion. In particular the reduced
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current drive efficiency at 60 GHz and the complete absence of RF
driven current at 28 GHz need explanation. Ray tracing calculations
suggest.that similar current drive efficiencies should be achieved in
the 28 GHz and 60 GHz experiments. It is possible that the resolution
of our dilemma may be associated with the relative timescales involved.
The Fisch-Boozer mechanism of ECRH current drive relies upon
collisional relaxation of the heated electrons upon the background ions
to establish the RF driven current via the asymmetric resistivity
effect. This relaxation may occur directly or via interaction first
with the background electrons. In either case additional energy losses
from the electron population, and particularly from the resonant
electrons, will interfere with the current drive mechanism. Such
effects may be especially important in conventional ECRH where the
resonant electrons are more closely tied to the bulk than in LHCD for
example. As a‘consequence the resonant electrons are unlikely to be
immune from the anomalous processes knoyn to strongly influence the
global energy confinement in ohmically heated plasmas or the effects
associated with auxiliary heating which Tead to a further deterioration
in the overall confinement. As already pointed out, in the experiments
described here, both the global -energy and particle confinement times

are observed to decrease upon RF injection.
Fokker-Planck calculations suggest that the energy of resonant

electrons is ~3-4 keV in these experiments. For the conditions of the

60 GHz (28 GHz) experiments such electrons have an electron-electron
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collision time, T [31] of order 1 ms (2 ms) whilst the "electron-ion
collision time is of the same order or a little shorter for the
estimated Zeff' Fokker-Planck calculations confirmm that the RF driven
current is established on a timescale of the order ~2-3 T, as shown in
Figure 17. In the case of the 60 GHz experiments T~ Tgs the global
energy confinement time, (see Table I) whilst it is estimated that s
4 T for the 28 GHz discharges. Thus in the present experiments the
co]]isionalvslonﬁng down time for the resonant electrons is of the same
order as (60 GHz), or significantly longer than (28 GHz), the
experimental energy confinement time. In such circumstances the
observed results may be understandable. It should be noted that the
_processes responsible for the short confinement time may also inhibit

the establishment of the bootstrap current.

In summary, second harmonic electron cyclotron current drive has been
demonstrated at 60 GHz in tﬁe CLEO tokamak. The mechanism clearly
differs from that observed in the WT-2/WT-3 experiments which relies
upon interaction with a strong established electron tail. A decrease
in energy and particle confinement and a modification of the sawtooth
activity accompanies RF injection. The scaling of the RF absorption
and of the RF driven current with toroidal magnetic field (and
therefore with resonance position) is in agreement with theory. The
low current drive efficiency observed at 60 GHz and the absence of RF
driven current at 28 GHz may be associated with the fact that the
collisional slowing down time of the resonant electrons is of the same
order or longer than the global energy confinement time together with

the fact that the resonant electrons remain closely tied to the bulk
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distribution and are therefore unlikely to be immune from the anomalous -
loss processes which determine - Finally, it would appear that in
these experiments the bootstrap current is either absent or much

smaller than theoretically predicted.
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TABLE I

TYPICAL PLASMA PARAMETERS

I =10 kA, B, = L.O7 T, f = 60 GHz

OHMIC PHASE RF PHASE

Teo 400 eV 1250 eV

n, 4 x 1018m=3 4 x 10%8p~3

Neo 8 x 10183 6 x 1018pm-3

Bp 0.7 Caid

ProTaL (@bsorbed)  ~ 14 ki ~ 155 kW

T ~ 2.3 ms ~0.9 ms
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TABLE II

COMPARISON OF LOOP VOLTAGE RESPONSE FOR

DIFFERENT MODES OF INJECTION AND PLASMA CURRENT DIRECTIONS

Ip = 10 kA; PRF = 185 kW; f = 60 GHz

Mode Ip direction By (T) a8, V, (V)
TEg, (V1asov) CW .07 ~2,3 0.1-0.15
TEq, (Vl1asov) CCW 1.10 ~2.3 0.4
TEy, (Balanced) CCW .47 ~2.3 0,25
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Fig.1 Antenna pattern of the 60GHz Vlasov antenna. The
maximum power is radiated at 22° to the waveguide axis in the
tokamak midplane. The crescent shape is the locus of the 3dB
point. The width of pattern and the angle subtended by the tips of
the crescent denoted in the diagram refer to the results of
experimental measurements made at 15cm from the antenna.
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Fig.2 Schematic illustration of the production of a directed
spectrum by means of mode mixing. £ is the electric field
intensity.
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Fig.3 A typical discharge for 60 GHz current drive studies;
By =1.072T, Ppp=185kW, (a) loop voltage, V;, (b) plasma
current, I,, (c) line-averaged electron density (at R =Ry), 7.,
(d) hard X-ray emission, /yxg, (¢) RF power, Pgg, (f) in-out
plasma position, 6, (g) line-integrated soft X-ray emission (at
R=Ry), Isxr-
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Fig.4 X-ray emission spectra at [, =10kA,

i, =4x10"m™ recorded with a Si(Li) detector
during (a) ohmic phase and (b) RF phase
(Prp=185kW; f=60GHz). The line-fits represent
temperatures of 360eV and 1100eV for the ohmic
and RF phases respectively.
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Fig.6 Line-integrated soft X-ray emission at b= +2cm for the
discharge in Fig. 3.
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Fig.13 A typical discharge for 28 GHz current drive studies; B4, =0.502T,
Prr=120kW, (a) loop voltage, V;, (b) plasma current, I,, (c) line-
averaged electron density (at R=Ry), 7., (d) hard X-ray emission, /gy,

(e) RF power, Pgg, (f)in-out plasma position, 8y, (g) line-integrated soft
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Fig.16 Predicted profiles of absorbed power P, RF driven
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