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ABSTRACT

Feedback stabilization of the m = 2 mode in tokameks would be advantageous for
disruption~free operation at low q-values. Stabilization of the m = 1 mode and
resulting "“sawteeth" could lead to substantial increases in the stable g-value,
as well as indirect stabilization of the m = 2 mode, by permitting q{0)-values
below unity. Stabilization of these modes at acceptable amplitudes appears
possible by feedback-modulated heating or current drive applied to the region
within the mode-induced magnetic islands. Current drive offers by far the more
efficient mechanism, and it can be accomplished using lower-hybrid or electron-
cyclatron radio~frequency (rf) technigues. For the Tower-hybrid case, ray-
tracing calculations demonstrate the needed localization of the rf power,
despite Tong ray paths in the toroidal direction. Top-launched lower-hybrid
waves are favored for localized absorption.

*Tnvited paper presented at the "Course and Workshop on Applications of RF
Waves to Tokamak Devices" (Varenna, Italy), September 5-14, 1685.
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I. [INTRODUCTION

The suppression 0f the m = 2 resistive-kink [tearing) mode ir a taokamak
would have three important advantages: (i) it could provide disruption-free
operation at relatively Yow g{a}-values; ({ii) 1t would provide a modest
improvement in the 1limiting beta-value for ballooning instabilities by
shortening the connection Tength [i.e., Jowering gqfa}]; and {(iii) it would
provide a modest dimprovement in confinement by allowing increased plasma
current.

The successful suppression of the m = 1 mode and the associated “sawteeth”
would have wore substantial advantages: (4§} it cauld provide a significant
jmprovement in the limiting beta-value by reducing bath g{0) and qla); (ii) it
would provide indirect stabilization of the m = 2 mode {and other "external"
resistive kinks) by allowing qfD)} to fall significantly below unity
[corresponding to centrally-paaked j{r)-profiles that are known to be stable tg
m > 2 modes]; (i1} it would provide a significant improvement in confinement
hy allowing increased plasma cuerceat; and {iv) it would enhance the maximum
ohmic heating power by increasing the central current density.

"Conventional” and “sawtooth-suppressed® tokamak profiles are illustrated
schematically in Fig. 1, The conventiona) tokamak s restricted to gqfa)-values
not much below 3.0 because of conflicting reguirements on the current profile:
namely, that it provide stability against the m = 2 mode {and perhaps, also,
the m = 3, n > 2 mode) and that qf0} not be sigaificantly below unity /1/. The
sawtooth-suppressad tokamak might have alal-values of 2.0 or Tower and q(0}-
values as tlow as D.7; the onset of higher-order ‘“fractional-m/n" modes
(e.9., m =3, n=4) would apparently preclude even lower q{0)-values /2/.
The sawtooth-suppressed tokamak might be expected to exhibit a relatively flat
pressure profile within the region g(r) < 1 because of the action of uistable
resistive interchanges.

Feedback stabilization of m ) 2 modes by rf heating and/or current drive
has recently been praposed /3/, and extension of this technigue to the m = }
mode appears possible. To produce a stabilizing effect, the feedback technique
myst increase the plasma current density within the magnetic islands. There
are two prin;jﬁhl opttons for rf-feedback:

1. Heat the magnetic islands by Jotalized rf heating, thereby lowering
the resistivitys
2, Drive additional non~inductive currents within the magnetic islands.
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In both cases, the rf power must be modulated in phase with the signal from a
suitable detector. Feedhack techniques based on electron=-cyclotron heating
(ECH) ard Tower-hybrid current drive (LHCD) are illustrated schematically in
Fig. 2 for the case m = 1,

IsTand rotation can be detected by electron-cycliotron emission (ECE) and
soft X-ray arrays for the m = 1 mode or by Mirnov coils for the m = 2 mode.
The rotation of the modes is usually found to be in the electron diamagnetic
drift direction, and in the Princeton Large Torus (PLT) it has a frequency
around 2 kHz for the m = 2 mode and around 5 kHz for the m =1 mode., The
rotation frequency becomes smaller for larger tokamaks. For the PLT, the
heating pulse should be on the order of 50-100 psec. This is easily achievable
with a klystron amplifier for LHCR, and it is also attainable for ECH by using
gun=-anode modulators for a gyrotron oscillator.

The theory r° feedback stabilization of tearing modes is summarized in Sec.
II; a fuller account is given elsewhere /1/. Feedback by the (preferred)
lower=hybrid currant-drive technique is discussed in detail in Sec. IlI. The
alectron~cyclotron-heating technique is discussed in Sec. IV,

[1. THEORY OF FEEDBACK STABILIZATION OF TEARING MODES

The theory of feedback stabilization of tearing modes by island heating
follows the standard treatment of m > 2 mades in their slow-growing (nonlinear)
phase, except tnat the resistivity on flux-surfaces interinr to the isiand is
allowea to bhe perturbed relative to that on extarior flux surfaces. The rf
powe: dersity is modulated in phase with the rotating island,

Pog = Erf cos{me=ng-cut),

and the radial profile of power deposition is arsumed to be quite narrow, but
not as narrow as the island itself, The cross-field electron thermal
diffusivity x, within the island limits the temperature perturbations that can
be produced by the rf power,
The island width w is found to grow according to /1/
F
_rf
= nfa’ - w).
dt enTe
[]
where A 1s the usual measure of tearing-mode instability. The constant Ch =
0.75(rj,/Bg)(a/rq') ~ 0.5, typically. If tne feedback system can supply a



fraction f of the total heating power, depositing it within a region of radial
width d, and if the local cross-field thermal diffusivity is comparable to its
global value, x, = a2/4rEe = athot/SnTE, then suppression of the islands

requiras
a'a < 3 f w/d,

implying that very large feedback power (f ~ 1) would be required to stabilize
islands of width d in typical cases (Ata ~3)

Feadback stabilization by island current drive requires a non-inductively
driven current density modulated in phase with the rotating island:

~

Jpp = Jpf cos (mo-ng-ut) .

The island width w is found to grow according to

Jj
fl
= n{a' - C L =],
d JZO W

aw

dt
where Cy = 8(er/B0)(q/rq') ~ §, typically, A1l islands with widths less than
a certain critical width are stabilized. A feedback current density (expressed
as a fraction of the unperturbed Tocal current density jzo} of }rf/jzo ~ 0,03-
0.1 should be sufficient to suppress m = 2 islands with widths up to w/a ~ 0.1
in a typical case (a'a ~ 3).

Stabilizatian of the m = 1 mode is more praoblematical, and it depends
(thearetically) on the degree to which the m = 1 ideal-MHD internal kink can be
made positively stable, far example, hy triangularity of the cross section
/4/. Detailed calculations /1/ indicate that the effective &' can be related
(for a given current profile, 1in particuTar parabolic) to the triangular
distartion £, of the plasma boundary: for q(0} ~ 0.9, we obtain

a'a ~ 50763, .

Even for high values of trianqularity (§3a ~ 0.5), the effective A'a-value will
be about two orders-of-magnitude Targer than typical values for the m = 2
mode., Values of Cq are, however, larger at the q = 1 surface, typically Cq ~
50. Thus, feedback stabilization of the m = 1 mode hy island current drive
might Tie just within the bounds of practicality (;rf/jZO ~ 0.4 for w/a ~0,1),

The remainder of this paper is devoted to a discussion of rf techniques for

T e
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achieving the required localization of the rf power,
I111. FEEDBACK BY LOWER-HYBRID CURRENT DRIVE

We examine the feasibility of using lower=hybrid current drive to modify
the current profile in magnetic islands in order to limit the size of the
jsland by feedback, Since Towar-hybrid current drive is known to work well,
its feasibility as a feedback technique rests on practical details such as the
spectrum control required for Tocal deposition. This, in turn, is influenced
by details of geometry and plasma profiles, which can be included 1in
calculations based on geometric optics, i.e., the ray-tracing approach.

In this approach, a Tocal dispersion relation, D{r,k,w) = 0, allows one to
follow the position r, wave vector k, and power content P of a ray in time by

integrating the following equations:

L= - 30730,
k=+ 3}1‘!)/3&0’
Prp = -2 ImD/aD.

The physical content of the dispersion relation can vary according to the level
of detail desired in the analysis. For example, for many purposes the lower-
hybrid wave can be treated as electrostatic. In addition, current “rive takes
place only when lower-hybrid resonance is not a factor. 1In this case

2 2 2
D= (1+ fgf’—)k"i - -l—u% Ko (—u% K2 [.’2111/2[—--~—2"’22 7 2exp (- ;’2 5)].-
w. o w W Zk” Ve Zkﬂ Va
From this simplified form, one can see several important qualitative aspects aof
Tower-hybrid propagation and damping. The phase velacity is primarily across
the field (k, > ky), and the group velocity is primarily along the field with

a small component across the field:

i

k uy Jw : a/k
1/2 u-/k_L

(1),/(0), = & =
n

e
2,2
4
L+ mpé“’ce )
Tre imaginary term arises physically from Landau damping on electrons

moving along the magnetic field. In this term, Ve 15 the electron thermal
velocity, which is a function of position. The term is exponentially small at
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the edge of thp plasma where v, is near zero, and damping reaches a maximum
when o?/(2k8v2) = 372,

To the extent that one can ignore gradients of plasma parameters along the
field, k; is constant over the path of the wave. Thus, in the simplest
approximation, one selects a ky-value through the choice of physical dimensions
of the wave coupler at the plasma edge, such that current driven from Landau
damping is deposited at the desired location, either the g = 1 surface or the q
= 2 surface. The correct phase, ¢ - qé (¢ is the toroidal angle, 6 is the
poloidal angle), for depositing current is selected by launching the wave in
proper synchronism with the rotation of the island. (If the island is not
rotating, there is essentially no practical opportunity for interacting with
the jsland in proper phase, because couplers are limited in number and fixed in
position. In addition, detecting the island Tlocation 1is not possible with
existing techniques if the island is stationary.)

The preceeding discussion indicates the basic plausibility of interacting
with islands through Tlower-hybrid current drive. To go further, we need,
first, to use the electromagnetic form of the dispersion relation for the
lowar-hybrid wave. This is because at some low k,, given roughly by k,z‘czlm2 ~
1+ “'Ee/“%e’ there is a transformation to the fast wave, which has much
different propagation and damping characteristics; low values of k, will be of
particu/ar interest for interactions with the interior regions of hot
plasmas. Second, we need to incorporate toroidal peometry, which causes k; to
evolve with the motion of the wave in response to variations in magnetic field
strength along a ray trajectory.

These features are incorporated in a computer code that has been used for
sevaeral years in analyzing Tower-hybrid experiments on PLT. The dispersion
relation used in the code contains electron Landau damping along the field, as
already discussed, and ion Landau damping perpendicular to the field associated
with very high perpendicular wave numbers near lower-hybrid resonance. The
plasma model uses the toroidal coordinate system: r (minor radius}, 8 (polotdai
angTe), ¢ {toroidal angle). The equilibrium is approximated by flux surfaces
of constant r, but there is no detailed pressure balance. Profiles of Na,j and
Te,‘i are parabolas raised to a power. (The power is 1 for density, 1.4 for
electron temperature, 2.0 for ion taemperature.} The profile of gq{r) fis
parameterized in terms of the central value q, and the edge value 93 2s
follows:

/
alr) =y (Fa2)/[1 - (1= 2y,
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Toroidal effects on k, may be summarized as fnilows /5/. For very short
paths from the launching point of a wave, k“(P + rcos8} is approximately
constant, in accordance with approximate conservation of toroidal angular
momentum. Thus, in the normal situation of a ccupler on the cutside mid=plane,
k, rises along the initial part of the ray trajectory. .n contrast, for
moderately long paths from the Tlaunching point of a wave, other toroidal
effects produce the opposite, and usually deminant, behavior: k, 7alls on
moving to small major radius and rises on moving to large major radius. This
effact is an important consideration for lower-hybrid feedback, since a risiag
n, encourages local absorption by reducing the radia) width of the Landau-
resonance region. This favors placing the coupler on the top (bottemj of the
torus rather than at the midplane,

For longer paths ({possible only without strong damping), the wave always
"bounces” off the cuteff region at low density with a random change in k, at
each bounce, but with a net up-shift in k, for many bounces because n, cannot
go below unity. This effect has been used to account for the high efficiency
of broadly distributed current drive., We do not wish to employ such effects
here, since localization of the driven current would seem unlikely.

We choose parameters typical of PLT: R = 1.3 my a=0.40m, B= 23T, q=
4.4 (I, = 0.4 MA), w/2n = 2.45 GHz, n (0) = 5 x 1013 ™3, T,(0) = 3.5 ey,
and deuterium ions with Tight impurities to make Zgee = 1.5. We examine first
the nossibilities for interacting with the m = 2 mode, assuming g = 1 at the
center of the plasma. In this case, the q = 2 surface is at ~25 um minor
radius, or 16 cm from t.  plasma edge. We find that n, = 4 produces the
strongest damping near the q = 2 surface and that suitable localization of
damping on the q = 2 surface remains for an, = 0.25. To quantify the
localization of damping relative to a given field line near the g = 2 surface,
we plot in Fig. 3(b) the relative power remaining in the wave (P) versus total
path length across field lines. (The path length across field lines is formed
from the integral of |dr x b| along the ray, where b is a urit vector along
the magnetic field.) In this manner, we find that the wave is absorbed within
a distance of 4 cm measured across the field, after crossing the field for 12
Cifte Figure 3(a) shows that the total path length along the field is
approximately 250 cm, and the total damping uistance is approximately 100 cm,
The path is relatively short [see Fig. 3{d)] hecause the q = 2 surface is quite
far out in the plasma. Accordingly, changes in the parallel wave number are
modest, althouch visible [see Fig. 3(c)].

)
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It is important to note that the large damping distance along the field
apparent in Fig. 3(a) does not preclude adequate localization of the damping,
bacause both ray path and magnetic island foilow the field 1lines very
closely. We also emphasize that Fig. 3(b) combines bath radial and azimuthal
contributions to the damping distance across the field.

Mext, we consider interacting with a q = 1 surface. The model js the same
except that we take q = 0.5 at the center of the plasma (a somewhat extreme
case), leading to a q = 1 surface at about 17 cm where the temperatyre is 2.8
keV, In this case, the Tocation of the wave launcher is gquite important for
effective localization of the driven currents.

The best results are cbtained with launching from the bottom (or top). As
shown in Fig. 4(b) a lower-hybrid wave with n, = 2,5 deposits its power in 5 cm
across field lines centered on the g = 1 surface. In doing so, the wave
travels almost 500 cm along the field [Fig. 4(a)], while going 25 cm across the
field [Fig. 4(d)]. The value of n, rises to about 4 [Fig. 4(c)]. The band of
n,~values for which damping js centered on the q = 1 surface has width an, ~
0.5, ranging from ny = 2.25 ta ny, = 2.75,

If the wave is Tlaunched from the outside mid-plane, the relatijvely long
path length and toroidal effects on parallel wave number combine to prevent
effective damping on the q = 1 surface on first encounter, no matter which
value of n, is chosen for the launched wave. Figure 5 shows the example of n,
= 2.5. Figure 5(a) shows the dispersion relation up to the point at which the
calculation is stopped, at which point there has been very little absorption
[Fig. 5(b)]. It is apparent from Fig, 5 that the wave becomes fast too soon to
interact with the q = 1 surface, and it then enters a range of parameters where
coupfing to the fast mode is important. If the initial n, is raised, damping
occurs outside the g = 1 surface.

Tha analysis shows that ray tracing and linear theory allow the deposition
of driven currents to be sufficiently narrow relative to a magnetic field line
that the lower-hybrid wave can influence the island structure, Some effects
not included here which may bear on the practicality of this technique are:
broadening of the wave spectrum by edge turbulence; lengthening of the
ahsorption distance by qguasi-linear saturation of the wave-particle
interaction; and the effect of the field structure of the island itself on the
wave propadation. In addition, the successful interaction with the q = 1
island depends critically on the detailed prediction of ray tracing that <y
rises in a secular way for a wave moving to lower magnetic field. Experimental
verification of this point bhas been slow to emerge from lower-hybrid
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experiments. However, recent experiments on PLT /6/ show that comparisons of
the current-drive efficiency of top and widplane couplers do match the
predictions of the ray tracing code.

IV. FEEDBACK BY ELECTRCN=-CYCLOTRON HEATING

Electron-cyclotron heating can be used for feedback stabilization of
magnetic islands in three distinct ways: Tocalized heating; localized current
drive; and provision of localized suprathermal electrons to enhance the lacal
damping of LHCD. Electron=-cyclotron heating that is lecalized just outside tne
q = 2 surface (but not feedback modulated) has been used successfully to
suppress m = 2 modes /7/.

The accessibility of an ECH wave in & tokamak is well understcod., From the
low=field side, ECH power may be launched with the ordinary mode (D-mode) at
fundamental resonance and with the extraordinary mode (X-mode) at any harmonic
other than the fundamental. These outside-launched waves are best directed
almost perpandicular to the toraidal magnetic field. For the fundamental 0=
mode the cutoff density is Ne (“cf is the density at which u = “pe)' and for
the gth harmonic X-mode the cutoff density is [(z-l)/z]ncf for fixed frequency
w. From the high-field side, ECH power may be launched with tie X-mode at
fundamental resonance. For this case, the cutoff density is increased to 1
maximum of 2n.e, depending upon the injection angle with respect to the
magnetic field.

The localization of ECH power deposition is fundamental for its application
to feeaback stabilization of magnetic islands. The degree of localization is
related to the dimensionless “optical depth" v, which is equal to 2 jgki(s)ds
{where s is the propagation arc length and k; is the wave damping ccnstant),
The total single-pass absorption is given by Pabs = Pinll = exp{-1)]. A
detailed analysis for a Maxwellian plasma in a tokamah shows that t is a
function of R/Lo, Te/mecz, "/”cf' the resgnant harmonic number 2, and the
launch angle /8/.

When the optical depth + is of order unity, the absarption width is
determined by the 1larger of the Doppler broadening and the relativistic
broadening of the resonance, For example, for the fundamental O-mode or the
second harmonic X-mode in a PLT-size tokamak, the absarption width is roughly
IG(Te/mecsz, and is determined by the relativistic broadening of the
resonance. However, as 1 becomes larger, the ECH power is absorbed before the
resonance layer is reached, and there does not exist a simple fermula for the
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absorption width., However, a ray tracing code, in which & bundle »f multiple
rays at directinns specified by the measured antenna pattern are followed, can
be used to calculate the power deposition. When the optical depth t becomes
much larger than unity, the power will be alimost totally acsorbed on one side
of the resonance, i.e., hy electrons moving in a particular direction parallel
to the magrztic field. As a result, direct current drive due to ECH absorption
oCCuUrs.,

Nue to the relativistically shifted resonance condition, an X-mode wave
launched from the high-field side will interact with the faster electrons first
and, therefore, produce suprathermal electrons. By proper choice of the
incident angle with respect to the magnetic field, the resonance condition
produces a preferential interaction with particles moving in cne parallel
direction, creating a suprathermal electron population that is well suited for
efficient coupling of LHCD.

In the following discussion, we apply these considerations tn the case of
PLT. With 60-GHz gyrotrons, the cutoff density for the fundamental O-mode is
4.4 x 1013 cn=3 and for the second harmonic X=mode is 2.2 = 1013 =3, Thus,
the near-poloidal-plane Tlaunch of the O-mode from the low-field side is
suitable for suppression of the m = 1 mode in the denser central regions of the
pilasma. The same type of launch of the X-mode at the second harmonic 1is
suitable for suppression of the m = 2 mode in the edge region of the plasma.
Figure 6 shows ray tracing results for a fundamental O-mode launched from a
realistic antenna on PLT. It is for an assumed parabolic density profile and
"parabolic-squared" temperature profile, with a peak density of 4 x 1013 =3
and a peak temperature of 1,5 keV. Note that absorption occurs over a radial
distance of ~5 cm. Since O-mode absorption is mainly collisional, i.e.,
involving thermal electrons, this technique is suitable mainly for feedback by
jsland heating.

Top launch of the fundamental X-mode can also be used for access to the
denser central region, When the temperature is high enough, the wave power can
be depasited in a fairly localized region around a selected minor radius.

Since the optical depth is about four times larger for the second harmonic
X-mode than for the fundamental D-mode at similar plasma parameters, the second
harmonic X-mode at a low plasma density (l-2 x 1013 cm'3) also has the
possibility of providing localized ECH current drive,

The application of the second Larmonic G-mode from the low-field side will
result in very Tittle absorption, and the transmitted power can be reflected
and converted into the X-mode by a polarized reflector located at the inner
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torus wall. With such an arrangement, it is possible to produce an effective
X-mode launch from the high-field side at the second harmenic at a small angle
(about 15°) with respect tc the torgidal ryeld. As & result, Jjoca ized
suprathermal electrons may be produced for enhanced efficiency and Tacalizacion
of LHCD. The top launch of the fundamental X-mode may also produce a similar
effect far lower density plasmas.

We have modeled the effect of localized suprathermal electrans, for example
from ECH, on lower-hybrid current drive. We find the effect can be made quite
favorable, As an example, consider the case of Fig, 5, in which lower-hybrid
powsr was unable to influence the g = 1 surface. It 2 suprathermal, electron
population of 1010 em=3 density and 12 keV peak temperature is added around the

15 cm radius location, then the current drive interaction is strong at the ¢ =
1 surface. (See Fig. 7.)

V.  CONCLUSIONS

Stabilization of Tlow=-m magretic islands by rf current-drive feedback
appears cuite promising, and the feedback power required to suppress the m = 2
mode is modest. The feedback power needed to suppress the more rzpidly growing
m = 1 mode is much larger, and the ideal-MHG m = 1 mode must be positively
stable - implying a strongly shaped plasma cross section. The current-drive
power must be modulated in phase with a mode-detecting signai. For optimum
efficiency, the rf power must be locally deposited at the magnetic islanrd, but
the radial deposition width need not be as narrow as the island itself.
Calculations based on ray tracing and linear absorption show that Tower-hybrid
current drive should be capable of praviding adequately localized deposition at
the q = 2 surface and {if a top launch is used) also at the g = 1 surface.
Localized electron-cyclotron heating could be used for the (lass efficient)
technique of feedback by istand heatfng or as an adjunct to Tlower-hybrid
current drive. If restricted to an outside launch, electron-cyclotron current
drive is difficult to achieve at high plasma densities, Near-term experiments
on island feedback are possible, for example, in PLT,
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FIGURE CAPTIONS

Schematic illustration of q{r) and p(r) profiles for a “conventional"
and “sawtcoth-suppressed” tokamak. The sawtooth-suppressed tokamak
could have g(0} as Tow as 0.7, and it would Lbe expected to have a flat

pressure profile within qf{r) < 1,

Schematic illustration of feedback stabilization of m = 1 rotating
magnetic islands by rf heating or current drive using ECH or LHCD

techniques.

Interaction of lower-hybrid waves with the q = 2 surface.

(a) Relative power P remaining in the wave versus path length along
the field. Damping distance measured along the field is ~ 10 cm.

{b) Relative power P remaining in the wave versus path length across
the field (solid); 1/q versus path length across the field (dashed).
Damping occurs in a distance of ~ 4 cm, centered on the q = 2 surface.
(c) N, of wave versus radial position in the plasma. This shows a
modest change in N, due to toroidal effects. (d} Ray path in cross
saction of plasma.

interaction of lower-hybrid waves with the q = 1 surface using

bottom launch to cause N, to rise as the wave penetrates.

(a) Relative powar P remaining in the wavc versus path length alang
the field. DNamping distance along the field is -~ 100 cm.

(b) Relative power P remaining in the wave versus path Tength across
the field {solid); 1/q versus path acrass field (dashed)., Damping
occurs in a distance of ~ 4 cm centered on the g = 1 surface,

{c) M, of wave versus radial pasition in the plasma. This shows a
strong rise in N, due to toroidal effects.

(d) Ray path in cross section of plasma.

No interaction of lower-hybrid waves with g = 1 surface. Other
launched values of N, fail also: higher N, s damped outside, while
lower N, is converted to the fast wave earlier.

(a) Dispersion characteristics at end point of ray where calculaiion
was stopped after initial failure to damp.

(b) Relative power P remaining in the wave versus path length across
the field (solid); 1/q versus path length across the field (dashed).
Surfaces of q = 2 and g = 1 are crossed without damping,

{¢) N, of the wave versus radial position in the plasma. This shows
signi#icant changes in N, due to toroidal effects. (d) Ray path in
cross section of plasma.



Fig, 6

Fig. 7
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Power deposition in PLT with a 60 GHz, 0-mode Taunch with a center ray
at 6° from the perpendicular to the toroidal field direction. The
antenna pattern is simulated by five rays at 3° intervals from the
center ray (i.e., center ray, t+ 3° in toroidal angle and + 3° in
poloidal angle). The ECH resonance is placed at 15 c¢cm from the plasma
center,

Suprathermal electrons, supplied by ECH for exampie, cause strong
interaction with the q = 1 surface with the same lower-hybrid wave
which failed in Fig. 5.

(a) Temperature of suprathermal electrons versus radial position.

(b} Relative power P remaining in wave versus path length acrass the
field (solid); and 1/q versus path length across the field (dashed).
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Dispersion Characteristics
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