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ABSTRACT 

Feedback stabi l izat ion of the m = 2 mode in tokamaks would be advantageous for 
disruption-free operation at Tow q-values. Stabil isation of the m = i mode snd 
resulting "sawteeth" could lead to substantial increases in the stable s-value, 
as well as indirect stabi l izat ion of the m - 2 mode, by permitting q(0)-values 
below unity. Stabil ization 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 
ef f ic ient mechanism, and i t can be accomplished using lower-hybrid or electron-
cyclotron radio-frequency ( r f ) techniques. For the lower-hybrid case, ray-
tracing calculations demonstrate the needed localization of the rf power, 
despite long ray paths in the toroidal direct ion. Top-launched lower-hybrid 
waves are favored for localized absorption. 

• Invi ted paper presented at the "Course and Workshop on Applications of RF 
Waves to Tokamak Devices" (Varenna, I t a l y ) , September 5-14, 1S85. 
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I. INTRODUCTION 

The suppression of the m = 2 r e s i s t i v e - k i n k ( tea r ing ) mode in a tokamak 

would have three important advantages: ( i ) i t could provide d i s rup t i on - f ree 

operat ion at r e l a t i v e l y low q(a} -va lues ; ( i i ) i t would provide a modest 

improvement in the l i m i t i n g beta-value for bal looning i n s t a b i l i t i e s by 

shortening the connection length [ i . e . , lowering q ( a ) ] ; and ( i i i ) i t would 

provide a modest improvement in confinement by a l lowing increased plasma 

cur rent . 

The successful suppression of the m = 1 mode and the associated "sawteeth" 

would have more subs tan t ia l advantages: ( i ) i t could provide a s i g n i f i c a n t 

improvement in the l i m i t i n g beta-value by reducing bath q(O) and q (a ) ; ( i i ) i t 

would provide i n d i r e c t s t a b i l i z a t i o n of the m = Z mode {and other "ex te rna l " 

r e s i s t i v e k inks) by a l lowing q(D) t o f a l l s i g n i f i c a n t l y below uni ty 

[corresponding t o cent ra l ly -peaked j ( r ) - p r o f i l e s t ha t are known to be stable t o 

m > 2 modes]; { i i i ) i t would provide a s i g n i f i c a n t improvement in confinement 

by a l lowing increased plasraa cu r ren t ; and ( i v ) i t would enhance the maximum 

ohmic heating power by increasing the cent ra l current dens i ty . 

"Conventional" and "sawtooth-suppressed" tokamak p r o f i l e s are i l l u s t r a t e d 

schematical ly in F i g . 1 , The conventional tokamak i s r e s t r i c t e d to q(a)-values 

not much below 3.0 because of c o n f l i c t i n g requirements on the current p r o f i l e : 

namely, tha t i t provide s t a b i l i t y against the m = 2 mode (and perhaps, a lso , 

the m = 3, n ~ 2 mode) and tha t q(0} not be s i g n i f i c a n t l y below unity / l / . The 

sawtooth-suppressed tokamak might have q(a)-values of 2.0 or lower and q(O)-

values as low as 0 . 7 ; the onset of h igher-order " f rae t io r ia l -m/n" modes 

( e . g . , <n = 3, n - 4) would apparently preclude even lower q(0 Rvalues / ? / . 

The sawtooth-suppressed tokamak might be expected to e x h i b i t a r e l a t i v e l y f l a t 

pressure p r o f i l e w i t h i n the region q ( r ) < 1 because of the act ion of unstable 

r e s i s t i v e interchanges. 

Feedback s t a b i l i z a t i o n of m > 2 modes by r f heating and/or current dr ive 

has recent ly been proposed / 3 / , and extension of t h i s technique to the m - 1 

mode appears possib le. To produce a s t a b i l i z i n g e f f e c t , the feedback technique 

must increase the plasma current densi ty w i th in the magnetic is lands. There 

ars two p r inc ipa l options for r f - feedback: 

1 . Heat the magnetic is lands by loca l i zed r f hea t inq , thereby lowering 

the r e s i s t i v i t y ; 

2 . Drive addi t ional non- induct ive currents w i th in the magnetic is lands. 
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In both cases, the r f power must be modulated in phase wi th the signal from a 

su i tab le de tec tor . Feedback techniques based on e lec t ron-cyc lo t ron heating 

(ECH) and lower-hybr id current d r i ve (LHCn) are i l l u s t r a t e d schematical ly in 

F ig . 2 fo r the case m = 1 . 

Is land ro ta t i on can be detected by e lec t ron-cyc lo t ron emission (ECE) and 

so f t X-ray arrays for the m - i mode or by Mirnov c o i l s fo r the m = 2 mode. 

The ro ta t i on of the modes is usual ly found to be in the e lect ron diamagnetic 

d r i f t d i r e c t i o n , and in the Princeton Large Torus (PLT) i t has a frequency 

around 2 kHz fo r the m = 2 mode and around 5 kHz fo r the m =1 mode. The 

ro ta t i on frequency becomes smaller fo r l a rge r tokamaks. For the PLT, the 

heating pulse should be on the order of SO-100 usee. This i s eas i l y achievable 

wi th a k lys t ron amp l i f i e r f o r LHCD, and i t i s a lso a t ta inab le for ECH by using 

gun-anode modulators fo r a gyrotron o s c i l l a t o r . 

The theory r r feedback s t a b i l i z a t i o n of t ea r ing modes i s summarized in Sec. 

I I ; a f u l l e r account is given elsewhere / l / . Feedback by the (pre fer red) 

lower-hybr id cu r ren t -d r i ve technique i s discussed in de ta i l in Sec. I I I . The 

e lec t ron-cyc lo t ron-hea t ing technique i s discussed in Sec. IV. 

I I . THEORY OF FEEDBACK STABILIZATION OF TEARING MOOES 

The theory of feedback s t a b i l i z a t i o n of tear ing modes by is land heating 

fo l lows the standard treatment of m > 2 modes in t h e i r slow-growing (non l inear ) 

phase, except tnat the r e s i s t i v i t y on f lux -sur faces i n t e r i o r to the is land is 

allowed to be perturbed r e l a t i v e to tha t on ex te r i o r f lux sur faces. The r f 

power density is modulated in phase w i th the ro ta t i ng i s l and , 

P r f = P r f cos{m8-n<|>-<Dt), 

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 e 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 /l/ 
ar 

3t" ^ A - c h i j r e " ] -

where A i s the usual measure of tearing-mode i n s t a b i l i t y . The constant Cu = 
0 . 7 5 ( r j z / B B ) ( q / r q ' ) - 0 . 5 t t y p i c a l l y . I f trie feedback system can supply a 
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f r a c t i o n f of the t o t a l heating power, deposi t ing i t w i t h i n a region of rad ia l 

width d , and i f the loca l c r o s s - f i e l d thermal d i f f u s i v i t y i s comparable to i t s 

global value, Xg = a ' * T £ e = a p t o t / ' 6 n ^ e ' t h e n s u P P r e s s i ° n o f t n e islands 

requires 

a'a < 3 f w /d , 

implying tha t very large feedback power ( f ~ 1) would be required to s t a b i l i z e 

is lands of width d in t yp i ca l cases (A a - 3 ) . 

Feedback s t a b i l i z a t i o n by is land current dr ive requires a non- induct ive ly 
dr iven current densi ty modulated i n phase w i th the ro ta t i ng i s l a n d : 

j r f = j r f cos(m9-n<|)-ait) . 

The Is land width w i s found t o grow according t o 

dw , ., - J r f K 

where C d = 8(rJ z/B f l)(q/rq') - 5, typically. All 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 j'zo) of j r f / j z 0 ~ 0.0:5-
0.1 should be sufficient to suppress m = 2 islands with widths up to w/a -0.1 
in a typical case (i'a - 3). 

Stabilization of the m = 1 mode is more problematical, and it depends 
(theoretically) on the degree to which the m = 1 ideal-MHO internal kink can be 
made positively stable, for example, by triangularity of the cross section 
/4/. Detailed calculations /l/ indicate that the effective &' can be related 
(for a given current profile, in particular parabolic) to the triangular 
distortion 5 3 a of the plasma boundary: for q(0) ~ (1.9, we obtain 

A'a ~ 5n/5| a . 

Even for high values of t r i a n g u l a r i t y (^ - 0 . 5 ) , the e f fec t i ve A'a-value w i l l 

be about two orders-of-magnitude la rger than t yp i ca l values for the m = 2 

mode. Values of C d a re , however, larger at the q = 1 sur face, t y p i c a l l y C d ~ 

50. Thus, feedback s t a b i l i z a t i o n of the m = 1 mode by is land current d r i ve 

might l i e j u s t w i t h i n the bounds of p r a c t i c a l i t y ( j r f / j 2 0 ~ 0.4 f o r w/a ~ 0 . 1 ) . 

The remainder of t h i s paper i s devoted to a discussion of r f techniques for 



achieving the required localization of the r f power. 

I I I . FEEDBACK BY LOWER-HYBRID CURRENT DRIVE 

We examine the feas ib i l i t y of using lower-hybrid current drive to modify 
the current prof i le in magnetic islands in order to l imi t the size of the 
island by feedback. Since lower-hybrid current drive is known to work wel l , 
i t s feas ib i l i t y as a feedback technique rests on practical details such as the 
spectrum control required for local deposition. This, in turn, is influenced 
by details of geometry and plasma prof i les, which can be included in 
calculations based on geometric optics, i . e . , the ray-tracing approach. 

In this approach, a local dispersion re la t ion, D(_r_,Jc_,u>) = 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= - V/3J>. 

i= + 3 r D / 3 u n ' 

P> = - 2 Im D/3J) . 

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 electrostat ic. In addit ion, current ''rive takes 
place only when lower-hybrid resonance is not a factor. In this case 

2 2 2 
D = ( 1 + > _ ) k 2 . JJjg_ k2 + . ^e_ k2 [ 2 , l / 2 ( - ^ 3 / 2 ^ ( . J ^ 

« c e « » 2k „ v e 2k ( v e 

From this simplified form, one can see several important qualitative aspects of 
lower-hybrid propagation and damping. The phase velocity is primarily across 
the f ie ld (kL » k „ ) , and the group velocity is primarily along the f ie ld with 
a small component across the f i e l d : 

k » „ / « u/k 
' - V l - J i k„ ,. 2 . 2 ,1/2 o.-/k, 

' ( 1 + V uce ] l 

The imaginary term arises physically from Landau damping on electrons 
moving along the magnetic field. In this term, v e is the electron thermal 
velocity, which is a function of position. The term ir, exponentially small at 
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the edge of the plasma where v e is near zero, and damping reaches a maximum 
when u>z/{2k2v|) = 3/2. 

To the extent that one can ignore gradients of plasma parameters along the 
field, k s is constant over the path of the wave. Thus, in the simplest 
approximation, one selects a k|f-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 q = 1 surface or the q 
= 2 surface. The correct phase, <f> - qe (<j> is the toroidal angle, 9 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 island in proper phase, because couplers are limited in number and fixed in 
position. In addition, detecting the island location is not possible with 
existing techniques if the island is stationary.) 

The preceeding discussion indicates the basic plausibility of interacting 
with islands through lower-hybrid current drive. To go further, we need, 
first, to use the electromagnetic form of the dispersion relation for the 
lower-hybrid wave. This is because at some low k,,, given roughly by k„c 2/u 2 ~ 
1 + (ifcg/ô g, there is a transformation to the fast wave, which has much 
different propagation and damping characteristics; low values of k,, will be of 
particular interest for interactions with the interior regions of hot 
plasmas. Second, we need to incorporate toroidal geometry, which causes ky 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 
several years in analyzing lower-hybrid experiments on PLT. The dispersion 
relation used in the code contains electron Landau damping along the field, as 
alreidy 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), 9 (poloidal 
angle), « {toroidal angle). The equilibrium is approximated by flux surfaces 
of constant r, but there is no detailed pressure balance. Profiles of n. < and 
T e .j are parabolas raised to a power. (The power is 1 for density, 1.4 for 
electron temperature, 2.0 for ion temperature.) The profile of q(r) is 
parameterized in terms of the central value q 0 and the edge value q a as 
follow:: 

q(r) = qa(rV)/[l - (1- r V ) ^ 0 - . 
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Toroidal affects on k,, may be summarized as fellows /5/. For very short 
paths from the launching point of a wave, k,(R + reosa) is approximately 
constant, in accordance with approximate conservation of toroidal angular 
momentum. Thus, in the normal situation of a coupler on the outside mid-plane, 
k n rises along the initial part of the rty trajectory. in contrast, for 
moderately long paths from the launching point of a wave, other toroidal 
effects produce the opposite, and usually dominant, behavior: k,| fa! 1 s on 
moving to small major radius and rises on moving to large major radius. This 
effect is an important consideration for lower-hybrid feedback, since a rising 
n„ encourages local absorption by reducing the radial width of the Landau-
resonance region. This favors placing the coupler on the top (bottom) of the 
torus rather than at the midplane. 

For longer paths (possible only without strong damping), the wave always 
"bounces" off the cutoff region at low density with a random change in kf at 
each bounce, but with a net up-shift in k|( for many bounces because n B 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 = 1.36 m, a = 0,40 m, B = 3 T, q = 
4.4 (I n = 0.4 MA), w/Zir = 2.45 GHz, n e(0) = 5 * 1 0 1 3 cm - 3, T,.(0) = 3.5 keV, 
and deuterium ions with light impurities to make Z eff = 1.5. We examine first 
the oossibilities for interacting with the m = 2 mode, assuming q = 1 at the 
center of the plasma. In this case, the q = 2 surface is at ~25 urn minor 
radius, or 15 cm from t.i 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 &n s = ±0.25. To quantify the 
localization of damping relative to a given field line near the q = 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 |d_r_ x _bj along the ray, where ^ is a unit 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 
cm. Figure 3(a) shows that the total path length along the field is 
approximately 250 era, and the total damping distance is approximately 100 cm. 
The path is relatively short [see Fig, 3(d)] because the q = 2 surface is quite 
far out in the plasma. Accordingly, changes in the parallel wave number are 
modest, although visible [see Fig. 3(c)]. 
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I t i s important to note tha t the large damping distance along the f i e l d 

apparent in F i g . 3(a) does not preclude adequate l o c a l i z a t i o n of the damping, 

because both ray path and magnetic is land fo l low the f i e l d l i nes very 

c l o s e l y . We also emphasize tha t F i g . 3(b) combines both rad ia l and azimuthal 

cont r ibu t ions to the damping distance across the f i e l d . 

Next, we consider i n t e r a c t i n g w i th a q = 1 sur face. The model i s the same 

except tha t we take q = 0.5 a t the center of the plasma (a somewhat extreme 

case), leading to a q = 1 surface at about 17 cm where the temperature i s 2.8 

keV, In t h i s case, the loca t ion of the wave launcher i s qu i te important fo r 

e f f e c t i v e l o c a l i z a t i o n of the dr iven cu r ren ts . 

The best resu l ts are obtained w i th launching from the bottom (or t o p ) . As 

shown in F ig . 4 (b) a lower-hybr id wave wi th n f l = 2.5 deposits i t s power in 5 cm 

across f i e l d l i nes centered on the q = 1 sur face. In doing so, the wave 

t rave ls almost 500 cm along the f i e l d [ F i g . 4 ( a ) ] , whi le going 25 cm across the 

f i e l d [ F i g . 4 ( d ) ] . The value of n„ r ises to about 4 [ F i g . 4 ( c ) ] . The band of 

n j -values for which damping is centered on the q = 1 surface has width An,, ~ 

0 . 5 , ranging from n„ = 2.25 t o n n = 2.75. 

I f the wave is launched from the outside mid-plane, the r e l a t i v e l y long 

path length and to ro ida l e f f ec t s on pa ra l l e l wave number combine to prevent 

e f f e c t i v e damping on the q = 1 surface on f i r s t encounter, no matter which 

value of n„ is chosen for the launched wave. Figure 5 shows the example of n u 

= 2 .5 . Figure 5(a) shows the dispersion r e l a t i o n up to the point at which the 

ca lcu la t i on is stopped, at which point there has been '/ery l i t t l e absorpt ion 

[ F i g . 5 ( b ) ] , I t i s apparent from F i g . 5 tha t the wave becomes fast too soon to 

i n te rac t w i th the q = 1 sur face , and i t then enters a range of parameters where 

coupl ing to the fast mode is important. I f the i n i t i a l n B is ra i sed , damping 

occurs outside the q = 1 sur face. 

The analysis shows tha t ray t rac ing and l i n e a r theory allow the deposi t ion 

of dr iven currents to be s -u f f i c ien t l y narrow r e l a t i v e to a magnetic f i e l d l i n e 

that the lower-hybrid wave can inf luence the is land s t ruc tu re . Some e f fec ts 

not included here which may bear on the p r a c t i c a l i t y of t h i s technique are: 

broadening of the wave spectrum by edge turbulence; lengthening of the 

absorpt ion distance by quas i - l i near sa tura t ion of the wave-par t ic le 

i n t e r a c t i o n ; and the e f fec t of the f i e l d s t ruc tu re of the is land i t s e l f on the 

wave propagat ion. In a d d i t i o n , the successful i n te rac t i on wi th the q = 1 

is land depends c r i t i c a l l y on the deta i led p red ic t ion of ray t rac ing that k ( | 

r ises in a secular way for a wave moving to lower magnetic f i e l d . Experimental 

v e r i f i c a t i o n o f t h i s point has been slow to emerge from lower-hybr id 
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experiments. However, recent experiments on PLT / 6 / show that comparisons of 
the current-drive efficiency of top and midplane couplers do match the 
predictions of the ray tracing code. 

IV. FEEDBACK BY ELECTRON-CYCLOTRON HEATING 

Electron-cyclotron heating can be used for feedback stabi l izat ion of 
magnetic islands in three dist inct ways: localized heating; localized current 
drive; and provision of localized suprathermal electrons to enhance the local 
damping of LHCD. Electron-cyclotron heating that is localized just outside tnp 
q = 2 surface (but not feedback modulated) has been used successfully to 
suppress m - 2 modes / 7 / , 

The accessibil i ty of ai ECH wave in a tokamak is well understood. From the 
low-field side, ECH power may be launched with the ordinary mode (0-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 perpendicular to the toroidal magnetic f i e l d . For the fundamental 0-
raode the cutoff density is n C f ( n c f is the density at which <u = u p e ) , and for 
the nth harmonic X-mode the cutoff density is i(z-l)/zlnCf for fixed frequency 
a. From the high-f ield side, ECH power may be launched with the X-mode at 
fundamental resonance. For this case, the cutoff density is increased to h 
maximum of 2 n c f , depending upon the injection angle with respect to the 
magnetic f i e l d . 

The localization of ECH power deposition is fundamental for i ts application 
to feedback stabi l izat ion of magnetic islands. The degree of localization is 
related to the dimensionless "optical depth" T, which is equal to 2 jTkj(s)ds 
(where s is the propagation arc length and k̂  is the wave damping constant). 
The total single-pass absorption is given by P a b s = P-jn[l - exp ( - T ) ] . A 
detailed analysis for a Maxwellian plasma in a tokama!v shows that r is a 
function of RA 0 , T e /m ecS n / n c f , the resonant hamonic number i, and the 
launch angle / 8 / . 

When the optical depth T is of order unity, the absorption width is 
determined by the larger of the Ooppler broadening and the re la t i v i s t i c 
broadening of the resonance. For example, for the fundamental 0-mode or the 
second harmonic X-mode in a PLT-size tokamak, the absorption width is roughly 
11(T e/m ec 2)R, and is determined by the re la t i v i s t i c broadening of the 
resonance. However, as T becomes larger, the ECH power is absorbed before the 
resonance layer is reached, and there does not exist a simple formula for the 
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absorption width. However, a ray tracing code, in vhich a bundle j f multiple 
rays at directions 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 w i l l be almost to ta l ly absorbed on one side 
of the resonance, i . e . , by electrons moving in a particular direction parallel 
to the magnatic f i e l d . As a resul t , direct current drive due to ECU absorption 
occurs. 

Due to the re la t i v i s t i ca l l y shifted resonance condition, an X-mode wave 
launched from the high-f ie ld side w i l l interact with the faster electrons f i r s t 
and, therefore, produce suprathermal electrons. By proper choice of the 
incident angle with respect to the magnetic f i e l d , the resonance condition 
produces a preferential interaction with particles moving in one parallel 
direct ion, creating a suprathenwl electron population that is well suited for 
ef f ic ient coupling of LHCD. 

In the following discussion, we apply these considerations to the case of 
PLT. With 60-GHz gyrotrons, the cutoff density for the fundamental O-mode is 
4.4 x 10 1 3 cm"3 and for the second harmonic X-mode is 2.2 x 10 1 3 cm" 3 . Thus, 
the near-poloidal-plane launch of the 0-mode from the low-field side is 
suitable for suppression of the m = 1 mode in the denser central regions of the 
plasma. The same type of launch of the X-mode at the second harmonic is 
suitable for suppression of the m = 2 mode in the edge region of the plasma. 
Figure 6 shows ray tracing results for a fundamental 0-mode launched from a 
rea l is t ic antenna on PLT. I t is for an assumed parabolic density prof i le and 
"parabolic-squared" temperature p ro f i l e , with a peak density of 4 « 10* 3 cm"3 

and a peak temperature of 1.5 keV. Note that absorption occurs over a radial 
distance of ~5 cm. Since 0-mode absorption is mainly co l l i s iona l , i . e . , 
involving thermal electrons, this technique is s j i table mainly for feedback by 
island 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 deposited in a fa i r l y 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 0-mode at similar plasma parameters, the second 
harmonic X-mode at a low plasma density (1-2 x i o 1 3 cm"3) also has the 
possib i l i ty of providing localized ECH current drive. 

The application of the second 1.3rmonic 0-mode from the low-field side w i l l 
result in vry l i t t l e 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 wal l . With such an arrangement, i t is possible to produce an effective 
x-mode launch from the high-f ield side at the second harmonic at a small angle 
(about 15°) with respect tc the toroidal He ld . As ft result , loco ized 
suprathermal electrons may be produced for enhanced efficiency and local ization 
of LHCD. The top launch of the fundamental X-mode may also produce a similar 
effect for lower density plasmas. 

We have modeled the effect of localized suprather/nal electrons, for example 
from FCH, on lower-hybrid current dr ive. We f ind the effect can be made quite 
favorable. As an example, consider the case of Fig, *, in which lower-hybrid 
power was unable to influence the q = 1 surface. I t e iuprathermal, electron 
population of lO 1^ cm"3 density and 12 keV peak temperature is added around the 
15 cm radius location, then the current drive interaction is strong at the <j = 
1 surface. (See Fig. 7.) 

V. CONCLUSIONS 

Stabil ization of low-m magnetic islands by r f current-drive feedback 
appears quite promising, and the feedback power required to suppress the m = 2 
mode is modest. The feedback power needed to suppress the more rapidly growing 
m = 1 mode is much larger, and the ideal-MHu m = 1 mode must be posit ively 
stable — implying a strongly shaped plasma cross section. The current-drive 
power must be modulated in phase with a mode-detecting signa'i. For optimum 
eff iciency, the rf power must be local ly deposited at the magnetic island, but 
the radial deposition width need not be as narrow as the island i t s e l f . 
Calculations based on ray tracing and l inear absorption show that lower-hybrid 
current drive should be capable of providing adequately localized deposition at 
the q = ?. surface and { i f a top launch is used) also at the q = 1 surface. 
Localized electron-cyclotron heating could be used for the (less e f f i c ien t ) 
technique of feedback by island heating or as an adjunct to lower-hybrid 
current drive. I f restricted to an outside launc1., electron-cyclotron current 
drive is d i f f i cu l t to achieve at high plasma densities. Near-term experiments 
on island feedback are possible, for example, in PLT. 
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FIGURE CAPTIONS 

Fig. 1 Schematic i l lus t ra t ion of q(r) and p(r) prof i les for a "conventional" 
and "sawtooth-suppressed" tokamak. The sawtooth-suppressed tokantak 
could have q(0) as low as 0.7, and i t would be expected to have a f l a t 
pressure prof i le within q(r) < 1 . 

Fig. 2 Schematic i l l us t ra t ion of feedback stabi l izat ion of in = 1 rotating 
magnetic islands by r f heating or current drive using ECH or LHCD 
techniques. 

Fig. 3 Interaction of lower-hybrid waves with the q = 2 surface. 
(a) Relative power P remaining in the wave versus path length along 
the f i e ld . Damping distance measured along the f i e ld is - 100 cm. 
(b) Relative power P remaining in the wave versus path length across 
the f ie ld (sol id) ; 1/q versus path length across the f ie ld (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 Na due to toroidal ef fects, (d) Ray path in cross 
section of plasma. 

Fig. 4 Interaction of lower-hybrid waves with the q = 1 surface using 
bottom launch to cause N„ to rise as the wave penetrates. 
(a) Relative power P remaining in the wave versus path length along 
the f i e l d , (lamping distance along the f i e ld i s --- 100 cm. 
(b) Relative power P remaining in the wave versus path length across 
the f ie ld (so l id) ; 1/q versus path across f ie ld (dashed). Omping 
occurs in a distance of ~ 4 cm centered on the q = 1 surface. 
(c) Nj of wave versus radial position in the plasma. This shows a 
strong rise in N ( due to toroidal effects. 
(d) Ray path in cross section of plasma. 

Fig. 5 No interaction of lower-hybrid waves with q - 1 surface. Other 
launched values of N„ f a i l also: higher Nfl is damped outside, while 
lower N, is converted to the fast wave ear l ier . 
(a) Dispersion characteristics at end point of ray where calculation 
was stopped after i n i t i a l fa i lure to damp. 
(b) Relative power P remaining in the wave versus path length across 
the f ie ld (sol id) ; 1/q versus path length across the f ie ld (dashed). 
Surfaces of q = 2 and q = 1 are crossed without damping. 
(c) Nj| of the wave versus radial position in the plasma. This shows 
signif icant changes in N,, due to toroidal effects, (d) Ray path in 
cross section of plasma. 
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Power deposition in PLT with a 60 GHz, 0-mode launch with a center ray 
at 6° from the perpendicular to the toroidal f i e ld d i rect ion. The 
antenna pattern is simulated by f ive 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 cm from the plasma 
center. 

Suprathermal electrons, supplied by ECH for example, cause strong 
interaction with the q = 1 surface with the same lower-hybrid wave 
which fai led in Fig. 5. 
(a) Temperature of suprathermal electrons versus radial posit ion. 
(b) Relative power P remaining in wave versus path length across the 
f i e ld (so l id) ; and 1/q versus path length across the f i e ld (dashed). 
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