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LOWED HYBRID EXPERIMENTS ON PLT USING GRILLS 
HAVING VARIOUS n„ SPECTRAL WIDTHS 

J.E. Stevens, R. Bell, S. Bernabei, A. Cavallo, T.K. Chu, P. Colestock, 
W. Hooke, J. Hosea, F. Jobes, T. Luce, E. Mazzucato, 
R. Motley, R. Pinsker, S, von Goeler, and J.R. Wilson 

ABSTRACT 
Coupling structures for iower hybrid current drive experiments have, 

until now, been smaller than a free space wavelength and have had a 
correspondingly broad wave number spectrum. In this paper we report the 
results of experiments on the PLT tokamak using a 16-waveguide grill (2.2 
wavelengths) which produces a very narrow n» = k.c/u spectrum. Experimental 
results from the 16-waveguide grill ars compared with results from three other 
PLT grills with less sharply defined n,, spectra. The current drive figure of 
merit, I n gR/P r f =» 0,14 x lO1'4 A cnT^ m/w, is a 40? higher for the 16-
waveguide coupler than for previously reported experiments on PLT, in spite of 
the larger "spectral gap." . 

1. INTRODUCTION 
Lower hybrid experiments have made considerable progress in recent years 

towards the goal of experimentally achieving rf-driven currents in tokamak 
plasmas consistent with theoretical predictions. "^ In addition to 
maintaining steady-state currents without an ohmic transformer, ? experiments 
have also demonstrated the ability of lower hybrid waves tu start up^-l^ and 
ramp u p 1 3 ~ 1 5 the tokamak plasma current as well as to heat electrons during 

17-21 
current drive. ' Experimental results are consistent with the predicted 
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velocity space behavior of the electron distribution function. " 2^ Plasma 
currents at the megampere level have now been driven by lower hybrid 
waves. Steady-state current drive efficiencies are within a factor of two 
of theoretical predictions, -* and a theory has been developed to explain rf 
current drive results in the presence of an electric field. °~2° ft 
comprehensive review of the current drive field has been given by Fisch. ° 

Since high power requirements™ may snake steady-state noninductive 
current drive impractical in large, reactor-grade tokamaks, one goal of recent 
experiments has been to maximize current drive efficiency. This was one of 
the purposes for constructing the 16-waveguide grill described in this 
paper. However, even if the goal of steady-state noninductive current drive 
proves impractical, rf current drive would still have many uses. First, a 
very modest lower hybrid system could replace the onraic transformer in the low 
density current start-up and ramp-up phases of tokaraak operation. Most of the 
steady-state plasma current might then be driven as a by-product of fusion 
power production if a means such as the bootstrap current-^ ''*" proves to be 
practical. Another application of lower hybrid current drive is the 
modification of the plasma current profile to improve MHD stability as has 
recently been demonstrated by the suppression of sawteeth.35-38 Finaij.y( at 
reactor densities where T = T,, bulk electron heating as a by-product of 
current drive should be an effective heating method. Lower hybrid waves thus 
have a great potential in fusion research to initiate and drive currents and 
to heat electrons. 

Coupling structures for lower hybrid current drive experiments have, 
until now, been smaller than a free space wavelength and have had a 
correspondingly broad u^ power spectrum. The launched n,. spectrum determines 
the main characteristics of lower hybrid wave experiments, including the 
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coupling, heating, and current drive efficiencies. In this paper we report 
the results of experiments on the PLT tokamak using a 16-waveguide grill which 
produces a very narrow n,, spectrum. Experimental results from the 
16-waveguide grill are compared with results from three other PLT grills with 
less sharply defined Hi spectra. The current drive figure of merit, 
I Dn eR/P r f s 0.11 x 10 1^ A cirT̂  ra/W, is = 40? higher for the 16-waveguide 
coupler than for previously reported experiments on PLT, in spite of the 
larger "spectral gap"" and the reduced accessibility due fcc a higher 
frequency. In addition, handling and coupling were improved for the 16-
waveguide coupler. The effect of the n,, spectrum an all aspects of current 
drive will be the main topic of this paper. Lower hybrid heating and sawtooth 
suppression experiments will be discussed elsewhere. The experiments with the 
16-waveguiae coupler, as well as unpublished results from previous 
experiments, will be discussed in the context of lower hybrid experiments on 
PLT from 1981-1986, using frequencies of 0.8 and 2.45 GHz, launched powers of 
up to 1 MW, and n,| spectral widths of 2.7, 1.55, 1.4, and 0.45. Experiments 
with the narrow n, spectrum increase our understanding cf how to improve the 
current drive and ramp-up efficiency, show the role of accessible versus 
inaccessible power, and emphasize the unimportance of the spectral gap. 

The basic experimental setup is described in Sec. 2 of this paper. 
Results of coupling measurements are discussed in Sec. 3, current drive 
experiments in Sec. 4, ramp-up experiments in Sec. 5, and X-ray emission 
experiments in Sec. 6. A discussion and conclusion are given in Sees. 7 and 
8. 
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2. THE EXPERIMEMTAL SETUP 
Lower hybrid experiments with four different couplers were carried out on 

the PLT tokamak between 1981 to 1986. The PLT tokamak operates with a major 
radius R = 1.32 m, a limiter minor radius of a = 0,40 m, a vacuum vessel minor 
radius of b = 0.50 m, a maximum toroidal field of 33 kG, and a plasma current 
of up to 770 kA. 

The parameters of the four lower hybrid grills used on PLT are shown in 
Table I. The grill numbers listed in Table I, t\ through #4, will be used in 
parentheses throughout the text to identify the grill being discussed. For 
the 800-MHz grills {#1 4 #2), each of six waveguides was fed by a Varian-VA955 
klystron through 50 m of transmission line. The phasing was done at low power 
by variable phase shifters. The phases could also be changed during a pulse 
by switching the low level rf drive between varying lengths of cable. The 
2.45-GHz grills (#3 #. #4) were driven with three Varian VKS8269A klystrons 
located 50 m from the plasma. The phasing for the 2.45-GH2 systems is 
accomplished by high power phase shifters located near PLT after the power is 
divided 8 ways. 

From 1984 to 1985 the 2.45-GHz system {#3) consisted of two 6-gdide 
grills located on top of the plasma and one grill located on the outside 
equatorial midplane. In 1986, the 16-guide grill (#4) was installed in an 
outside midplane port while keeping one of the 8-guide top grills. The 16-
waveguide system (#4) was driven by two of the three klystrons. The phase 
could be varied arbitrarily in each of the 16 waveguides of the grill. The 
16-waveguide, 2.45-GHz grill (#4) is shown ir. Fig. 1a from inside the vacuum 
vessel. The vacuum window for the 16-waveguide grill, shown in Fig. 1b, was 
the most satisfactory of the lower hybrid window designs used on PLT. It 
consisted of sixteen Al20o bricks brazed into a titanium-6242 alloy flange 
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with the same thermal expansion coefficient.-" This window was reheated once 
to its 780°C braze temperature without damage to the ceramic bricks. The 
window was bolted directly to the stainless steel grill with rf waveguide 
continuity made by a simple butt contact to the 0.31-cm-thick grill walls. 
The window performed well from the mechanical, electrical, and vacuum 
perspectives. 

The vacuum windows in all four grills were protected against arcing by a 
fault circuit which gated the rf power off for - 5-10 ms if the reflection 
coefficient in any waveguide exceeded a certain threshold (typically 60%-

80?). New grills and windows were gradually brought to full power in 100-1000 
rf pulses. After a new grill achieved full power, rf faults were generally 
not a problem for the typicai power densities given in Table I unless unusual 
or rapidly changing plasma edge conditions were present. 

3. WAVEGUIDE COUPLING 
A major attraction of the lower hybrid wave for plasma heating was th.it a 

simple waveguide array can transmit rf power efficiently into the plasma and 
that Brambilla's theory 4 1 accurately predicts the conditions for this 
efficient coupling to occur. The success of the theory in predicting the 
grill reflection allows us to inrsr that the actual spectrum is close to that 
predicted theoretically. This inference frora coupling measurements is 
important because direct measurements of the wave position and wavelength 

UP inside tokamak plasmas, such as with C0£ laser scattering, c are rare. 
Usually only indirect indications of the n,, spectrin*; inside the plasma are 
available. These indirect measurements, such as the slope of the hard X-ray 
tail,' comparing top and side launching, ' and comparing current drive 
efficiency versus waveguide phasing all are consistent with a launched n,. 

http://th.it
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spectrum close to that predicted by Brambiila. This spectrum, modified by ray 
tracing, determines the major characteristics of lower hybrid experiments. 
Only the filling of the spectral gap between the velocity cf the bulk 
electrons and the waves is not explained by coupling theory and first-pass ray 
tracing. However, the existence of the spectral gap has little effect on the 
experimental results. 

Brarabilla's theory predicts the fraction of reflected power in each guide 
as well as the shape of the launched n» spectrum, given an edge density or 
density gradient in 1'ront of the coupler. As a general rule, the most 
efficient coupling occurs for an edge density given by 

nEDGE~ nc nJ!o • { 1 ) 

where n s oi2m„/UTte is the critical density for the wave frequency u and n,, 
is the peak of the launched n™ spectrum deterrained approximately by the 
waveguide phase difference, fi*, free space wavelength X Q, and the waveguide 
spacing W: 

A secondary peak at n. * XQ/W(A<{> - 360<>)/360o contains power going in the 
opposite toroidal direction. This ."secondary peak usually contains a small 
amount (- 10%) of the total pcwer for a* .- 90°, while at A* = 180° it 
contains the same power as the primary peak. The peak of the launched power 
spectrum is characterized by a width at half maximum of 
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\ 
An = j-2 , (3) 

where L = N x W is the total width 6~f the array of N guides. 
Figure 2 is a plot of the launched n,, spectra calculated for each of the 

PLT couplers in Table I. The phasings plotted were optimum for current 
drive. Spectra for other phasings have similar half-widths with their peak 
nj's shifted according to Eq. (2). Shifts in the n|| spectrum due to toroidal 
ray propagation should not be a factor for most of the experiments discussed 
in this paper. A small (» 10%) upshift in the launched n^ spectrum occurs 
from plasma edge to plasma center for waves launched from the outside 
midplane. However, the n« spectrum for waves making multiple passes through 
the plasma could be greatly altered. 

Measurements of reflection for each waveguide were monitored for all of 
the grills used on PLT (Table I). The waveguide grills were located in the 
scrape-off plasma 3-5-cm outside the limiter radius, and were generally 
excited with a fixed phase difference A<t> between adjacent guides. The most 
detailed comparison with theory was carried out with the 800-MHz-wide grill 
(#1 in Table I). Coupling measurements on the later grills C#2-#4) were 
carried out only to the extent necessary to ensure that the grill phasing was 
properly calibrated. 

Figure 3a shows reflection versus phase for three different positions of 
grill #J along with theoretical curves^ assuming plasma edge densities which 
give the best fit to - the data. These assumed densities are in approximate 
agreement with edge densities measured by probes. Figure 3b shows the 
measured reflection versus the distance from the.grill to the plasma center. 
Both the grill position and the plasma position were varied, with the plasma 
position being varied by the vertical field. Since points with different 
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grill positions and different plasma positions overlay on one curve, this 
result indicates that moving the plasma has almost the same effect cm coupling 
as moving the grill. The experimental data show the expected minimum of 
reflection versus grill position (or versus edge density). The theory curve, 
assuming a 2.5-cm-density scrape-off length, shows qualitatively the same 
behavior as the experimental data. Figure 3c shows reflection for the two 
inside guides (3 and 4) and the two outside guides (2 and 5) for the same 
shots as plotted in Fig. 3b. The measured reflections are again qualitatively 
similar to theoretic-al calculations (solid lines), which show the reflection 
minimum for the outside guides occurring at a lower density than for the 
inside guides. 

For the 800-MHz "narrow" grill (#2 in Table I) and for both of the 2.45-
GHz grills (#3 and #4}, a shorted \ 0/8 waveguide was added on each side of the 
array. These passive guides behave like a low-power-driven guide with a 90° 
phase delay from the adjacent driven guide. The passive guides reduce the 
reflected power in the last active guide of the array, as demonstrated by 
earlier experiments. ' The shorted X/8 waveguides also protect the grill from 
damage due to plasma bombardment. 

Measurements of reflection versus phasing for grills #2 and #3 also agree 
well with Brambilla's theory. A reflection versus phase curve at » 1 kW/cra 
for one 2.45-GHz, 8-guide grill (#3) is shown in Fig. 3d. Systematic coupling 
versus phase scans were no longer carried out for the 16-waveguide grill 
(#4). However, data for one scan at = 3 kW/cnr, in which the plasma 
conditions did not vary with phase, are plotted in Fig. 8d along with a 
theoretical curve for the 16-guide grill. Also, enperience at many different 
individual plasma and phase conditions indicates that the phase calibrations 
are correct. For instance, at a plasma density of 1 x lO^crrT^, i 0w 
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reflections (R < 10%) could be achieved in all 16 wpveguides for all phase 
differences in the range 60° < a* < 300°. Withour, a plasma load R > 90? was 
observed for a* = 75°. When a* was set to *iu*. so that part of the spectrum 
begins to overlap n* = 1, then the reflection coefficient in ail 16 waveguides 
incr^asfec to = 20J .jnd high power operation u?".ame difficult. Phases with 
a* < 60.° could not be useu in the presence of a plasma because ihe high 
reflections caused the arc sense circuits to switch the rf off. Finally, if 
one group of 8 guides had a phase difference 'liscontinuity from the second 
group of 8, then the reflection in waveguides 8 and 9 was high as predicted by 
theory. 

Typical operating power densities as well as typical reflection 
coefficients for those power densities are indicated in Table I. These 
"typical" power densities could be achieved on most days after a few (<: 10) 
plasma shots. At these typical power levels, it was found that the average 
reflection decreases as the spectrum width an. decreases (Table I). Coupling 
calculations show that it is possible bo find model edge densities with small 
reflections for each of the four couplers, but in practice this was true only 
at low power (< 20 kW/guide). As power was increased to >40 kW/guide, the 16-
waveguide grill maintained a lower reflection coefficient than the other 
grills listed in Table I. 

The peak power densities indicated in Table I could be achieved during 
relatively constant plasma discharges after half a day's running (~ 75 
shots). Precautions that were taken during high power operation included 
coating the wr.veguides with a thin layer of carbon to help suppress secondary 
multipactor emission, locating the grill well away from the plasma liiuiters 
and gas feed valve, and rounding the surfaces of the grill which faced the 
plasma. 
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The stainless steel surfaces iiiside the 16-waveguide grill (#4) were 
copper plated, since multipactor breakdown is less of a problem for the 
dimensions of that grill and since copper has higher conductivity than 
stainless steel and also adsorbs less H 2 and Dp gas. The 16-waveguide grill 
operated at nearly full power after one day of running, and was not subject to 
window arcing. The 16-waveguide grill was able to operate at a single radial 
position for line average piasma densities between 2 x 10' 2 and 5 x 1 0 " em"^, 
although the overall reflection coefficient increased to - 20? near both 
extremes. This increased reflection could presumably have been compensated 
for by moving the grill position, although no attempt was made to do so. At 
n e - 1 x 1 0 " cm"3, overall reflection for the 16-guide grill was typically 5% 

for 700 kW of net power (- 3 kW/cm 2). The coupling for the 16-waveguide grill 
was by far the best of the four grills used on PLT. 

4. STEADY-STATE CURREMT DRIVE 

Fisch' has shown theoretically that lower hybrid current drive is 
characterized by a figure of merit n^ n given by 

I n R . ,.14 -3 
P e f T _ . ft • 10 cm • m ,,n 

p ~ r ^ - W v V W w ' w 

rf 

where I is the plasma current, n g the electron density, R the tokamak major 
radiu3, P r f the rf power, and n C D

 i s a function, whose value is of order 1, of 
the ri| spectrum, T e, the bulk electron temperature, and Z e^p, the average ion 
charge state. Figure 4, adapted from Karney and Flseh, shows the function 
n C D for several values of T g and 2 e f f plotted versus n». The value n c n in 
Fig. 4 is obtained by a relativistic Fokker-Planck calculation assuming that 
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the n,, spectrum is narrow. We will now proceed to show how the experimental 
results compare with these theoretical predictions. 

The characteristics of steady-state current drive were studied for all of 
the couplers used on PLT (#1-M). A typical steady-state current drive 
discharge using the 16-waveguide grill is shown in Fig. 5. Figure 5a shows a 
520-kA discharge that is initiated and maintained with the ohmic (OH) 
transformer until 0.4 seconds, after which the OH primary current is 
maintained constant. A net rf power of 520 k.W from the 16-waveguide grill 
holds the current constant from 0.4-0.7 seconds. The grill is phased with 
A$ " 75°, which produces the spectrum shown in Fig. 2. All of the other 
discharge characteristics were held nearly constant during the rf pulse to 
ensure an accurate measurement of the current drive figure of merit. Figure 
5b shows a constant density of 1 x 1 0 " cm~^ during the rf pulse. Figure 5c 
shows power input to the plasma from inductive sources (solid line) and from 
the r.f. The inductive power dissipated in the plasma is the power induced 
from the external ohmic and vertical field transformers minus the change in 
plasma magnetic energy: 

PIND =( M0H ̂ T + MSF T T K ' St G L # ' <5) 

where 

L = p Rfin — - 2 + c /2) (6) 
o *• a I ' 

and 2.̂ /2 is deri/ed from the plasma equilibrium position signal A = S_ + 2^/2 
shown in Fig. 5d. In Eqs. <5)-(6), M Q H and M S F are the mutual inductances 
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between the OH and vertical field coils and the plasma, I Q H and I S F are the 
OH and vertical field primary currents, L is the plasma inductanc2, R is the 
major radius, and a is the minor radius. Since 8_ = 1/2(e,i + 6^) is not 
measured directly, it is estimated from kinetic measurements of the plasma 
energy content, with major contributions from both the plasma bulk and the 
high energy electron tail. Bulk electron energy content is measured with 
Thomson scattering, bulk ion energy content is measured from neutron emission, 
and tail electron energy content is estimated from hard X-ray measurements for 
similar discharges. 2 2 - 2^ For the curve of Pj fj D in Fig. 5c, 6_ = 0.2 during 
the rf pulse and 8 = 0.08 for the- other times. These values are consistent 
with the jump in A seen in Fig. 5d just after rf turn on (0.4-0.45 sec). The 
jump in A at rf turn on is attributed primarily to changing a p, while the much 
slower changes in A are due to changing i^. The calculation of PJJJQ is not 
accurate during those times where 8_ is changing rapidly (0.4-0.5 sec). Sharp 
features in the Pjjm curve with time scales of less than 35 ms are not 
meaningful because of numerical averaging. 

All measurements of the current drive figure of merit, n c n , were made 
with P-rjjrj as close to zero as possible to avoid electric field effects. A 
correction is made for small values of P I N n / 0 by simply adding P I N D to 
Prj>. Correcting for Pjy D in this way probably underestimates n C D when 
P I N D < 0 and overestimates n^ n when PJUU > 0, because the incremental 
conversion efficiency of rf into poloidal field energy is less than 100?. The 
current drive figure of merit for the discharge shown in Fig. 5 is calculated 
to be: n C D = I n ^ R / P ^ = 1.4 during the time 0.5-0.7 seconds. A -25 kW 
correction is made to Pr£> in this case because P j M D = -25 kW during that 
time. The line average density, rather than simply density, is used in the 
definition of T W for the experimental results (n_ = 1.5 n ). 
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Several sources of error in the measurement of n C D are present. The 
error in calculating P j N D should be < 55! of P r^ when all of the time-varying 
terms in Eq. (5) are near zero. Another source of error is a systematic ± 5% 

error in the measurements of P «. 
Measurements of n ™ were made for all four PLT grills and the range of 

results are shown in Fig. 6, plotted versus density. The n,, spectra, shown in 
Fig. 2, were optimized for best current drive for each set of data from the 
four grills. The vertical width of the bands represents the day-to-day 
irreproducibility of the data. We believe this to be caused by changes in the 
vacuum vessel surface conditions and plasma positioning. The current drive 
performance on PLT gradually improved with time after a vacuum opening. 
Several trends are apparent from Fig. 6: 

Current drive versus spectral width - The best current drive figure of 
merit for each grill depends. inversely on the spectral width of the grill. 
The 16-waveguide grill (#4) with by far the narrowest spectrum (An. ~ 0.45) is 
clearjly the most effective for current drive, while the narrow 8OO-MH2 grill 
(92) with the widest spectrum (4n,, - 2.7) is the least effective for current 
drive. The 800-MHz-wide grill (#1) and the 2.45-GHz fl-waveguide grills (#3) 
have approximately the same spectral widths and approximately the same 
optimized current drive figure of merit. 

Penalty limit for current drive - A very sharp drop in nrn occurred with 
the 800-MHz system above the density of 7 < 10' em~3. Parametric decay 
instability and a surface, fast ion tail occurred sbovfl that density, and the 
interaction of the rf with the electron tail decreased sharply as seen by the 
strongly decreasing emission at 2 B c e and X-rays above 7 x 1 0 1 2 cm"^. The 
2.45 system produced completely rf-driven currents at densities up to 
1.5 « 10 •* cm~^ and produced enhanced plasma X-ray and 2nd harmonic cyclotron 
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emission up to densities of 4.5 x 1 0 ^ cm - 3, at which density a fast ion tail 
again appeared. These results for 800 MHz and 2.45 GHz are consistent with 
the density limit for electron interaction observed on other machines, ' 
i.e., the wave interacts with electrons when f/f^H > 2- Current drive figure 
of merit, ncj\, is plotted versus plasma density, current, temperature, and 
waveguide phasing in Fig. 7a-d for selected steady-state shots using the 16-
waveguide grill in order to investigate these dependencies in more detail. 

Current drive versus density and magnetic field (accessibility) -
Although current drive theory {Eq. 4) predicts rî p = n g, Figs. 6 and 7a show a 
gradual drop in n C D for increasing n . The reason for this is that wave 
accessibility determines the minimum n. at which wave interaction with 
electrons can take place for a given density and magnetic field. The 
accessible n™ for lower hybrid waves is given by ' 

n, = 1 + f 2 /f 2 - f^./f2 + f /f . (7) 
lia pe ce pi pe ce 

Evaluating n. a at a minor radius r/a = 1/2, so that n e = ne(r/a = 1/2), 
results in n^'s of 1.25-1.57 for fie = 5 x 10 1 2-2 x 1 0 1 3 cm - 3 at B = 31 kG, 
The accessible n« implies a maximum electron interaction energy given by e = 
(n,, / / n? - 1), where E = total electron energy normalized to mc . If we 
estimate the figure of merit as being determined approximately by slowing down 
of electrons at the maximum accessible energy, then we expect r\c^ * l/n^2 = 
(s^ - \)/t£. This dependency is plotted in Fig. 7a fo.' two magnetic fields 
(B = 31 kG and 21 kG). The proportionality constant for iicn in the 31 kG 
curve is scaled to fit data from a density scan with I = 500 kA using the 16-
guide grill (2/3 -f P„ f) plus an 8-guide grill (1/3 of P r f>. The trend of the 
data fits the expectation of current drive efficiency limited by accessi-
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bility. The 21-kG curve is plotted with the same proportionality constant 

along with a 21-kG data point for otherwise the same grill and plasma 

conditions, and it also scales with the expectations derived from wave 

accessibility. 

The current drive figure of merit for the 800-MHz grill #1 was also 

consistent with wave accessibility.' However, the best values of TI^ for the 

16-waveguide grill were systematically = U0% higher than for the other PLT 

grills («M-#3). This is in spite of the fact that the 800-MHz system {iM-#2) 

had slightly better accessibility than the 2,45-GHz system due to the larger 

fpf/f2 term in Eq. (7) for 800 MHz. This higher n C D indicates that the 16-

waveguide grill delivers its power more efficiently to the fastest electrons 

in the tail. 

Current drive versus plasma current 

Figure 7b is a plot of figure of merit n^ n versus steady-state current 

for the 16-waveguide grill at two different densities. At 1 x 1 0 " cm"^, 

there is a decrease in i w at the lowest current (220 kA) but no significant 

difference between r>CD for the 520 kA and 770 kA cases. However, at 5 x 1Q 1 2 

cm"3, HQJJ for the 240 kA point is slightly higher than for the higher current 

(500 kA) case. Several important plasma parameters change when the plasma 

current is changed, i.e., plasma safety factor q a, plasma temperature, and 

possibly Z_ff. Changes in these parameters may be responsible for the 

variation (or lack of variation) in i w w i t n *n- For example, the snots at 

the highest current level for both densities (770 kA at 1 x 10 1' cm"3 and 500 

kA at 5 x 1 0 1 2 cm"3) had a noticeable density rise during the rf pulse due to 

energetic tlectrons hitting the limiter. In addition, the 770 kA shot had 

impurities injected into the plasma during the rf pulse for spectroscopic 

studies. The resulting increase in Z --, inferred from plasma hard X rays, 
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could decrease n C D for both cases. A rise in Zeff of 1 theoretically makes an 
> 10% change in figure of merit n C D for our parameters. The plasma safety-
factor could also affect n C D by changing the confinement properties of both 
the bulk and tail electrons. For the range of data in Fig. 7b, q a varied from 
2.5 to 8. 

Current drive versus electron temperature - Variations in the current 
drive figure of merit of = 10? might be expected from theory (Fig. 4) over the 
range of electron temperatures present in PLT (2 kev < T g < 6 kev) during 
current drive. Current drive figure of merit i w is plotted versus peak 
electron temperatures in Fig. 7d for the same shots shown in Fig. 7b. For the 
data at fie = 1 * 1 0 1 3 cm - 3 in Fig. 7d (solid points), there is a W% 

Improvement in r w with temperature (2.J vs. 4-5.3 keV). At the same time, 
plasma current is increasing from 220 kA to 520-770 kA. However, at 5 x 1 0 1 2 

cm"', the figure of merit is 12? smaller for the higher temperature (3-3 kev, 
500 kA) shot than for the low temperature (2.3 keV, 220 kA) shot. For the 
same reasons as discussed above in connection with Fig. 7b, it is difficult to 
conclude that the variations in figure of neurit are a result of temperature 
and not related to changes in other parameters. 

In general, it was found that the fastest wave^ which were accessible on 
the first pass were optimum for current drive. A seal, of r,^ versus phase is 
plotted in Fig. 7c for the 16-waveguide grill, with the 8-waveguide grill 
supplying one third of the rf power. The figure of merit, n-p, was highest 
for A(ji=75° (njQ = 1.5) and fell by => 20? for A4> =60° ( n ^ = 1.2) and A* = 90° 
(n.Q = 1,8). The 20? reduction in efficiency at A* = 90° is consistent with 
the relative drop in phase velocity since n c n <* 1/n,, . The A* = 60° case is 
complicated by having » 50? of the launched spectrum inaccessible. The 
accessible part of the spectrum is consistent with a a 33? drop in n Cn from 
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fl* - 75°, while the actual drop was 3 20?. This discrepancy could be due to 
S'jme of the inaccessible power eventually finding its way into the plasma. 

A comparison of the experimental current drive results with the 
theoretical curves of Fisch and Karney platted in Fig. 4 requires several 
additional assumptions about the data. The parameters of the discharge shown 
in Fig. 5 are chosen to illustrate the comparison of the measured current 
drive efficiency n C D with theory: I = 520 kA, T g 0 = 5 keV, fie = 1 * 1013 
cm - 3, B Q = 31 kG, n C D = 0.11, and n ( = 1.5 ± 0.45. The extent of the 
accessible n»-spectrum is plotted as the double arrow in Fig. 4, labeled 
PLT. Three assumptions are made in plotting this line. First, the low n» 
part of the spectrum is determined by wave accessibility to the plasma 
center. For r/a = 1/2, n,, a 1.38. Second, the high n« side of the spectrum 
must extend to a high enough n. to produce enough current carriers, i.e., v h 

» 3 v t . For T < 5 keV, this occurs for n,, > 2.5. Finally, the 
experimental T W value of the PLT data is multiplied by 1.5 to account for an 
approximately parabolic density profile, since Fig. 4 plots density while the 
experimental measurements use line average density. The peak density is 
chosen since hard X-ray measurements indicate that most of the fast tail is 
located in the center of the plasma column. 

The theoretical expectation for the PLT experiment is in the neighborhood 
of the point labeled A in Fig. 4. This point falls on the 5 keV, Z = 4 
theoretical curve approximately in the center of the PLT spectrum. A value of 
zeff " "̂̂  *"s typi 0 3! °f Thomson scattering measurements of Z e ^ at n*e 

= 1 x lO •̂ crn-'-' for ohmic plasmas. Also, previous hard X-ray measurements •* 
are consistent with Z.̂ f. a 4 for lower density, lower current rf-driven 
discharges. With the above assumptions, the experimental results are a factor 
of 0.67 2 0.25 of the idealized theoretical calculation. However, other 
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inefficiency factors discussed below can account for the remaining 33? of the 
rf power. 

One known inefficiency occurs because the grill launches only = 90? of 
the rf power in the Forward direction (P F) and 10? of the rf power in the 
reverse direction <P R). This backward spectrum drives an opposing current Ig, 
although at reduced (« 1/3) efficiency relative to the forward current (I P). 
Thus, current drive efficiency scales as 

T I_ - I_ I_ - (0.11) 1/3 I P 

(po - p V r * — P + o ii p * °-*7(ypF) 
P meas PF + P B PF + 0 > 1 1 *F t r theory 

This amount of backward current is consistent with a comparison of previous 
X-ray measurements with Fokker-Planck calculations which assumed only a 
forward spectrum (Fig. 9, Ref. 23). In that calculation there were not enough 
backward electrons to account for the observed backward X-ray emission. 
However, adding a backward tail with the relative amplitude given above (Ig/Ip 
3 0.05) would bring the calculation into agreement with the X-ray 
measurements. 

Another inefficiency is due to direct loss of tail electrons. Since the 
slowing-down time for fast electrons is comparable to the electron confinement 
time, some fraction of tail energy should be lost directly to the llmiters. 
We have estimated = 5? of the rf power is required to create an observed 
localized incandescent spot on the limiters, although we have no estimate of 
possible additional, more diffuse, losses. 

Another power loss channel is cyclotron radiation. Calculations for a 
model electron distribution show that = 5% of the rf power is radiated as 
cyclotron emission for our parameters. Finally, we cannot rule out the 
possibility that some power does not penetrate the plasma surface, although we 
do not have an estimate for this. 
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In summary, > 90? of the theoretically expected rf-driven current can be 
accounted for. However, there are many large sources of error for these 
measurements and calculati ons. Errors in ^^^f of — 1, for instance, can make 
± 10? differences in the results. 

5. RAMP-UP EXPERIMEMTS WITH THE 16-WAVEGUIDE GRILL 
A short series of shots (- 30) using the 16-waveguide grill was devoted 

to current ramp-up. This did not allow time for machine conditioning which 
might have allowed us to operate at the low densities (n. - 2 x 10'^ cm~3) of 
our previous experiments. ~1-' However, the same ramp-up efficiencies (= 20?) 
were obtained at densities of fi =.3-5 * 10 1^ cnT^, hamp-up 'fficiency is 
defined in the same way as previously -*: eff = "Pinn^rf w ^ e r e ^TND ̂ S s i v e n 

by Eq. (5) and is evaluated beginning 100 ms after rf turn on to avoid 
transients in A = 8_ + ij/2 due to changing a D-

Figure 8a shows a ramp-up shot for n g = 4.4 x 10' 2 cm~3, P ~ = 670 kW, I 
= 200 kfl, and I_ » 200 kA/s. A large density rise occurs beginning 120 ms 
after rf turn on, due to fast electrons escaping the plasma and creating a 
localized hot spot on the limiter. This density rise occurred in PLT as the 
power levels and densities approached those of Fig. 8a, The large jump in 
S„ + a.j/2 occurring in Fig. 8a during the rf pulse is due primarily to ti:e Sy 
of the fast electron tail. Data for a series of ramp-up shots at n. = 5 ± 
0.5 x 10 l 2cm"3 and I = 260 t 20 kA are plotted in Figs. 8b-8d versus rf 
power. Ramp-up efficiency (Fig. 8b) was evaluated after the jump in 6 + ai/2 
until the density rise occurred. The rf pulse widths were limited by the 
density rise to 350 ms for P p f < 400 kW and to 250 ms for the higher powers. 
The data for P rf = 670 kW are uncertain because the period oi" time between the 
rf turn on and density rise is so short. The P-r-u-n signal is most accurate 
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when averaged over longer (5 100 ms) times. Ramp-up efficiencies of = 20? are 
observed when Pff/Pgtgady state 5 3- This result is identical to previous 
experiments. ^ However, previous best ramp-up efficiencies with the 800-MHz 
system (grill #1) dropped sharply with density from 20% at 2 x 1 0 1 2 cra"^, to 
almost zero at 4 * 10^ 2 cnT^, With the 16-waveguide coupler, ramp-up 
efficiencies of 205 are observed from 3-5 * 1 0 1 2 cnf^ a n d efficiencies of 10? 
were observed at 1 x 10 ^ cm"-'. 

Peak and volume average electron temperatures are plotted in Fig. 8c, 
with averages taken over shots with similar rf power levels. The peak 
temperature increases from an ohmic value of 1.5 keV to a saturated level 
between 3-3.5 keV for P r f > 270 kW. Average T g increases slowly with Prf.. 
The calculated suprathermal current driven by the lower hybrid waves is 
plotted in ?lg. 8d along with the integrated central hard X rays with energies 
E > 35 keV. The suprathermal current I s t is calculated by I s t = I - I Q where 
I B is the ohmic bulk (backward) current determined by I B = V a x^ g/R n. The 
plasma resistance Rfl is calculated from 26-point Thomson scattering (TVTS) 
profiles of electron temperature assuming that Zê .f. a 3-4 measured during the 
ohmic phase is constant during the rf pulse. A Zef>f = 4 was chosen for the 
plot in Fig. 8d. The TVTS and hard X-ray measurements are taken before the 
density rise occurs. Hard X rays are measured along a vertical chord viewing 
through the plasma center, perpendicular to BQ, The approximate linear 
increase of calculated I t with P » is consistent with the increase in the 
hard X rays. Thus, at the highest power levels there are two large 
counter streaming currents, I s t s 500 kA and I B = -230 kA, which produce a 
slowly increasing plasma current I = 270 kA. 

During steady-state current drive shots on PLT, X-ray and electron 
cyclotron emission signals reach a plateau - 50 ms after rf turn on, 
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indicating that the tail reaches a steady state. However, during ramp-up, 
both of these signals continue to increase with time throughout the 250-350 ms 
rf pulses. The rate of increase of the ECE signal increased with rf power. 
This continuous increase may be indicative of a slow buildup of backward 
runaway electrons, which could possibly reduce the ranip-up efficiencies in 
Fig. 8b over longer ramp-up times {> 200 ms). Unfortunately, because these 
low density, high power ramp-up shots had a sharp density rise 100-300 ms 
after the beginning of the rf pulse, it cannot be determined how important 
this continuous buildup of the tail is to long time ramp-up efficiency. 

The Fisch-Karney theory -* was successful in interpreting previous PLT 
data in terms of a universal curve of P ei/P rf versus v J V j , where P •• = 

" PIND + v 2axis / RSi' PIND i s 6 i v e n b? E<3" ( 5 ) ' Vaxis = *1VD/Ip i s t h e l o o p 

voltage on axis, R n is the (Spitzer) resistivity of the bulk plasma, v n = 
c/n,, is the average wave phase velocity, and v« is the runaway velocity 
(Dreicer velocity without the Z dependence). Figure 9 shows how the recent 
ramp-up data with the 16-waveguide grill (#4). compare with the previous 2 ° » 5 2 

data using grill #1 plotted on the Fiseh-Karney diagram. The efficiency of 
the 16-waveguide, narrow spectrum grill is significantly higher than that of 
the previous data taken with a wider spectrum grill #1. The only adjustments 
to the data in this plot was to add a 10% upshift in peak n,,, which is 
predicted by ray tracing to occur as the wave penetrates on the first pass 
(this shifts all the data points to 10JS smaller v D n/Vg). The theory curves 
assume H3% and 6^% of the rf power is absorbed by the tail in order to fit the 
old and new datn. Assuming that the theory is correct, there are two ways to 
interpret these results. One interpretation is that wave absorption is 50? 
better for the 16-waveguide grill, perhaps due to better wave penetration to 
the plasma center. The alternative interpretation is that the absorption is 



22 

the same for both grills, but that the average v_ n for wave-particle 
interaction is ~ 1.45 times higher for the 16-waveguide grill. The previous 
data from grill #1 wouia fall on the theory curve for 64? absorption if an 
additional n,. upshift factor of - 1.45 is assumed for those data. It is 
interesting to note that with this interpretation the ramp-up data imply a 
higher increase in efficiency for the 16-waveguide grill than that implied by 
the steady-state data. A 1.45 times lower n,, would imply a (1.45) = 2.1 
times increase in steady-state figure of merit for the 16-waveguide grill 
whereas only a factor of 1.4 increase was observed. Better absorption of the 
narrow spectrum during ramp-up may be a result of requiring more power for 
quasilinear flattening of the distribution function slope at high energies 
when a strong opposing electric field is present in addition to collisions. 

In spite of the larger P e]/" rf for a given v h / v a achieved during ramp-up 
with the 16-waveguide grill (#4) relative to the previous 800-MHz grill (#1), 
the conversion of rf power into poloidal field energy remained at = £JJ, with 
the remaining power going into VVR,, dissipation of the back current. 

The bulk plasma resistivity was measured with Thomson scattering profiles 
for the 16-waveguide grill (#4) ramp-up data, whereas Rft was only estimated 
for the 800-MHz ramp-up data using grill #1. Shots with P p f = 270 kW were 
compared to check whether the V V R Q term in Fig. 9 was treated consistently 
for the two data sets. An estimated Rfl =» 2 tifl was used for the previous data 
compared with R Q a 2.5 iiQ for the recent data. Since electron temperatures 
have tended to be higher for the 16-waveguide grill compared with previous 
grills, this implies that R Q may be slightly underestimated and VVR f l slightly 
overestimated for the previous 800-MHz data plotted in Fig. 9. Thus, the 
difference in P ei/P rf between grills #1 and #4 is, if anything, understated by 
Fig. 9. 
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6. CURRENT PROFILES AND WAVE DAMPIMG 
The X-ray emission profiles of tha current-carrying tail give L good 

indication of the RF-driven component of the plasma current profiles in 
completely rf-driven tokamak discharges. The primary factor affecting X-ray 
profile shape is the q a of the plasma, with low q a discharges having the 
broadest profiles. Figure 10 is a plot of integrated hard X-ray emission 
profiles {E > 35 keV) measured with a vertical 7-cho;"d array for several 
limitet' q a values. These profiles are normalised to the same peak value so 
that the various profile shapes become apparent. The profiles with 
cylindrical q = 8.2, 3-o, and 2.5 were achieved with the 16-waveguide grill 
at B = 31-33 kG, n e = 1 x 1 0 1 3 cm" 3, by varying I froa 230 to 770 kA and P r f 

from 260 to 680 kW. The X-ray radius at half maximum increases by 5 cm as q a 

decreases from 8.2 to 2.5. Most of the wove spectrum was accessible for those 
three shots,̂  The q = 2.U X-ray profile was achieved with the 16-waveguide 
grill plus an 8-waveguide grill at B = 21 kG, n e= 0.9 * 10 1 : > cm - 3, 
I_ = 500 kfl, and ?T£ - 870 kW. Approximately 50J of the launched power was 
inaccessible inside r/a = 1/2 for the 21 kG case. This may account for the 
wider profile. Radio-frequency power by itself had only a small effect on the 
X-ray profile. For example, the radius (at half maximum) of the X-ray profile 
broadened only by - 1 cm in the ramp-up scan of Fig. 8, as rf power increased 
from 130 to 680 kW. Plasma density also had a relatively small effect on the 
X-ray profile width. The radius at half maximum broadened by a 1.5 cm as 
density increased from 6 x 1 0 1 2 cm - 3 to 1.55 x 10 1^ o n )-3 f o r the scan shown in 
Fig. 7a. 

It should be noted that the energy transport time T from electron tail 
to bulk plasma is comparable to the bulk electron energy confinement time T^ -
T g - 30 msec for n g = 1.5 ;: 1 0 1 3 cm - 3 on PLT. 
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7. DISCUSSION 
The fact that the narrow n,,spectrum 16-waveguide grill improves wave 

coupling (R a 53) at typical operating power levels {- 3 kW/cm2) means that 
arrays with a large number of elements appear to be desirable. Low 
reflections are favorable for advanced grill designs such as the multijunction 
grill concept.51 The multijunction grill greatly simplifies large, fixed nj 
systems by replacing power dividers with simple H-plane partitions across the 
incident waveguide. Because reflected power in the individual waveguides of 
the multijunction configuration can cross couple to neighboring guides, large 
reflections from the plasma cannot be tolerated. 

The fact that the current drive figure of merit depends so strongly on 
the launched spectrum supports the notion that much of the wave power is 
absorbed on the first pass through the plasma, at least during the steady-
state phase of current drive. Multiple passes tend to upshift and randomize 
the launched n,, spectrum, so there should not be such a large difference 
between grills and grill phasings if first pass damping did not absorb much of 
the wave power. Calculations by Bonoli5^ predict strong (~ 50?}, 'but not 
completed damping of low n,, components of the spectrum for grill #1. Current 
drive with the narrow n,j spectrum 16-waveguide grill (#4) was ~ 40? better 
than with the wiaer n. grill (#1) indicating that first pass absorption of 
this fast, narrow spectrum is still quite strong. Since accessibility appears 
to limit the maximum wave phase velocity no matter what grill is used, then 
the 16-waveguide grill must improve the current drive figure of nerit by 
either making the tail flatter and/or by optimizing the first pass delivery of 
the rf power spectrum to the plasma center. 

The ramp-up results with the 16-guide grill are also consistent with both 
of these interpretations. The ramp-up data show that an - 1,45 factor 
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increase in n.. is required in order to fit the previous PLT data^ 0' 5' onto the 
same Fisch-Karney efficiency curve as now fits the 16-waveguide grill data. 
This is in spite of the fact that the two sets of data have exactly the same 
peak n.. If the theory is assumed to be correct, then we can interpret the 
experimental result as an indication that either the narrow n,, spectrum 
produces a more energetic (flatter) tail or that the narrow n,, spectrum is 
absorbed better. Direct measurements of the tail distribution function, made 
by perpendicular viewing of both polarizations of electron cyclotron 
emission," g^ow that the 16-waveguide grill produces more tail electrons at 
energies greater than 90 keV (n» < 1.9) than the 8-waveguide grill. 

The density rise problem encountered during low density, high power, and 
high current discharges appears to be due to the small scrape-off length of 
the escaping fast electrons and could probably be solved with a larger limiter 
surface area in contact with the plasma. Tokamaks such as PLT and Alcator-C, 
in which the plasma is bounded by a material limiter, appear to have more 
difficulty controlling the escaping fast electron tail than tokamaks with 
diverters such as ASDEX and JT-60. ' 

The spectral gap question becomes more of an issue for the 16-waveguide 
grill than it was in previous experiments. In fact, the spectral gap was 
widest for the most efficient current drive shot, where n C D = 0.145, T e 0 = 2.3 
keV, and nj = 1.5 ± 0.45. Calculations show that < 3% of rf power was 
launched in the range 2 < n,, < 3,5 or alternatively 20 keV < e < 70 keV for 

that shot. Model distribution functions which are flat over this range, which 
contain the minimum number of tail electrons required for stability, are 
calculated to dissipate at least - 10-15? of the rf power by collisions in the 
spectral gap. Mechanisms for filling this spectral gap have been proposed, 
such as (1) multiple wave passes through the plasma,-1 (2) the anomalous 
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Doppler instability driving plasma waves unstable," (3) scattering and 
upshifting of the wave spectrum by edge density fluctuations,'6 and (4) by 
relying on the small amount of high n. power launched by the grill.->7,5o j n 

choosing among these explanations, we emphasize two, perhaps conflicting, 
experimental points: (1) the mechanism which fills the spectral gap works 
automatically, even over a very wide range of energies, while (2) narrowing 
the launched n,, spectrum has significantly improved the current drive 
effectiveness, which suggests that the launched spectrum is not being 
significantly dispersed by any of these gap filling mechanisms on the first 
pass through the plasma. These results probably favor the Bonoli mechanism,^ 
because that mechanism allows strong first pass absorption while the spectral 
gap is filled in a self-regulating manner by the remaining ng-upshifted power. 

Current drive with the widest nj spectrum (grill #2, 800 MHz) had the 
poorest efficiency. How much of this is due to a nonoptimal spectral shape, 
i.e., too much power in the high n. speetrum, or due to poor penetration 
because of strong Landau damping is difficult to determine. Estimates of the 
damping length of the high n,. component of the launched wave spectrum are 
difficult because the slope of the forward plateau of the tail distribution 
function has not been measured accurately enough. The range of slopes 
consistent with X-ray measurements, from T,, - 500 keV to exactly flat, imply 
radial Landau damping lengths from ~ 1 cm to infinity. Experiments done on 
A3DEX using a two-peaked speetrum have demonstrated that the high n,, part of 
the spectrum adds very little to the current drive produced by the low n,, part 
of the spectrum," while experiments with two grills on Petula suggest that 
filling the spectral gap with a high n,. launched spectrum does improve overall 
current drive efficiency. ® 
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Operating in cleaner ( Z e f f * 1), hotter (T g - 10 keV) plasmas could 
theoretically increase nrn by a factor of -2-3 over that achieved in PLT. The 
point labeled "B" in Fig. 4 is such an operating condition. A further factor 
of two in n C£ could tie achieved at even higher T e (- 25 keV) or lower n„ ( = 
1). However, the difficulty at higher T e is that quasilinear wave damping 
becomes very strong for v D h < 2.5 vfc , while lower hybrid wave accessioility 
will prevent n. from approaching 1. 

Finally, significant improvements in peak electron temperatures ( T e o = 6 
keV) have been achieved during electron heating experiments at 2.45 GHz with 
the 16-waveguide grill over what was achieved with the wider-n,| grill #3 (= 4 
keV). 2 1 This again suggests better wave penetration into the plasma with the 
narrow n^ grill. 

Further narrowing of the launched spectrum to An* ~ 0.1 should be 
achievable in larger machines with higher frequency systems. However, the 
grill may have to be tilted at an angle of approximately a/qaH - 1/10 so that 
the grill remains parallel to the field lines over its entire width. 

8. CONCLUSION 
The narrow spectrum of the PLT 16-waveguide grill leads to significantly 

improved lower hybrid coupling, current drive figure of merit, electron 
heating, and ramp-up efficiency P ei/ P

rf afc a given v ^/VJJ. The practical 
ramp-up efficiency of converting rf power into poloidal field energy remained 
at - 20? for the 16-waveguide grill. Additional gains (factors of - 2-4) in 
current drive figure of merit depend (theoretically) more on having the wave 
n. approach 1 in a clean (Z = 1), hot (T g > 10 keV) plasma than on further 
reductions in spectral width. However, further reductions in spectral width 
may be desirable for lower hybrid waves to achieve better quasilinear 
penetration in hot plasmas as well as to achieve better coupling. 
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Table I Lower Hybrid Couplers on PLT 

Grill (or coupler) #1 

1981-84 

#2 #3 #4 

Dates 

#1 

1981-84 1983 1984-86 1986 

Frequency 0.8 GHz 0.8 GHz 2.45 GHz 2.45 GHz 

N-guides 6 6 3 16 

Grill Position side side 2 top, 1 side side 

Guide Height 22 cm 22 cm 10 cm 11 cm 

Guide Width 3.5 + 0.6 cm 2.0 + 0.3 cm 1.0 + 0.1 cm 1.4 + 0.3 cm 

"Bo (90°) 2.25 4.1 2.7 1.8 
ann (F.W.H.M.) 1.55 2.7 1.4 0.45 
P typical 0.75 kW/cm2 1 kW/cm2 3 kW/cm2 3 kW/cm2 

p max 2.1 kW/cm2 2 kW/cm2 4.5 kW/cm2 3 kW/cm2 

(max. available) 

Guide Coating 

Window from 
Plasma 

stainless steel 
and carbon 

54 cm 

carbon 

54 cm 

stainless steel 
and carbon 

20 cm 

Copper 

40 cm 
n 
"typical 15-25? 20-30? 10-15? 3-7? 

Grill Minor Radius 
(limiter = 40 cm) 144-15 cm 44-45 cm 42-43 cm 43 cm 
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Figure Captions 
1(a) The 16-waveguide grill viewed from inside the PLT torus, (b) The 

vacuum window for the 16-waveguide grill. Each ceramic window is 
1.4 cm x 11 cm. 

2 Spectra for the four grills used on PLT from 1981-86. The phasings 
(A*) shown were optimum for current drive. 

3 Coupling characteristics for the PLT grills, (a) Total reflection 
versus phase difference for the 800-MHz-wide grill (#1). Densities 
assumed for the theory curves give best fit to the data, (b) Total 
reflection versus coupler to plasma center distance for grill #1 
with H - 180°. The theory curve, assuming a 2.5-cm-density 
scrape-off length, shows qualitatively the same behavior. (c) 
Reflection for inside and outside waveguides. (d) Reflection 
versus phase difference for the 2.45-GHz, 8-waveguide grill (#3) at 
90 kW forward power and 16-guide (#4) at 680 kW forward power. The 
plasma was moved towards the coupler for the 16-guide, fl* = 180° 
point. 

4 Theoretical current drive figure of merit assuming An,, + 0 and Z f f 

= 1 and Z e f|. - 4 (dashed) (from Karney and Fisch). The curve 
parameters are bulk electron temperature in keV. The arrow 
represents the extent of the launched spectrum of the „JLT 16-
waveguide grill (#4). "A" represents the best result which can be 
expected in PLT if all of the experimental inefficiencies could be 
eliminated and "B" represents the optimum for a 10 keV, Z p~ = 1 
reactor. 
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Current drive shot showing (a) plasma current, (b) line average 
density, (c) power dissipation in plasma, (d) A = B_ + i i/2, and 
(e) loop voltage versus time. The ohmic he?ting primary current is 
held fixed from 0.4 to 0.9 sec, and the rf power drives the plasma 
current from 0.4 to 0.7 sec. 

Range of data for the current drive figure of merit versus density 
for the four grills used on PLT. 

(a) Current drive figure of merit (iw) versus line average density 
at B = 31 !<G {solid points) and B - 21 kG (triangle). The curves 
are calculated assuming n Cn is determined by slowing down of 
electrons at the maximum accessible energy. The rf power came from 
the 16-guide grill {2/3 P r f, A* = 75°) and from an 8-guide grill 
(1/3 Ppfi A* = 60°). (b) Figure of merit versus plasma current for 
the 16-waveguide grill (A* = 75") at two densities, {c) Figure of 
merit versus phasing of the 16-waveguide grill, with the 
8-waveguide grill supplying 1/3 of the rf power at 4* = 60°. The 
theory curve is derived by integrating n.~ 2 over the first pass 
accessible spectrum of both grills. (d) Figure of merit versus 
bulk electron temperature for the same shots as in Fig. 7b. 

(a) Ramp-up shot using 16-waveguide coupler. (b) Ramp-up 
efficiency versus rf power, (c) Peak electron temperature versus 
power for shots in Fig. 8b. (d) Central hard X ray (e > 60 keV) 
emission versus power for shots in Fig. 8b-c. 
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Fig. 9 Plot of P e]/ P
rf versus V

D J / V R for data taken with the 16-waveguide 
grill (M) (solid dots) and the 800-MHz grill #1 (crosses). The 
only adjustment to the data is a 10JS upshift in peak ny assumed 
when calculating v h > Theory curves assume 43% (solid) and 64% 
(dashed) absorption of the launched rf power. The fraction of P g i 

converted into poloidal field energy is indicated approximately by 
the dotted line. 

Fig. 10 Hard X-ray profiles for completely rf-driven discharges with 
cylindrical q = 8.2, 3.6, 2.5, and 2.4. 
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