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ABSTRACT 

Lower hybrid current-drive experiments have been carried out c the PLT 

Tokamak. Steady currents up to 175 kA have been maintained for three seconds 

and 400 kA for 0.3 sec by the rf power alone. The principal current carrier 

appears to be a high-energy (~ 100~keV) electron tail, concentrated in the 

central 20-40 cm diameter core of the 80-cm PLT discharge. Effective current 
— 12 —3 

drive is observed only for n e < 8 x 10 cm . This limitation may be a wave-

propagation phenomenon and not a fundamental plasma-physics effect. 
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I. INTRODUCTION 

Lower hybrid experiments have been carried out on the PLT Tokamak 

(major radius 1.3 m and minor _-adius 0.4 m), and up to 500 kW of power at 800 

MHz has been delivered to the plasma by means of a radiating antenna 
o 

consisting of a six-element stainless steel waveguide grill. Each waveguide, 

measuring 22 cm x 3.5 cm, is driven by a klystron with independent adjustment 

for power and phase, as shown schematically in Fig. 1. The phase control 

allows us to vary the n|-spectrum up to a maximum of nj = 4.5 and to launch 

the waves in one preferred direction, i.e., co or counter to -he plasma 

current. Coupling into the plasma load is excellent, with reflection 

typically 10-20* and is in very good agreement with linear theory. Steady 

currents up to 175 kA have been maintained for three seconds and 400 kA for 

0.3 seconds by the rf power alone. The principal current carrier appears to 

be a high energy (~ 100 keV) electron tail concentrated in the central 20-40 

cm diameter core of the 80 cm PLT plasma. Effective current drive is observed 
only for n e < 8 x 10 1 2 cm-3 

II. EXPERIMENTAL PROCEDURE 

In this experiment, the discharge is initiated in the normal fashion 

usi*"..j the ohmic heating transformer, but the external inductive power is 

turned off (by holding the primary current constant) starting about 200 msec 

after breakdown. Occasionally the primary current is turned completely off 

instead of being held constant. The population of superthermal electrons in 

the target plasma is kept as low as possible by imposing a small initial loop 

voltage and by bringing the density up to about 8-10 x 10 cm before it is 

reduced to the level used for the current drive — typically 2 to 8 x 10' 2 

cm" . This early density rise serves to decrease the number of run-away 

electrons when the plasma is initiated. 
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The plasma current is initially 300-400 kA and typically decays about 

100 kA before the rf is applied. This initial decay is approximately 

exponential; however, after the rf is applied, the rate of change of the 

current is approximately constant. With sufficient power, the current can be 

made constant or even increased. The rf pulse is sufficiently long to allow 

the current radial distribution to reach an equilibrium so that the effects of 

internal inductance variations are negligible. However, it often take? 300 ms 

or longer to reach the final steady state. The pulse durations in these 

experiments are limited by heating in the rf equipment and not by any plasma 

related phenomena. 

Figure 2 is an example of this procedure. In this case the rf was left 

on for longer than the computerized data taking, and so the end of the 

discharge is not recorded. The OH primary current is held constant at ~ 2.2 

kA after 300 msec, and the rf, which comes on at 200 msec is sufficient to 

maintain the current with a very slight increase. The internal inductance 

settles very quickly after the rf comes on and then increases slightly. 

Long pulse operation is shown in Fig. 3. Current and density are 

displayed for three different shots, in which the rf was on for 0, 2 anu 3.5 

seconds, starting at 0.4 sec. The effect of the rf was to delay completely 

the decay of the current until the end of the rf. In the 3.5 sec case, the 

equilibrium field was turned off immediately after the end of the rf, thus 

abruptly terminating the discharge. It appears from Fig. 3 that, rf circuitry 

permitting, the tokamak pulse could be extended indefinitely. 

Plasma currents of up to 400 kA have been driven for 300 msec, and as 

shewn in Fig. 4, the plasma current can also be made to increase. 
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III. POWER FLOW MEASUREMENTS 

The power flow equation for ths tokamak current can be written as: 

n ? ^ + p 4. = J 2 R + ^T~ ' l 2 V2) • (D 
RF ext dt 

Here n P R F is the rf power driving the electrons and, in equilibrium, is the 

collisional power dissipated by these electrons, P e xt ^ s *"*le P o w e r dissipated 

by these electrons, P_ x t is the power flowing into the plasma from the tokamak 

equilibrium field coils, I R is the collisional dissipation of the rf driven 

current and I L/2 is the total inductive energy of the plasma current. 

All of the quantities in Eq. 1 can be measured experimentally with the 

exception of 0, the efficiency, and R. In practice, we can make our 

measurements during the time the rf is on and after the rf is turned off. 

Under the assumption that R immediately before and after the rf turn-off is 

constant, we have, in effect, two equations in two unknowns. 

In his 1978 paper Fisch gives formulae giving the ratio of dissipation 

power to plasma current expressed in terms of the plasma and wave 

parameters. In terms of the parameters here, this ratio, in equilibrium is 

IF RF _ — r = I R = V d (2) 

where V, has the dimensions of volts and corresponds physically to the energy 

lost through collisions by the fast electrons i;i one turn arcund the torus. 

In order to compare the experimental observations with the theory, we 

identify the quantity V^ above with the râ rio P/T which is computed by 

Fisch. In Fig. 5, for example, we plot V d vs. density. The line is a rough 

fit to the data. The slope of the line is about 2 to 3 times greater than the 
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theoretical value from Karney and Fisch for Z e f f = 5. The Z e f f in these low 

density discharges has not been measured directly, but indirect estimates 

indicate that Z fj is in this range. The theoretical value itself could vary 

by a factor of two or even more, however, depending upon the assumptions made 

about the rf spectrum in the core of the plasma and the containment time of 

the tail electorns. Relativistic effects (which are ignored here) would also 

increase the slope. 
12 — 1 The theory does not explain the sharp density limit at ~ 8 x 10 cm , 

nor does it explain the mechanism by which the superthermals are generated in 

a relatively cold (~ 800 eV) plasma. However, the rough agreement with the 

above very simple plasma model indicates that the steady-state current drive 

we see is very closely related to the theory involving collisions between 

lower hybrid waves and plasma electrons. 

Figure 6 is a plot of the efficiency, n, as a function of density 

corresponding to the data of Fig. 5. It should be noted that at densities at 

which V d falls below predicted values, the efficiencies are quite )ow. 

IV. SUPERTHERMAL ELECTRONS 

Besides the gross behavior of .-.he plasma there is other ample evidence 

that there is a large population of superthermal electrons. This evidence is 

found in both unusual synchrotron radiation signals and in numerous X-ray 

studies. The synchrotron radiation is shown in Fig. 7. The amplitude of the 

signals emitted at various frequencies takes a sudden jump when the rf is 

turned on. The frequencies are here expressed in terms of the radius at which 

that frequency equals the electron cyclotron frequency (for low energy thermal 

electrons) and the amplitudes are calibrated in terms of blackbody electron 

temperatures. (Since the plasma is not a blackbody at these densities, these 
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signals do not represent true electron temperatures.) The signal at 191 cm is 

of special interest, because that (major) radius lies outside the vacuum 

vessel. That signal must have been doppler-shifted, and, indeed, if the 

signal originated in the center of the plasma column, then the electrons must 

have been streaming at energies of between 50 and 200 keV. The bottom trace 

in Fig. 7 is emission at the second harmonic of the electron cyclotron 

frequency. This radiation is not sensitive to parallel streaming; its slow 

growth would indicate a gradual build-up of electrons with high perpendicular 

energies. 

The X-ray evidence for superthermal electrons can be seen in Pigs. 8, 9 

and 10. Figure 8a shows an X-ray spectrum before the rf is turned on. It 

shows an exponential fall-off with energy which matches the approximately 

1 keV Thomson-scattering temperature measurements which are insensitive to a 

high energy tail. (The plasma conditions are shown in Fig. 2.) After the rf 

is turned on, on the other hand, there is indeed a tail, as shown in Fig. 

8b. This tail lasts for the duration of the rf and for a few hundred msecs 

afterward. The spectra taken at different times during rf are virtually 

identical. The tail is also shown in Fig. 9, on a much larger energy scale. 
12 —3 Figure 9 is a relatively high density case - 6 x 10 cm • The current was 

held constant in this case, so that there was no B-field to drive the 

electrons up to high energies. The tail spectra of lower density cases are 

about the same, both in amplitude and in tail "temperature," about 50 keV. 

Also shown is the X-ray signal from a similar plasma shot in which there was 

no rf current drive. No rf shots differ fundamentally from the current drive 

shots in that there is a finite dl/dt which provides an E-field which could 

drive run-away electrons to very high energies. In these non-rf cases at the 

higher densities there were essentially no X rays in the tail region, but at 

lower densities there were many. 
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Further evidence concerning the superthermal electrons comes from the 

spatial distribution of the X-ray emission, shown in Fig. 10. This graph 

shows the radial variation of 14 keV X-ray intensity after Abel inversion for 

three different plasma conditions; q(a) decreases from case A to case C. The 

X-ray profiles can be seen to broaden in a fashion similar to what one would 

expect of the current profile. 

So far, all the X-ray measurements have been perpendicular to the 

magnetic field; we have no direct evidence that the electrons are a beam. 

However, the X-ray intensity is lower than we expect for a nearly isotropic 

high energy electron distribution with a sufficent number of electrons to 

carry all the plasma current. On the other hand, the intensity is about right 

if the electrons are in a beam. 

V. HIGH DENSITY LIMIT 
12 — 1 At high densities tn > 8 x 10 cm ) the current drive seems to 

disappear. Unlike the lower density cases there is no observable effect of 

the rf power. In part, this problem is caused by the dissipation factor, V d, 

which increases in proportion to density. At higher density more power is 

needed, and with a fixed power less current can be driven. However, this is 

not all of the problem. Figure 6 shows that the efficiency 1 falls off 

sharply at these higher densities. The efficiencies are shown again in Fig. 

11, plotted as a function of the ratio of the lower hybrid frequency to the 

driving frequency (the lower hybrid frequency is calculated using the line 

average density). We have an indication here that the high density limit may 

be a wave propagation problem and not a density problem because the efficiency 

falls off as the lower hybrid frequency approaches one-half the driving 

frequency, which is where one would expect parametric decay, ion interactions, 

and shifts in the nj spectrum to become important competing effects. 
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Another indication that the density limit may be cause by wave problems 

is shown in Fig. 12 which is two wave spectra picked up by an antenna in the 

PLT control room. These spectra are essentially identical to spectra picked 

up on Langmuir probes in the plasma periphery. The low density case shows 

only the 800 MHz rf signal (plus some pickup from commercial TV stations), but 
12 —1 

the high density (9 x 10 cm ) case has a very rich spectrum. The power in 
these sideband frequencies increases dramatically with density. This 

radiation is very likely scattered by plasma turbulence which could well be 

the cause of the reduced efficiencies at higher densities. 
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FIGURE CAPTIONS 

FIG. 1 A schematic diagram of PLT and the lower hybrid apparatus. 

FIG. 2 The waveforms of important plasma parameters in an rf current-drive 

discharge. The rf drive extended to 1000 msec. 

FIG. 3 Current and density waveforms for 3 discharges, with rf lasting 0, 

2 and 3.5 seconds, starting at 0.4 sec. The density scale is 1 x 

10 per major division. In the 3.5 second case, the discharge was 

terminated at 3.9 sec, 0.1 sec after the end of the rf pulse. The 

rf power was 100 kW. 

FIG. 4 Current and voltage waveforms for a discharge in which the current 

was made to increase. The net rf power was 370 kW and it was on 

from 300 to 500 msec. 

FIG. 5 The ratio of dissipation power [calculated just after rf shut-off 
2 P from d/dt (1/2 LI ) = I R] to plasma current as a function of 

density for a variety of discharges. The ratio is a voltage. The 

line is a rough fit to the data. 

FIG. 6 The efficiency of the rf drive as a function of density. This 

efficiency is the ratio of power required to drive the current, as 

measured after the rf pulse, to the rf power. 
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FIG. 7 Ordinary mode radiation near the electron cyclotron frequency for 

an rf driven current. The rf is on from 250 to 750 msec. The 

amplitudes of the signals are calibrated in terms of blackbody 

electron temperatures; however, the plasma density was too low in 

the case for the radiation to be blackbody. The values of major 

radius corresponds to Lne location of resonance field in the 

absence of any Doppler shift. 

FIG. 8 Plasma X-ray spectra in the 1 to 25 keV energy range. Before rf 

(top) and after rf (bottom). The temperature shown in each graph 

refers to the slope of the line shown through the points. 

FIG. 9 Plasma X-ray spectrum from Nal detector. Bfc = 31 kG, I = 200 kA, 
,12 „„-3 P R F = 200 kW, n e = 6 x 10'^ cm . 

FIG. 10 Radial variation of X-ray intensity at 14 keV from a moveable 
— 12 — 3 

silicon detector, after Abel inversion, n = 5 x 10 cm . A: 

Ppj, = 200 kW, I = 200 kA, Bfc = 31 kG; B: P ^ = 250 kW, I = 210 

kA, B t = 15.7; C: P R F = 320 KW, I = 290 kA, B t = 15 kG. 

FIG. 11 Efficiencies of rf current drive as a function of the ratio of the 

lower hybrid frequency, calculated from the line average density, 

to the driving frequency. The efficiencies are the same as in Fig. 

6. 
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FIG. 12 RF spectra picked up by an antenna near the PLT device for 

discharges at densities of 9 (top) and 3 (bottom) x 10 1 2 cm3. 

These spectra are similar to those picked up by Langmiur probes in 

the plasma periphery. 
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