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ABSTRACT 

Lower hybr id waves have been used on the PLT tokamak both t o s t a r t t h e 

plasma c u r r e n t and to ramp i t up from p r e - e x i s t i n g l e v e l s . The waves, a t 

800 MHz, were launched from a 6-waveguide g r i l l . The p h a s i n g between a d j a c e n t 

gu ides could be s e l e c t e d e l e c t r o n i c a l l y , and thus the launched spectrum could 

be s e t and changed a t w i l l . For s t a r t - u p r the waveguide phase d i f f e r e n c e 

was i n i t i a l l y s e t a t 0° in o rde r t o c r e a t e a p lasma , then swi tched to 90° t o 

d r i v e the c u r r e n t . over 100 kA of plasma c u r r e n t , a t a d e n s i t y of 0 . 5 - 1 * 
12 -3 10 cm , was gene ra t ed i n t h i s manner. Ramp-up exper iments were performed 

under a wide v a r i e t y of c o n d i t i o n s . The most e f f i c i e n t ramo-up was found a t 

t he lowest plasma d e n s i t i e s and wi th the f a s t e s t launched spectrum In v 2 x 

12 -3 10 cm , Hff ~ 1 .6 p e a k } ; ~ 20% of the launched RF power was conve r t ed t o 

( i n c r e a s e d ) p o l o i d a l f i e l d - ene rgy . A l l of t he ramp-up r e s u l t s a r e in 

e x c e l l e n t agreement wi th a t heo ry which de t e rmines t he e f f i c i e n c y of ramp-up 

from the c o n s i d e r a t i o n of the r e l a t i v e energy l o s s e s of the s u p e r t h e r m a l 

c u r r e n t - c a r r y i n g e l e c t r o n s t o c o l l i s i o n s and to the opposing i n d u c t i v e E-

f i e l d . 



INTRODUCTION 

In a tokamak fusion reactor , as in a l l tokaiuaks, the confinement of the 

reacting plasma wi l l he provided by two orthogonal magnetic f i e lds , the 

toroidal and poioidal f i e l d s . The toroidal f ield is generated by a system of 

co i l s external to the plasma. Whereas in most present day tokamaks these 

co i l s are r e s i s t i v e , in a reactor they wil l presumably be superconducting. 

Fur present di dices', the duration of the toro idal f i e ld , a t l eas t a t the 

highest f ie lds th'jse machines can produce, is limited by co i l heating,- for the 

reactor , on the other nand, the f ie ld wi l l be on for unlimited dura t ion. 

Because of the pulsed nature of the toro idal f ie ld , among other reasons, 

present tokaraaks are pulsed devices, and thus rapid s t a r t -up is a necessary 

par t of the i r operation. 

Unlike the toroidal f ie ld , the poloidal f ie ld of a tokc.tnak is generated 

mainly by a current in terna l to the plasma. In a reactor , furthermore, the 

energy in the poloidal f ie ld is enormous, ~ 1 GJ. This f ie ld , however, is not 

loss less , and there is no prospect of making i t l o s s l e s s . At present , th i s i s 

of l i t t l e consequence, because the poloidal f ie ld can generally be maintained 

with a transformer for as long as the duration of the toroidal f ie ld , with the 

poloidal f ie ld being res ta r ted by the transformer nea;: the beginning of each 

toroidal f ield pulse . However, in a reactor with a transformer as the source 

of the poloidal f ie ld the discharge would again need to be pulsed, and 

r epe t i t i ve s t a r t -up would be a routine par t of the reactor operation, on the 

other hand, if the poloidal f ield were to be maintained steady s t a t e , l ike t^e 

toro idal f i e ld , then s t»r t -up of the confining f ie lds would be an occasional 

event which could be performed slowly and under conditions most sui table to 

i t . in this case, the fusion burn might or might not be pulsed; if i t were, 

burn s t a r t -up would be a siiPTler process with a much lower power consumption 
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than i t would be if the poloidal f ield also needed to be s ta r ted up. The 

large, repe t i t ive mechanical s t resses of inductive s t a r t - u p would also be 

eliminated by the slow s t a r t -up and s teady-s ta te maintenance of the poloidal 

f i e ld . 

Even if a true s teady-s ta te poloidal f ie ld were not to be u t i l i z ed , these 

advantages might be retained if most of the f ie ld were conserved between 

fusion burns. One possible method of conserving poioidal f ie ld would be to 

allow the current to decay (with - 1 hr time constant) during the burn and 

then to restore the current with a current drive schema for a short time 

between burns. A variant would be to maintain the current during the burn 

with a transfornerj and then recharge the transformer between burns, while 

maintaining the poloidal f ie ld with current d r i ve . In th i s l a t t e r scheme, the 

transformer would need to have less than 1C% of the drive capabi l i ty of a fu l l 

tokamak transformer (or, a l t e rna t ive ly , the burn time could be extended by a 

factor of 10). Also, the vacuum vessel could be made very robust because the 

flux would penetrate the vacuum vessel extremely slowly. 

Lower hybrid rairrent drive (LHCD) is an inherently steady s ta te means of 

maintaining the poloidal f ield of a tokamak. However, the energy losses of 

LHCD, ahish are proportional to density, are projected to be too great in a 

fusion reactor for LHCD to be economically feasible during the burn s t a t e of 

the reaction cycle. ' Nevertheless, LHCD could be extremely useful in 

restoring poloidal f ield energy between burns, since the density during t h i s 

time could be s igni f icant ly lower than during the burn. Like a l l current 

drive schemes, the ra te a t which LHCD can build up the poloidal f ield i s 

limited by the power available at the RF source; magnetic energy cannot be 

stored up in advance and transferred to the poloidal f ie ld rapidly, as is done 

by a transformer. In s i tua t ions not requiring a rapid build up, LHCD appears. 
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by extrapolation from present experiments, to be capable of supplying the full 

required poloidal field energy. 

Experiments have been performed on PLT and other tokamaks to examine the 
" 3 — r ft 7 

r o l e of LHCD i n s t a r t - u p and ramp-up, ' a s w e l l as t o examine t h e 
B—1 1 e f f i c i e n c y of s t e a d y - s t a t e c u r r e n t d r i v e . Both the s t a r t - u p and the ramp-

up exper i raents on PLT were q u i t e s u c c e s s f u l , wi th the s t a r t - u p exper imen t 

o b t a i n i n g c u r r e n t s up t o 20% of f u l l c u r r e n t for PLT, and the ranvp-up 

exper iments o b t a i n i n g ramp-up e f f i c i e n c i e s of -- 20% ( e f f i c i e n c y meaning t h e 

r a t i o of the i n c r e a s e in magnet ic f i e l d energy to the RF energy expended ) . 

START-UP 

Both the sfcart-up and the ramp-up exper imen t s r e p o r t e d here were c a r r i e d 

ou t on the PLT tokamak, a t o r u s wi th a major r a d i u s of 1 .32 m and a minor 

r a d i u s of 0.4 m, a t t o r o i d a l f i e l d s of 20 t o 30 kG. The LHCD a p p a r a t u s on PLT 

for t h e s e exper iments c o n s i s t e d of a 6-wavaguide g r ' l l on an o u t s i d e p o r t , 

3 8 12 wi th each waveguide independen t ly d r i ven by a 160 kW, 800 MHz s o u r c e . ' ' 

For s t a r t - u p , two d i f f e r e n t g r i l l s were used : a narrow one, with each 

waveguide 2 cm wide, and c wide one, 3.55 cm; both were 22 cm h i g h . The 

c o u p l e r s a r e shown in F i g s . 1 and 2 . The p a r a l l e l phase v e l o c i t y v . of the 

wave was de termined by the r e l a t i v e phas ing of the i n d i v i d u a l waveguides , 

which was s e t e l e c t r o n i c a l l y a t the i n p u t s t o t he s o u r c e s . For t he 

e x p e r i m e n t s r e p o r t e d h e r e , &q was 60", 90°, and 135°, co r r e spond ing to an 

average N (= c / v ft) of 2 . 7 , 4 . 1 , and 6.1 for the narrow g r i l l , and 1.5, 2 . 3 , 

and 3.4 fo r the wide onef the s p e c t r a l width ( a t h a l f maximum) was 2.7 for the 

narrow g r i l l , and 1 .5 for the wide one . 

With e i t h e r c o u p l e r , the background g a s , which was deuter ium a t 1-2 x 10"^ 

Tor r , was broken down by the i n j e c t i o n of up t o 200 kw of RF power, and a 
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plasma of line average density of (0.5-1) 10 cm" was formed. The phase 

angle between waveguides during th is 10-30 msec i n i t i a l stage was se t to 0° to 

minimize wave ref lect ion in the mouth of the waveguides pr ior to plasma 

formation. Following the breakdown stage, the waveguide phasing was 

e lec t ronica l ly switched to 90" or 135° so that the waves would propagate 

toroidal ly and drive an e lectron current . 

In the experiments with the narrow g r i l l , the launched spectrum was both 

re la t ive ly slow and also wide. This g r i l l was found to be re la t ive ly poor 

both a t ramping up current and a t handling high power, but i t was capable of 

s t a r t ing up the current by i t s e l f . Successful discharges up to 28 kA (5% of 

fu l l current for PLT) were created by th is g r i l l , as shown in Fig. 3. The 

density was not control led, except by the i n i t i a l gas f i l l ; however, i t 

increased as the current increased, possibly as the r e su l t of be t te r pa r t i c l e 

containment accompanying the cur ren t . No temperature or X-ray measurements 

were made with the narrow g r i l l s t a r t -up experiments, and e r t e r th is 

experiment i t was removed from PLT and has never been replaced. 

In ordei: to achieve the i n i t i a l 3bart-up of the current, the equilibrium 

field <EP) had to be adjusted so as to cancel out che small net ve r t i ca l f ie ld 

of the toroidal field c o i l s . With Hie narrow g r i l l , once this bias f ie ld had 

been found, the current would 3-cart up, and the PLT feedback control system 

would then add in extra EF as needed to maintain bhe plasma column centered in 

the vacuum vessel . 

With the wide g r i l l , on the other hand, the current did not s t a r t up by 

i t s e l f . Instead, careful programming of the EF, in addit ion to the bias 

f ie ld , pruved necessary prior to the s t a r t -up . After the RF bad bse.T turned 

on at 0° phasirg, to es tab l i sh a plasma, the EF wab decreased in magnitude for 

- 20 msec, and then returned rapidly to the bias level ; this gave a flux 
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change of about 0.01 V g e o . Simultaneously, the phasing of the grill was 

changed from 0° to 90° or 135°, and the current started up. 

The wide grill was significantly better thai, the narrow grill at driving 

currents and at ramping them up. Thus, in the start-up with this grill, the 

current rose quickly to 30 kA at a rate of - 200 kA/sec, followed by a 2 sec 

rise to over 100 kA at a 35 kA/sec rate, as shown in Fig. 4. The density in 
12 -3 this case remained about constant at ~ 10 cm ; again there was no gas 

puffing. 

Soft X-ray emission (< 10 JceV) from the main body of electrons shows that 

the cent ra l electron temperature rose to 300 eV in 50 msec and then slowly 

rose to 400 eV during the remainder of the pulse . At a 10 cm radius, carbon 

ion cv emission indicates that T was > 200 eV, while the very soft x-ray 

temperature shows i t as varying from 250 to 350 ev. Hard X-ray measurements 

indicate that the current was carr ied in an energetic e lectron tai l . , as has 

also been shown for s teady-s ta te current d r ive . Soft X-ray emission (10-30 

keV) shows that the fast e lectrons were centered on axis and had a rad ia l 

extent of about 12 cm. 

In th i s experiment, about 500 kJ of RF energy was launched into the 

tokamak (P f = 200 kW for 2.5 s e c ) . Of t h i s , approximately 20 kJ was 

converted into poloidal f ield energy, with ~ 4 kJ going in to the in te rna l 

poloidal f ie ld energy. The k ine t ic energy was less than 1/4 of the in te rna l 

f ie ld energy, that i s , less than 1 kJ ( g g + l±/2 = 0.4; g < 0 .1 ) . 

Col l is ional d iss ipat ion should have absorbed no more than 12 k j , if such 

absorptior. was in keeping with our s teady-s ta te measurements. Thus we are 

able to account for only 33 k j : more than 90% of the RF energy must have 

flowed out of the plasma unmonitored. However, for these low density and 

current conditions, both the t a i l and the bulk electron energy confinement 



7 

n i g h t be poo r . I t should bu noted t h a t conve r s ion e f f i c i e n c i e s of about f i v e 

t imes b e t t e r than t h i s have been measured i n the ramp-up e x p e r i m e n t s . 

RAMP-UP 

P o l o i d a l f i e l d s t a r t - u p i s r e a l l y an i n i t i a t i o n of plasma c u r r e n t 

followed by a long c u r r e n t ramp-up. In o r d e r t o s tudy more f u l l y t h e 

e f f e c t i v e n e s s of t he whole s t a r t - u p p r o c e s s , a d e t a i l e d s tudy has been made of 

the ramping up of t he plasma c u r r e n t i n PLT. To do t h i s , a d a t a base was 

gene ra t ed from the r e s u l t s of many days of run t ime, dur ing which much, but 

not a l l , of the e f f o r t was d i r e c t e d toward ramp-up. The d a t a i n c l u d e bo th 

ramp-up and ramp-down,- t h i s d i s c u s s i o n w i l l emphasize the ramp-up a s p e c t s . 

Because the narrow g r i l l r a r e l y , i f e v e r , a ch i eved ramp-up, the da t a l s e 

i n c l u d e s da t a only from the wide g r i l l , - t h i s s e c t i o n , and the remainder of the 

paper , w i l l be concerned only wi th t he wide g r i l l . 

The p r i n c i p a l q u a n t i t y used i n t h i s s tudy was the power flow, w, i n t o <or 

out of) the energy H of t he p o l o i d a l f i e l d . w was cons ide r ed a dependent 

v a r i a b l e in t h i s s tudy , wi th RF power and phase , and p .asma d e n s i t y and 

c u r r e n t as independent v a r i a b l e s . The i n d u c t i v e energy W = I L/2 can be 

de termined from the e q u a t i o n for the i n d u c t a n c e of a t o r u s : 

L = u R [*n(8R / a ) - 2 + S../2] , (1) 
O M M 1 

where I is the net plasma current, R„ and a are the major and minor radii of 

the plasma column (in meters), and %^/1 is the (unitless) internal inductance 

of the plasma column. i^/2 can be determined from the Shafranov equilibrium 

equation: 
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4irB R„ = p I Un(8R / a ) - 3/2 + I / 2 + g l , (2) 
eq H o p H 1 6 

where B i s the e q u i l i b r i u m magnet ic f i e l d r e q u i r e d t o ma in t a in t he plasma 

column c e n t e r e d in the vacuum v e s s e l and g„ = 1/2 ( 8 . + S j ' i s ^ ^ 

plasma i n t e r n a l p r e s s u r e . g i s no t well-known in PLT; we e s t i m a t e the 

component of g f l r e s u l t i n g from the e n e r g e t i c e l e c t r o n t a i l t o be ~ 0.1-0.2. 

In most of the c a l c u l a t i o n s p r e s e n t e d he re we assume g . = 0 , 1 5 . 

The power flow i n t o the i n d u c t i v e energy i s not by i t s e l f an adequa te 

measure of the RF ramp-up e f f e c t i v e n e s s because t h e r e i s a l s o flow i n t o W from 

the ohmic h e a t i n g (OH) and e q u i l i b r i u m f i e l d <EP) c o i l s . I n s t e a d , the power 

flow e q u a t i o n i s used: 

P + nP , = W + D , <3) 
ex ' r f 

where P i s the e x t e r n a l i n d u c t i v e power f lowing i n t o w from the OH and EF 

c o i l s , P_j t h e RF powei.*, r\ t* 1 6 f r a c t i o n of P * absorbed in the ramp-up p r o c e s s 

( t h a t i s , c u r r e n t d r i v e ) , and D i s the d i s s i p a t i o n of the c u r r e n t in the 

p lasma. D in tu rn c o n s i s t s of two p a r t s , the c o l l i s i o n a l d i s s i p a t i o n of t h e 

RF d r iven c u r r e n t , which i s not r e s i s t i v e , bu t which i s v o l t a g e - l i k e , and the 

r e s i s t i v e d i s s i p a t i o n r e s u l t i n g from any e l e c t r i c f i e l d s in the plasma; 

2 , . D = I„V + V /R , (4) a C 

where I , i s the d r i v e n c u r r e n t and V c i t s d i s s i p a t i o n term normal ized to an 

e f f e c t i v e one t u r n loop v o l t a g e , V i s the a x i a l loop v o l t a g e of the e l e c t r i c 

f i e l d s , and R i s the e f f e c t i v e r e s i s t a n c e of both the super ther raa l c u r r e n t -

c a r r y i n g e l e c t r o n s and the bulk background p la sma . A t h e o r e t i c a l e x p r e s s i o n 

for V c , de r ived from the work of F i s c h , 1 3 ' 1 4 i s : 
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V = 6.2 10~ 5 n H N. R„(Z+5) Volts, (5) 
c e n n M 

where n is in units of 10 1 2 era"3, N|( is the average U|( in the spectrum of the 

waves, and N * the largest N (that is, the slowest electron velocity to which 

the wave can match). Z is the effective ionic charge. 

Equation (3) can be rewritten: 

P a + n P r f - D . (6) 

where P a = E>ex - W = V l p , 

and a l s o I = I d + V/R , 

P , the axial inductive power, is completely known, and is an important 

quantity; in the absence of current drive (p = 0) P a is equal to the 

dissipation in the plasma. In ramp-up, P e x is usually rather small, so that 

p is generally a negative quantity: it is therefore useful to define w = 
* . 

-p for discussions of ramp-up. W* can be thought on as being the power W 

flowing into W, corrected for a small P e x» Then a form of Eq. (3) which is 

most useful is: 

W = nP r f - D . (7) 

If D were to remain constant, then H* should increase linearly with p f. 

For the purposes of the data base, all relevant waveforms, including 

calculated quantities such as P and V, were averaged over the duration of the 

RF pulse, but beginning 50 msec after the start of the RF. However, if the 

density varied during the RF pulse, averaging was done only over the time 
12 -3 during which the density remained within 0.5 x 10 cm of the minimum 
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density within the pulse. The 50 msec delay was utilized so that changes in 

fi„ from the build up of the super thermal electron tail would not affect the o 
calculations. Some key parameters were also averaged over the whole RF 

duration. The RF system was equipped with arc protection circuitry which 

would shut the RF off briefly if reflections were too high. Such shots were 

rejected from the data base if the RF had not been on for 99% of the time. 

For the experiments which generated this database, the tokamak was run 

with deuterium plasmas. The density of the target plasmas ranged from 1.5 to 

6 x 10 1 2 cm - 3, and the current from 150 to 400 kA. Typically, the OH 

transformer was precharged to ~ 5 kA, and then reversed, as in normal PLT 

operation, but then the primary current was clamped. Thus the plasmas were 

initiated, but not maintained, by the OH system. This resulted in a plasma 

with a central electron temperature T e ~ 1 keV. a<|> was 60°, 90°, and 135°, 

corresponding to an average N of 1.5, 2.3, and 3.4. 

RF ramp-up is illustrated in Fig. 5, which shows the I waveform for 

several different RF powers, along with a no RF case. The lowest RF power 

shown, 40 kw, was the equilibrium power for plasma conditions of this 

particular scan, Aiji = 60°, I = ~ 200 kA, n e = 2.2 x 10 cm" \ At the 

highest power shown, the current ramps up at 120 kA/sec during the time the 

density was constant. This corresponds to W = 89 kW; however, since P was 

about 19 kw, W was 70 kw. The ramp-up efficiency e, defined as W'/P rf then 

was 23%. 

At and above 260 kw, a subsidiary effect limited the ramp-up process. A 
o small hot spot (< 1 cm ) appeared on the limiters; subsequently, an 

uncontrolled increase in density (possibly caused by out-gassing from the hot 

spot) thei. curtailed further ramp-up. The density increase was accompanied by 

a large increase in carbon V emission. The density trace for the 260 kw case 
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i s shown in Fig. 6, i l l u s t r a t i n g th i s e f fec t . Because at this hot spoc, the 

higher power pulses were r e s t r i c t ed to 300 msec, whereas the lower power 

pulses were 350 msec. The data base program, however, limited the analysis of 

the ramp-up to the part of the discharge in which the density remained near 
1 2 the minimum density during RF on time (2.2 x 10 for Figs. 5 and 6) . All 

these times are short compared to the L/R time (> 1 sec] of the plasma column. 

The time-averaged W as a function of RF power i s shown in Fig. 7, along 

with many other data points taken a t the same plasma conditions,- these are the 

x ' s . Also shown are similar data taken a t three other conditions: Nfl = 2.25 

and 3.40, and for N = 2.25, n g = 2.25, and 3,0 x 1 0 1 2 cm - 3 ; I was 200 kA in 

a l l four cases . These data can be seen to f a l l on four d i s t i n c t , more or less 

s t r a igh t l i n e s . If s t r a i gh t l ines are indeed f i t t ed to these four data s e t s , 

the slopes of the l ines range from about 23% for the top l ine to 10% for the 

bottom s e t . Roughly, th i s i s an indication of what the ramp-up eff iciency 

i s . The l ines are separated both because of the d i f fer ing slopes and because 

the in tercepts are also d i f f e ren t . Those in tercepts can be interpreted as the 

s teady-s ta te d i s s ipa t ion . As such, they are in rough agreement with the 

theore t ica l d iss ipat ions calculated using V from Eq. (5>. I t should be noted 

that the t o t a l d iss ipat ion should be close to Dc (= I ^ v

c ) only for W- ~ 0 (no 

ramp-up). For w* fi 0, the data points should tend to drop below the lines,-

the further W* is from zero, the more th is should happen. 

The ramp-up eff ic iency, er i s shown in Pig. B for the most e f f i c i en t 

case, the top l ine (X's) of Fig. 7. The maximum efficiency obtained was about 

20%. For the calculat ions used to obtain Figs. 7 and 8, W* was averaged af te r 

50 msec, and go °£ 0.15 was assumed based on x-ray measurements of the t a i l 

d i s t r ibu t ion for similar discharges. During the f i r s t 50 msec of the RF 

pulse, B ((of Bq. (2)] increases because of the buildup of the supecthermal 
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t a i l , and hence of (3„. In the absence of a waveform for £„, there i s no way to 

correct B for the ftQ portion of i t s change. After SO msec, i t i s suf f ic ien t eq g 

to assume $ f t is a constant . 

Another simplified analys is , which lumps a l l the data together, can be 

derived by dividing Eq. (7) by D : 

W'/Dc = TlP r f/D c - a . (8) 

with a = D/D 
c 

If the d iss ipat ion of each shot i s closely re la ted to the theore t ica l steady-

s t a t e current drive d i ss ipa t ion D c , then a should be a global constant for the 

whole data base. If the fraction of the RF power going in to ramp-up i s also 

the same for a l l condit ions, then Eq. (8) i s a s t r a i gh t l ine with slope TI and 

in te rcep t - a . That i s , if these assumptions are correct , and if the quanti ty 

W'/D c i s p lot ted versus P_£/D for each shot in the data base, then the 

p lo t ted points should f a l l on a s t r a igh t l ine with slope r\ and in tercept -a . 

Figure 9 i s such a p lo t , and i t can be c lear ly seen tha t the pointg do indeed 

c lus te r near to the s t r a igh t l ine p lo t t ed , which is n = 0.275, a = 1.23. This 

graph supports the concept that the d i ss ipa t ion of the driven current i s close 

to the theore t i ca l v>lue; i t a lso suggests that over a l l about 25* of the wave 

energy was absorbed in current d r ive . I t should be noted that the data points 

shown in th is graph and also Fig. 10 were not corrected for (} , a n d t n e 

8 

averaging vas done over the whole duration of the RF pulse (unless the densi ty 

was not cons tan t ) . AI30, as can be seen in Fig. 7, there i s some va r i ab i l i t y 

in the slope, and hence in n, as a function of plasma conditions (or, perhaps, 

of ramp-up r a t e ) . 
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THEORY 

A theory of c u r r e n t d r i v e i n t he p resence of a DC e l e c t r i c f i e l d has been 

i a 20 developed to explain these ramp-up r e s u l t s . ' This theory i s snuch more 

thorough than the empirical explanations given in the preceding sect ion. In 

essence, the theory divides the current-carrying electrons into two 

categories; those with pa ra l l e l ve loc i t ies less than and those greater than 

the runaway velocity v„ associated with the E-field and the plasma dens i ty . 

Because the E-field is opposed to the velocity of these e lect rons , i t does not 

cause them to run away, but ra ther acts to slow them down. In so doing, they 

give up energy to thfe E-f ield, which means putting energy into the associated 

poloidal f i e l d . Col l is ions, too, slow down the e lec t rons , and, simultaneously 

with both slowing down processes, the electrons also regain energy from the RF 

wave. Electrons with ve loc i t i es greater than v„ are more l ike ly to lose 

energy to the E-field than to co l l i s ions , whereas the slower electrons are 

more l ikely to slow down by c o l l i s i o n s . Thus rantp-up with e lect rons fas te r 

than v„ should be more e f f ic ien t than with slower e lec t rons . The theory 

determines the fraction of RF power which i s converted into e l e c t r i c f i e ld 

energy. 

The useful output of th i s theory i s a re la t ionship between a corrected 

ramp-up efficiency and the r a t i o u of the wave phase velocity to v . in th i s 

case, the corrected ramp-up efficiency, e*, i s the r a t io of (W* + V^/R) to 
p r f n o t t i ! e simpler and somewhat more useful e = W ' / P r f . Here R i s the 

resistance of the bulk plasma and not the net resis tance of the bulk and the 

superthermal electrons because the effects of the superthermal conductivity 

are already accounted for in the theory. The runaway velocity used in th is 

theory i s proportional to, but not the same as , the Dreicer runaway veloci ty; 
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specifically, it does not include a Z scaling which Dreicer did use. v K, as 

used here, is directly related to the dissipation of the superthermal 

electrons. Specifically: 

u 2 = ( W 2 = 2 / 3 ( V / V • ( 9 ) 

Theory and experiment can be matched, then, i f e* and u can be calculated 

for each point in the data base, and compared with the o*[u) curve given by 

the theory. Unfortunately, to do t h i s , individual values of R are needed, and 

R i s generally unknown. However, R can be estimated from the few Thor,.son 

sca t t e r ing T e measurements tha t were taken during current drive {although 

during s teady-s ta te current drive and a t a somewhat higher density than most 
of the data base), and using 2

e f f = 4 estimated from X-ray measurements. 
1 3 Typically, T e was about 1 keV (peak) for which R = 9 )X. If a power 
balance model i s used to estimate T e , taking both the containment time i!5 

msec) and the temperature prof i le [1 - t r / a ) 2 ] m , in = 4 from an average of the 

Thomson sca t t e r ing measurements, then electron temperatures of less than 1 keV 

would be expected for the lower power shots of the data base, but higher than 

1 keV at the higher powers. For the 260 kW case of Fig. 5, for ins tance, the 

calculated T e i s 1.35 keV, the bulk back current V/R i s 70 kA, and power 

diss ipated in th is back current i s 28 kW. 

The match between theory and experiment can be seen in Fig. 10. For th i s 

p l o t , a value of H approximately 10% greater than the launched spectra l peak 

was used, to compensate for an expected up-shift in N in the plasma because 

of toroidal e f f ec t s . As in Fig. 9, a l l the points in the data base, both 

ramp-up and ramp-down, are p lo t ted , and no correction made for b . Also, the 
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theoretical curve ha3 been normalized by a factor j; representing the fraction 

of the wave power absorbed in current drive. In Fig. 10, £ = 0.425. It can 

be seen that, with this normalization, the match is very good indeed. The 

curve for E* increases monotonically as u increases, eventually saturating at 

£ for large u. This is »iot true of E, the ratio of poloidal input power to RF 

power, e is less than e* by V /RPrf, which increases with u; for the data in 

this data, base, V^/RP f can be fairly well approximated by a u curve. Using 

this approximation, the ratio of poloidal input power to RP power, e, can be 

calculated, and is shown as the dashed lines in Figs. 9 and 10. 

DISCUSSION 

In start-up, the initiation of the current by RF alone proceeded well, 

once the proper equilibrium magnetic field had. been found. This was true with 

both grills, even thouah the wide grill needed a very small amount of 

assistance from the EF field. Thereafter, the ramp-up proceeded at the rates 

of about 100 and 200 kA/sec for the narrow and wide grills, respectively (see 

Figs. 3 and 4), until about 30 kA was reached. This was an efficiency of 

about 5 and 10% for the two grills at that current. For the wide grill, this 

was about half the best efficiency obtained. 

Although the narrow grill did not go above this level, the wide one did, 

but at a much reduced ramp-up rate. The overall ramp-up efficiency was 4%, 

which is only 1/5 of the best ramp-up rate (20%) produced with this grill. 

The reason for this low efficiency during start-up is unknown: arcing in the 

grill and in the transmission lines made the system inoperable just after the 

ramp-up to over 100 kA had been obtained, and further experimentation was not 

possible. Unfortunately, the experiments have not been repeated yet. One 

possible explanation of the low efficiency is the arcing itself. One or two 
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of the waveguides may have had very l i t t l e power. Besides reducing the net 

power, th is would have completely a l te red the launched syectrum, and thereby 

reduced the usable current drive power even fur ther . If the arc s ta r ted a t 

the time the current reached - 30 kA, then th i s could explain the sudden 

change in the ramp-up r a t e . 

Another possible explanation i s that the plasma was somehow different 

than during the ramp-up experiments. There are three obvious differences, and 

a l l three may have degraded the eff ic iency. The densi ty, the current , and the 

temperature were a l l lower. The confinement of the bulk and tr . i l e lec t rons 

was probably also low. We would have expected the low density to have caused 

the efficiency to be b e t t e r . However, a t these low dens i t ies the discharges 

may have consisted of a r e l a t i ve ly dense core detached from the l imi te rs (and 

the g r i l l ) . In this case, the coupling of the wave to the current-carrying 

core of the plasma could hava i»en lu i te d i f ferent than in the other current 

drive experiments. 

The low electron temperature, on the other hand, would be expected to 

reduce the eff ic iency. In general, there is a gap between the slowest phase 

velocity of the launched waves and the fas tes t e lectrons in the thermal 

d i s t r i t j t i o n of the plasma. (Here " fas tes t e lectrons" means the f a s t e s t 

velocity a t which there i s a suff ic ient number of electrons to carry the 

driven current when these electrons are accel'erated up to the average velocity 

ot the wave. This velocity is generally taken to be three tiroes the thermal 

ve loc i ty . ) With a colder plasma, the gap i s bigger, and whatever mechanism 

f i l l s the gap is very l ikely to work less wel l . Since electron tempeatures 

are generally lower in lower current (OH driven) discharges, the lower current 

in the s t a r t -up experiments might have led to the reduced temperature, which 

in turn may have reduced the eff ic iency. By i t s e l f , however, the lower 

http://tr.il
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current probably would not have reduced eff iciency, except foe poor e lectron 

confinement. 

For ramp-up, th is gap argument can be used the other way. The best ramp-
12 -3 up efficiency <<-. 20%) was obtained a t very low dens i ty , «- 2 x 10 c m . 

While this density is much too low for the Thomson sca t t e r ing system on PLT to 

measure T , i t i s thought to be about 1 keV. a t t h i s temperature, the gap i s 

s t i l l large, and there i s very l i t t l e overlap between the electron velocity 

d i s t r ibu t ion and the wave spectrum. If the plasma were hot te r , however, the 

gap would go away. A wave with some reasonable power at N = 2.5 should 

suff ic ient ly overlap a 4.5 keV plasma so that the wave by i t s e l f could 

accelerate electrons up to the fas tes t wave velocity (and hence the best 

current drive) without any gap- f i l l ing mechanism. This opens the p o s s i b i l i t y 

that ramp-up in hot ter plasmas might be more e f f i c i e n t . The hope then ex i s t s 

that ef f ic iencies of 50-60% might be poss ib le . 

Countering such possible improvement in efficiency with increased 

electron temperatures i s the increased back current V/R that would occur as R 

decreases with temperature (assuming no anomalous resis tance occurs) . The 

only way to reduce th i s current in a tokamak with a given temperature is to 

reduce the ramp-up r a t e . This would have to be done anyway since the L/R time 

i s longer in a hot te r tokamak, and i t i s very d i f f i c u l t to increase 

subs tant ia l ly poloidal f ield energy in a time shorter than L/R. Thus, even if 

there i s be t te r ramp-up efficiency a t higher temperatures, i t would not r e su l t 

in a quicker buildup of the current . Instead, less RF power would be needed 

to achieve the same r e s u l t s . 
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FIGURE CAPTIONS 

F i g . 1 The narrow 6-waveguide g r i l l f o r 800 MHz lower h y b r i d waves . The 

i n d i v i d u a l gu ides a r e 2.0 era wide and 22 cm h i g h . With a 90° phase 

d i f f e r e n c e between waveguides , the peak of t he launched spectrum i s a t 

H, = 4 . 1 . 

F i g . 2 The wide g r i l l . The i n d i v i d u a l gu ides a r e 3.55 cm wide and 22 cm 

deep . The peak of the 1-aunched spect rum i s a t N.. = 2.25 fo r a phase 

d i f f e r e n c e of 90° between waveguides . 

F i g . 3 s t a r t - u p wi th narrow g r i l l . Waveforms of plasma c u r r e n t and 

d e n s i t y . The g r i l l was phased a t 0" for 30 msec t o g e n e r a t e a plasma 

and then the phase changed t o 90" t o s t a r t - u p the c u r r e n t , p f = 200 

kW. 

F i g . 4 S t a r t - u p wi th wide g r i l l : c u r r e n t waveform, p f = 200 KW, N was ~ 1 

x 1 0 1 2 c m - 3 t h r o u g h o u t , and T e ~ 250 t o 350 eV. 

F i g . 5 C u r r e n t ramp-up for va r i ous RF powers, N g = 2.2 x 10 cm and N. = 

1 .5 . 

F i g . 6 Dens i ty , loop v o l t a g e , and i n t e r n a l i nduc tance parameter ( g a + Hj/2) 

waveforms f o r the 260 kw case of F i g . 5 . 
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Fig. 7 Corrected inductive power W = W - P e x t as a function of Rp power for 

the four d i f fe ren t conditions shown in the t a b l e . For a l l condi t ions , 

the plasma current was 200 kA. $- of 0.15 was assumed in calculat ing 

W. 

Fig. 8 The r a t io of ccrracted poloidal energy flow W* to net RF power P _ as 

a function of P f for the condition shown in X's in Fig. 7 . 

Fig. 9 Inductive power vs RF power, both normalized to DC. The l ine shown 

corresponds to a d i ss ipa t ion 1 .23 D c and to a power u t i l i z a t i o n n of 

27.5%. The dashed curve is calculated from the theory of Fisch and 

Karney . 1 9 

Fig. 10 Corrected efficiency, e*, vs u for 240 PVT shots . The RF power P r f 

varied from 0 to 300 kW, the density from 1.5 x 1 0 1 2 to 6.0 x 1 0 1 2 

cm" , the plasma current from 150 to 400 ItA, launched N„ of 1.5(*), 

2.25(+), and 3.4(#)» The sol id curve i s t the theore t ica l curve, with 

a normalizing factor of 0.425. The dashed curve i s the eff iciency, e , 

calculated from e* using a simple model of the correct ion factor as a 

function of u. 
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