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INTRODUCTION 

The Tokamak Fusion Test Reactor {TFTR} was designed to explore plasma 

confinement and heating at reactor-like parameters. Since the first plasma in 

December 1982, considerable progress has been made in this endeavor. During 

the run period ending April 13, 1985, operation of both the toroidal field and 

plasma current at full design parameters was achieved. The plasma parameters 

achieved are summarized in Table 1. 

Control of the discharge evolution played an important role in achieving 

these parameters. The control of impurities in a tokamak is largely a result 

of tilt: choice of limiter and wall materials, conditioning techniques and 

gettering. The impurity control procedures adopted during this run will be 

discussed first, because impurities play an important role in determining the 

operating limits. The discussion of discharge evolution and control will be 
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broken down i n t o d i s c h a r g e i n i t i a t i o n , v o l t - s e c o n d consurapt ian, and c u r r e n t 

and d e n s i t y ramp-up and ramp-down. Cont ro l of the c u r r e n t , ramp-up us ing a 

plasma growing t echn ique w i l l be de sc r ibed and the advan tages of t h i s method 

compared to u s ing c o n s t a n t major and minor r a d i i w i l l be d i s c u s s e d . The 

c o n t r o l of d e n s i t y u s i n g gas p u f f i n g , p e l l e t i n j e c t i o n , and n e u t r a l beam 

fue l i ng w i l l be p r e s e n t e d a long wi th a d i s c u s s i o n of the d e n s i t y rangs which 

i s found to i n c r e a s e wi th plasma c u r r e n t . 

IMPURITY CONTROL 

The o p e r a t i o n of TFTR a t low Z * - and the e x t e n s i o n of the d e n s i t y range 

have been made p o s s i b l e by the choice of l i m i t e r and wa l l m a t e r i a l s , 

c o n d i t i o n i n g , and g e t t e r i n g . The TFTR vacuum v e s s e l c o n s i s t s of 304LN 

s t a i n l e s s s t e e l and Incone l 625 b e l l o w s . 1 The be l lows a r e p r o t e c t e d by 

Incone l X7S0 cover p l a t e s . These cover p l a t e s a c t as the l i m i t e r for smal l 

major r a d i u s plasmas (2.1m < R < 2.46m) and as p r o t e c t i v e armor for the 

bel lows du r ing d i s r u p t i o n s . Water-cooled T i e - coated g r a p h i t e t i l e s p r o t e c t 

those p o r t i o n s of the o u t e r w a l l s u b j e c t to d i r e c t n e u t r a l beam bombardment. 

The moveable l i r a i t e r on TPTR a l lows fo r a range of major and minor r * d i i to be 

used in the i n v e s t i g a t i o n of s i z e s c a l i n g e x p e r i m e n t s . The l i m i t e r i s 

comprised of t h r ee b l a d e s , a v e r t i c a l b lade on t h e l a r g e major r a d i u s s i d e of 

the plasma and upper and lower b lades hinged to the v e r t i c a l b l a d e . The 

v e r t i c a l b l ade can be moved r a d i a l l y D.17m, The upper and lower b l ad es can be 

opened and c losed t o a l low minor r a d i i (a) between 0.83 and 0.25m a t a major 

r a d i u s (R) of 2.55ra. For given l i m i t e r p o s i t i o n s a depends on R. For 

example, with the l i m i t e r f u l l y opened a t R=3.05m then a=0.55m and the plasma 

i s i n c o n t a c t wi th a l l t h r e e b l a d e s . The l i m i t e r c o n s i s t s of wa te r - coo led 

g r a p h i t e t i l e s mounted on Inconel p l a t e s . The g r a p h i t e t i l e s were o r i g i n a l l y 
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coated with Tic, but af ter four months of plasma operation i t was found tha*-

this coating was severely damaged and the remaining TiC was removed. The bare 

graphite l imiter was used throughout the most recent run period. The removal 

of the TiC coating resulted in the reduction of the Tl concentration in the 

plasma by a factor of about 50. As might be expected, operation with the 

Inconel bumper l imiter r e su l t s in plasmas with high metallic concentration and 

radia t ion. 

With the plasma limited hy the graphite l imiter a t R=2.55m, a=0.83m, the 

plasma boundary is about 0.1m from the inconel cover p l a t e s . Motion of only 

10mm inward from R=2.55m causes the radiated power to increase, while motion 

outward causes i t to decrease. Figure 1 i l l u s t r a t e s this effect for plasmas 

with different major radius programming during the current f la t top of 1 .4MA 

and with the density nearly constant. In general, the radiated power in 

discharges having constant radius and density during the current f l a t top 

reaches a peak near the beginning of the current f la t top (i ,5s for these 

discharges) then f a l l s slowly, ft 10mm step inward in major radius from 2.55m 

a t 3 seconds causes the radiated power to increase by about SOkW, and moving 

the plasma out by 10nun from 2.55m a t 3 seconds has the effect of lowering the 

radiated power by about 50kw. Itiese changes in radiation were due to metals, 

primarily S i . A l ike ly source of Ni i s the Inconel bumper l imi te r . Raraoing 

the plasma in from R=2.64 to 2.53m caused the radiated power to increase above 

the level i t would have been a t constant radius when R £ 2.59m. Infrared 

camera measurements of the moveable l imiter indicate a power scrapeoff length 

of 15mm. The probe measurements indicate a power scrapeoff thickness which 

evolves smoothly from a value of 30 to 40mm during the current ramp-up to 15mm 

during the f la t top increasing to 25mm during the ramp-down. 3oth these 

measurements are considerably less than the distance from the nominal plasma 
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boundary to the wall. The choice of materials is clearly important even for 

structures several scrape-off lengths from the plasma boundary. 

The purpose of conditioning is to remove impurities from the walls anrl 

limiters after a vacuum opening. Conditioning on TFTR has been achieved by a 

combination of bakeout of the vacuum vessel at 150C, glow discharge cleaning 

(GDC), pulse discharge cleaning (PDC) in both a high and low current mode to 

reduce low Z impurities and high power pulsing. The details of these discharge 

cleaning methods have been described by Dylla et al. Table 2 gives the 

parameters used during discharge cleaning. The partial pressures of the 

background gas constituents (primarily CH., HjO/and CO/C-fO were measured by 

a residual gas analyzer. Bakeout was effective in increasing the removal 

rate of these background gas constituents. During GDC the removal of 

impurities was further enhanced. The low current mode of PDC was more 

effective in removing impurities than was the high current mode. The high 

current mode of PDC was employed primarily to heat the limiter to 250C and 

enhance the effectiveness of the low current mode. This combination of 

discharge cleaning techniques was sufficient to allow operation of high power 

pulses. 

Normal operation at low currents (I_ < 1«0MA) was performed after 

discharge cleaning before operation at higher currents was attempted, as each 

higher level of plasma current (typically fll =0.4MA) was attempted, the 
P 

discharges showed signs of d is t ress (increased loop voltage, and higher 

radiated power) for several shots . The fract ional radiated power (Prad^OH' 

fe l l during this conditioning period at each successively higher current . I t 

i s not clear if conditioning or operator experience contributed more to this 

i n i t i a l improvement. However, an overall downward trend in P r a j / P 0 H w a s 

observed for s iwi lar shots throughout most of the run period. Figure 2 shows 
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the nickel concentration in the plasma as measured by X-ray spectrometry for 

density scans a t t.OMft taken on different days. The nickel concentration 

dropped with the number of shots since PDC or since the production of plasmas 

on the JTnconel bumper l imi te r . I t appears tha t Ni i s depot;' -3d on the moveable 

l imiter during discharge cleaning and when the Incone^ bumper l i a i t e r i s 

employed/ while normal operation on the moveable l lmitor removes the Ni. This 

Ls not meant to imply that the nickel radiat ion was a large par t of the t o t a l 
g 

radiated power. Calculations made using the code MIST and spectroscopic data 

compared with the radiated power profile indicate that metallic radiation is 

not the iominant part of the total radiated power. 

Thermocouple measurements indicate that disruptions deposit large amounts 

of energy on the bumper limiter, but normal operation does not. It is 

therefore expected that metals will be liberated from the surface during 

disruptions. Indeed several of the Inconal jlates showed obvious damage due 

to melting (probably due to disruptions, not normal operation) when they were 

examined after the run period. In discharges following disruptions, there 

were frequently bursts of Ni, Cr, and Fe radiation. Although the largest 

bursts resulted in another disruption, the discharges survived most bursts, 

but with signs of distress. Depending on the severity of the disruption, it 

was often necessary to reduce the density or plasma current, or both, before 

operation could be reestablished at Hie previous parameters. Usually it 

required one or two shots following a disruption before the radiated power 

returned to its predisruption level. < 

Two different kinds of gettering have been tried on TFTR, the prototype 

bulk getter Zr-Al surface pumping system2 and deposition of a chromium film 

onto about onefhalf of the vessel wall. ̂  The activation of the Zr-Al getter 

panels had no effect on the plasma operation, recycling of deuterium gas or 
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t h e l e v e l of i m p u r i t i e s obse rved . The t o t a l amount of gas needed to reach a 

given d e n s i t y d id no t appear t o be in f luenced by the a c t i v a t i o n of s i x of the 

e i g h t ins ta? . led Zr-Al g e t t e r pane l s which cover about 2% of the v e s s e l a rea 

and have a pumping speed of 120m 3 / s . The p a n e l s were e f f e c t i v e in r educ ing 

the base p r e s s u r e i n TFTR from 1 x 1 0 - 8 t o 2.0 x 10" T o r r . Twenty-e ight mote 

pane l s w i l l be added to TFTO in the summer of 1985 b r i n g i n g the t o t a l to 36 . 

After the Cr d e p o s i t i o n , Cr rep laced Hi as .Jie main m e t a l l i c i m p u r i t y . A 

r e d u c t i o n i n t he oxygen r a d i a t i o n was observed bu t no e f f e c t on the t o t a l Z e f f 

was seen a t c o n s t a n t d e n s i t y . However, as F i g . 3 i n d i c a t e s , the d e n s i t y range 

was extended by about 20* by Cr g e t t e H n g and the l i m i t i n g value of Z^sc was 

lowered from about 2 to about 1.4. Note t h a t the h i g h e s t d e n s i t y p o i n t s both 

wi th and wi thout Cr g e t t e r i n g e x h i b i t i n c r e a s e d r a d i a t i o n . This i s t y p i c a l of 

d i s c h a r g e s near t h e d e n s i t y l i m i t and occu r s a t h i g h e r d e n s i t y in t he Cr 

g e t t e r i n g c a s e . Attempts t o r a i s e the d e n s i t y f u r t h e r r e s u l t e d i n d i s r u p t i o n s 

in e i t h e r c a s e . 

With n e u t r a l beam i n j e c t i o n , the f r a c t i o n a l r a d i a t e d power P r a < j / P r o t 

f a l l s from the 40% shown in F ig . 3 fo r ohmic d i s c h a r g e s t o as low as 20% with 

WW i n j e c t e d beam power. N e u t r a l heam i n j e c t i o n i n c r e a s e s 3 e f j by 0 .2 t o 1.0 

above t h a t for ohraic d i s c h a r g e s a t the same d e n s i t y . 

DISCHARGE EVOLUTION AND CONTROL 

C a l c u l a t i o n s by Hawryluk and S c h m i d t 1 1 i n d i c a t e d t h a t the r equ i r ed 

s t a r t u p vo l t age f o r TFTR-sized tokamaks would d e c r e a s e s t r o n g l y with i n i t i a l 

n e u t r a l d e n s i t y and t h a t oxvgen r a d i a t i o n would a f f e c t the d i s c h a r g e e v o l u t i o n 

a t h igh n e u t r a l d e n s i t i e s . H i s t o r i c a l l y , t h e r e has been an a v e r s i o n t o 

i n i t i a t i o n a t low n e u t r a l d e n s i t y due to concerns about the p roduc t ion of 

runaway e l e c t r o n s . However, t h i s has not been a s i g n i f i c a n t problem for 
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TFTR. Breakdown in TFTR has occurred at initial neutral densities of 6 Jt 10 

to 1 x 1019trf3<9 x 10 - 6 to 1 .3 x 10~4Torr prefill) and voltages of 2 to 

120V/turn. Figure 4 shows the evolution of the plasma current and the applied 

loop voltage with and without OH interrupters at fill pressures of 3.0 x 1 0~5 

and 1.5 x 10 Torr respectively. The voltage applied by the OH .findings in 

the no-interrupter ease is due to the resistive current decay in the coils 

aided by rectifier power supplies. In the interrupter case, the voltage is 

due to the resistive decay of the current through the 2.4 B load resistors. 

Plasma breakdown was achieved at 2 to 3 V/turn in the low-fill-pressure no-

interrupter case. The total applied flux is shown for both cases. Analysis 

of discharges produced with and without interrupters at the same plasma 

current and major radius indicate that the flux consumption is about the same 

for the two cases. 

The magnitude and duration of the plasma current flattop are limited by 

the flux available from the ohmic heating (OH) and equilibrium field (EF) 

windings. The poloidal flux consumption has been modelled using an analysis 

similar to that used by Hawryluk for PLT. The applied flux is given by 

ext p-OH OH p-EF EF eddy 

where M _„ and *C, -Ep are the mutual inductance between the plasma and OH and 

EF windings, respectively. The flux due to eddy currents ^ e ^ y i s small except 

early in the discharge and wil l be neglected. The OH coi l system i s 

precharged to 4 7.7VS (24kA) before the s t a r t of the discharge and decreased 

to > -7.7V3 { I 0 H > -24kA) after the OH interrupters f i r e . in Fig. 5, the 

applied flux required to reach a given plasma current a t 2.7-3.0s for R -

2.55m and a ~ 0.8m plasmas ia shown. 
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1 o Previously, an analysis of the PLT data" showed that the poloidal flux 

consumption was predominantly determined by the external and internal plasma 

flux. The resistive loss on axis was small. On TFTR using a similar 

approach, the resistive loss was also determined to be small compared to the 

inductive requirements. Thus, extrapolation to future larger devices should 

be reliable. 

Active feedback control circuits are used on TFTR to control the plasma 

position and current. The ."ate of change of current in the OH coil system is 

used to control the plasma current which is measured by a Rogowski coil 

located outside the vacuum vessel. The currents in the EF and horizontal 

field <HF) coils are used to control the radial and vertical positions 

respectively. The plasma position is determined from the first moments of the 

poloidal field measured on a circle surrounding the plasma according to the 

equations 3: 

I R = [Rr + a Z l n ( b / a ) / 2 R T + <b 2 - a 2 ) / 4 R , ] l p L L L £ 

+ [2iT(a2 + b 2 ) /U ]<B sin8> o p 

+ [2*<a 2 - b 2 ) / u ] <B ncos9> , (2) 
O o 

I z = I4nb2/u ] <B cos8> , (3) 
P o p 

wheyeR, a and R,, b are the major, minor radii of the plasma and field 

measurements respectively. The moments are formed from linear combinations of 
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signals from 26 Bg and 26 B. coils located just outside the vacuum vessel. 

The time-dependent minor radius, a, used in the calculation of R for the real

time signal is determined prior to the shot from the preprogrammed major 

radius and limiter positions. Since all the current and position coils are 

located outside the vacuum vessel, the signals seen by the coils must be 

corrected for eddy current effects. Extensive measurements of the effects of 

the eddy currents produced by the separate coil systems and the plasma current 

itself have been made. The results of these measurements are used to correct 

the <B.sin©>, <BgCOs9>, and <B.cos8> terms. The correction to the Rogowski 

signal for the vacuum vessel current is the quotient of the loop voltage at 

the vessel wall and the vacuum vessel resistance. 

Figure 6 illustrates those parts of the feedback control circuit normally 

used for controlling the OH, EF, and HF coil currents. The measured values of 

I_, I-pRr * D
Z < ^Qui^-nd I Ep as well as their time derivatives are fed to the 

plasma position and current control electronics. Proportional and integral 

feedback are normally used for both plasma position and current control. 

Derivative feedback for plasma position and current as well as derivative and 

proportional feedback for the coil currents and beam power are available, but 

have not been used as yet. The spare channels are used for feedforward values 

for V 0 H, V E F, and V H p . The plasma position and current control electronics 

compare the measured values to preprogrammed values, multiply the errors (and 

the integrated errors of I_, I R, and Is) by time-dependent gains, and sum the 

products to form a voltage command to the field coils. These analog voltage 

signals are then sent to the power conversion computer which calculates the 

rectifier firing angle commands at a 1.0kHz rate. This system provides a 

great deal of flexibility in control of I , R, a, and z in TFTR. 
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It has been suggested that growing the plasm? in minor radius such that 

q(a) is constant would enhance current penetration and help avoid possible 

hollow current profiles and unfavorable HHD activity during the current 

buildup. The most reliable start-up on TFTR has been achieved by growing 

the plasmas in minor radius from the outer limiter at nearly constant safety 

factor q. Use of this plasma growing technique was effected by the feedback 

loop provided by the plasma position and current control system and the real 

time I and R measurements. For normal operation with the OH interrupters, I D 

control is not effective until the rectifiers' supplies are reconnected at 

about 0,4s into the discharge. In this early stage I is determined primarily 

by the OH precharge, the resistance in the OH interrupter circuit, eddy 

current effects, the gas prefill pressure and the preprogrammed major 

radius, in order to grow the plasma effectively, a combination of calculation 

and experience is employed to produce the H(t) waveform. Figures 7 and 8 

illustrate the time evolution of the gross discharge parameters for 1.8Mft 

plasmas produced with and without the plasma qrowing technique, 

respectively. A higher rate of rise of plasma current during the slow ramp is 

possible in the grown plasma than in the non-grown case. The current ramp is 

generally more free of MHD activity in the grown than the non-grown plasmas. 

Note the higher radiated power and increased number of spikes in the surface 

voltage in the non-grown plasma. In fact, this was one of the best behaved 

non-grown 1 .8 HA plasmas; a substantial fraction of such discharges 

disrupted. The small outward motion of the plasma during the current ramp in 

the non-grown case was deliberate: it was found that this helped avoi'1 

disruptions. It was found that attempts to reduce q to its final value in the 

grown plasmas more quickly than shown in Pig. 7 for q{a) ,£3.5 were likely to 

end in disruption. Successful start-up was best achieved in a fairly narrow 

-10-



region between constant q growth and start-up at constant major rat '.us witn no 

growth for low q discharges. For q(a) J 4 In the flattop, growth at constant 

q could be used. The grown plasmas were also shrunk in minor radius during 

the current ramp-down. This helped to spread the heat load on the limiter. 

The current penetration during ramp-up has been modelled with the tim«-

dependent transport analysis code TRANSP 3 usinc, Te(R,t) from the electron 

cyclotron emission measurements. The surface voltage is matched using 

neoclassical resistivity and adjusting the radially constant z a f f(t). Figure 

9 shows contours of constar.e q for the first 1.2 seconds of grown and non-

grown 1 .OMA plasmas. Note the more rapid current penetration in the grown 

plasma. The double valued qtr) in the non-grown case is lue to a hollow Te(R) 

profile. Sawtooth activity is b' served when the code indicates that the q=1 

surface has reached about 0.1m and the calculated q="i surface agrees with 

measurements of the soft X-ray inversion radius. 

The plasma in TFTR can be fueled by an active gas puffing feedback 

system, by t.ie injection of frozen hydrogen or deuterium pellets or by neutral 

beam injection. The gas injection system employs a alqital feedback loop 

which compares the measured values of the torus pressure and the ,ine-integral 

density, n el, (from either the Iran interferometer or the Ear-infrared 

interferometer) to preprogrammed time-dependent values. The errors are 

multiplied by time-dependent gains and summed together with a preprogrammed 

flow rate to form a total requested flaw rate. A lookup table generated from 

a series of calibrated gas pulses is employed to calculate the voltage 

required for piezoelectric gas injection valves. Figure 10 shows the torus 

pressure, n 1, reference nftl and calculated flow rate for a typical gas-fueled 

TFTR discharge. Note the slow decay of the density after the valve is turned 

off indicating a high recycling coefficient or long particle confinement time 
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T _ . The computer a l s o moni tors the p r e s s u r e of t h e gas plenum upstream of the 

p i e z o e l e c t r i c va lve t o de te rmine a c c u r a t e l y the t o t a l gas used per s h o t . Gas 

f u e l i n g was used most f r e q u e n t l y d u r i n g the c u r r e n t ramp. At moderate 

d e n s i t i e s , l i t t l e o r no gas flow i s r e q u i r e d t o ma in ta in t he d e n s i t y . This i s 

i n c o n t r a s t t o PDX where gas flow r a t e s on the o r d e r of 10T1 %/s were r e q u i r e d 

1 g —T to ma in t a in c o n s t a n t d e n s i t y i n the range of 2.5 x 1 0 m for c i r c u l a r r a i l 

17 1A 

limiter discharges. ' The total gas flow used to reach a given line 

average density in TFTR and POX circular plasmas was similar, even though the 

TFTR plasma volume is about eight times that of PDX. 

The addition of an the ORNL pellet injector19 to TFTR in March 1985 

allowed the peak density and the line average density to be increased to 1 .6 x 
20 —3 19 —3 

10 ra and ?. x 10 m , respectively, without disruption. This represents a 

doubling of the peak density and a 40% increase in n e beyond that achieved 

with D^ gas puffing. Figure 10 shows ngl for a discharge into which 3 
20 pellets, each containing approximately 7 x 10 atoms of deuterium were 

injected at a speed of about 1200m/s. The increase in n of about 2 x 10 tti" 

for each pellet represents full accountability for the number of particles 

injected. The density increase for the second pellet is somewhat smaller than 

for the first and third. It is believed on the basis of a lower H a signal for 

the second pellet that it was smaller than the first and third pellets. 

Figure 10 also indicates the increase in n 1 during injection of 5.3MW of 

deuterium neutral beams from 2.4 to 2.9s. The initial rate of density 

increase during neutral beam injection corresponds to the particle flux from 

the beams. The Hugill diagram shown in Fig. 11 summarizes the operating range 

of the TFTH full size (R~2.55m, a~0.8m) plasmas. The shaded area indicates 

the ranee for deuterium gas puffing with ohmic and neutral beam heating. The 

dashed line labeled B is the time history of a helium discharge up to the 
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maximum densi ty . The solid l ine C gives a time his tory of a single shot with 

one large (2.1 x 1 0 2 1 atoms) "euterium p e l l e t . The shaded area D shows the 

Murakami parameter range reached with multiple small (7 x 10 atoms) 

p e l l e t s . The Highest values of nD(0)T.r - d njjtOjTgT^O) achieved thus far in 

TFTR are 6.5 x 1 0 1 9 s ' m 3 and 8 x 1019keV«3/m^ respect ive ly . 

Near the high density l imit in TFTR, a region of enhanced radiat ion 

appears in the plasma periphery. The radia t ion i s poloidally asymmetric: the 

enhanced radiation generally appears on the small major radius side of the 

plasma near the inner wal l . Both the plasma TV and the bolometer arrays 

observe this rad ia t ion . Along with the enhanced radiat ion a t the edge, 

increases in the carbon and oxygen radiat ion are seen. Similar phenomena have 

been observed on the D i l l , 2 0 FT , 2 1 ASDEX,22 and Alca to r 2 3 tolcamaks. The 

alcator c group called th i s phenomenon a marfe and reported no change ir. the 

bulk plasma propert ies dua to th is a c t i v i t y . However, on ASDEX and TFTR, 

marfe ac t iv i ty i s sometimes accompanied by an increase in the loop voltage and 

a drop in the centra l electron temperature measured by the scanning 

radiometer. Another difference on TFTR is that the location of the marfe 

sometimes moves up and down along the small major radius side of the plasma. 

SUMMARY 

This paper has described the plasma control techniques employed on 

TFTR. The success in reaching the plasma current and toroidal field design 

parameters is encouraging. The techniques used for impurity control have 

permitted plasma with Z e^^ as low as 1.4 to be produced. Fuelling by pellet 

injection has extended the density range. During the next run period, the 

expected parameter range will be substantially extended with the increase of 

beam power to 27Mtf and plasma current to 3.0MA. In future experiments at 
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these increased parameters, 

continue to play an important 
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Table 1 

TFTR PARAMETERS 

Ohmic (JBI 

Toroidal Field (at 2.48m) 

Plasma Current 

Major Radius 

Minor Radius 

Line Average Density 3^ 

Beam Power 

5.2T 5 .2T 

2.5MA* 2.">MA* 

2 .1 -3 .1m 2.1 - 3 . 1 in 

0 .4 -0 .8m 0 .5 -0 .8m 

i o 1 V 3 
6.2 X 1 0 1 V 3 

6.3 MW 

Indicates full desi,n parameter achieved 
a ' Values for D, gas puffing 5 < 8 x 10 m"" with pellet injection. 
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Table 2 

TVPICAL DISCHARGE CLEANING PARAMETERS 

GDC PDC Low I„ PDC High I„ 
P P 

5-6mTorr ( 1 - 4 ) x 1 0 - 4 T o r r ( 1 - 4 ) x 1 0 ~ 5 T o r r 

D i s c h a r g e c u r r e n t 15A 20-50kA 1O0-2OOkA 

D i s c h a r g e D u r a t i o n c o n t i n u o u s -:50ms 40-100ms 

R e p e t i t i o n P e r i o d c o n t i n u o u s 4 . 5 - 1 0 S 4 . 5 - 1 0 s 

T o r o i d a l F i e l d 0 ^ 0 . 4 T 0 . 4 - 0 . 6 T 

D i s c h a r g e V o l t a g e 390 V ( dc ) £ 5 0 V / t u r n £ SOV/turn 

DISCLAIMER 

This report was prepared as «• account of work sponsored by an agency of the United States 
Government. Neither Ihe United Slates Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United Slates Government or any agency thereof. The views 
and opinions of authors expressed herein do cot necessarily state or reflect those 0 r the 
United States Government or any agency thereof. 
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FIGURE CAPTIONS 

FIG. 1 Total power radiated for the different major radius programming 

discussed in the text. 

FIG. 2. Density dependence of central relative Ri concentration at 

different times after PDC. The Ni concentration at constant 

density varied as N where N is the number of shots since PDC. 

FIG. 3. The fractional radiated power versus line average density with and 

without Cr gettering. This shows the power radiated rising as the 

density limit is approached in either case. 

FIG. 4. The time evolution during the discharge initiation of the applied 

voltage, plasma current, and applied flux for two different 

discharges. The left half shows a discharge made without using the 

OH interrupters and at a prefill pressure jf 1 .5 x 10 Torr, while 

the discharge shown on the right employs the OH interrupters with a 

2.412 load resistance and a prefill of 3.0 x 10_5Torr. 

FIG. 5. The applied flux as a function of plasma current for large minor 

radius TFTR plasmas. 

FIG. 6. A block diagram of the plasma position and current control 

electronics used. Coil currents, beam power, and time derivatives 

are also available, but have not as yet been used. The bars over 

variables denote a reference value. The symbols P, G, and H der.ote 
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time-dependent preprogrammed gains for the horizontal field, 

equilibrium field and ohmic heating windings. The outputs are 

voltage requests made to the power conversion computer. 

FIG. 7. Parameters for a 1.8MA plasma produced using the growing technique 

discussed in the text. 

FIG. 8. Parameters of a 1.8MA non-grown plasma for comparison with 

Fig. 7. The small change in R at 1 to 1.5 seconds was intentional. 

"IG. 9. TRANSP modelling of current diffusion for grown and non-grown 

plasmas using T<R,t) from electron cyclotron emission measured by 

the heterodyne radiometer. V s from the lode was matched to the 

measured V g by using neoclassical resistivity and adjusting 

z e f f(t>. 

FIG. 10. Density fueling by gas puffing, pellet injection, a. =-'tral 

beams. The gas puffing Eeedback system is discussed in the ti t. 

The pellets used in the pellet injection case were 7 x 10 

atoms. The beam injection case was 5.3MW of D . 

FIG. 11 Hugill diagram for TPTR plasmas. 
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