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ABSTRACT 

Tile Tokamak F u s i o n T e s t R e a c t o r (TFTR) h a s o p e r a t e d s i n c e December 1982 

w i t h o h m i c a l l y h e a t e d p l a s m a s . R o u t i n e o p e r a t i o n w i t h f e e d b a c k c o n t r o l o f 

p l a s m a c u r r e n t , p o s i t i o n , a n d d e n s i t y h a s b e e n o b t a i n e d f o r p l a s m a s w i t h In -

8 0 0 kA, a = 6 8 cm, R = 250 cm, a n d B t = 27 kG. A maximum p l a s m a c u r r e n t o f 1 

HA w a s a c h i e v e d w i t h q = 2 . 5 . E n e r g y c o n f i n e m e n t t i m e s o f ~ 150 msec w e r e 

m e a s u r e d f o r h y d r o g e n a n d d e u t e r i u m p l a s m a s w i t h n e = 2 x 10 cm , T ( 0 ) = 

1.5 keV, T i ( 0 ) = 1.5 keV, a n d 2 e f - = 3 . The p r e l i m i n a r y r e s u l t s s u q g e s t a 

s i z e - c u b e d s c a l i n g f r o m PLT a n d a r e c o n s i s t e n t w i t h A l c a t o r C s c a l i n g w h e r e T 
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~ nR a . I n i t i a l m e a s u r e m e n t s o f p l a s m a d i s r u p t i o n c h a r a c t e r i s t i c s i n d i c a t e 

c u r r e n t d e c a y r a t e s of ~ 800 kA i n 8 ms w h i c h i s w i t h i n t h e TFTR d e s i g n 

r e q u i r e m e n t o f 3 MA i n 3 m s . 

UBTfllBBTiflH OF THIS WlGVKCm K UKLIMTfEIt 
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I. INTRODUCTION 

The Tokamak Fusion Test Reactor (TFTR), originally conceived in 1974, 

became operational in December 19B2. This paper describes the experimental 

work in its first half year of operation; this work was carried on in parallel 

with major commissioning and testing of the various components of the tokamak. 

The basic objectives of TFTR are i) to achieve temperatures (10 keV) 

and densities (10 cm ) pertinent to a fusion reactor in plasmas with 

currents of 2.5 HA and ii) to achieve approximate energy break-even between 

the power input to and neutron power output from the plasma (Q ~ 1) at 

reactor-like fusion power densities (~ 1 W cm" J). Both of these goals will be 

achieved with the addition of neutral beam heating poser (~ 20 MW at 120 keV 

for - 0.5 sec) and the latter goal with tritium plasmas. Within these goals, 

it is important to learn haw to control high-current equilibria, to study 

confinement at high nT E of order "0 cm sec, where n is the electron 

density and T„ the energy containment time, and to begin the study of the 

efFects of a particles. 

The neutral beamlines will be installed in the next two years, and in 

preparation for neutral injection it is essential to establish a good target 

ohmic plasma. The initial phase of these studies has been completed with 

emphasis on i) establishing 500-800 kA plasma currents, ii) evaluation of the 

operational range of density and associated energy containment, Hi) 

evaluation of disruption characteristics, and iv) evaluation of discharge 

cleaning techniques. This phase is described here. 

II. THE TFTR DEVICE 

The major components of the tokamak, apart from the diagnostics, are 

shosn in Fig. 1, For this operational period, the neutral beairilines and the 

igloo neutron shield were not in place. 
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The major operational parameters for TFTR are shewn in Table 1. The 

limiting values of these parameters in this period are also compared with the 

goals of the TFTR program plan. The principal cause of the limitation on the 

magnetic field strengths has been the need to commission and test many 

rectifiers in their final circuit configurations and to use them with the 

tokamak only after very careful integrated tests. 

In addition, a conservative small-radius carbon limiter configuration 

was used because of late delivery of the carbon-tile covered movable limiters 

and Inconel/stainless steel plates to cover the bellows sections of the vacuum 

vessel. The -ertical dimension between the horizontal carbonplates of the 

limiter was 136 cm, the horizontal gap at the midplan^ was 150 cm. To provide 

additional protection of the bellorfs for plasmas collapsing inward, an 

additional stainless steel limiter plate at small major radius was provided ~ 

180" toroidally around the tokamak. Under these circumstances, no significant 

studies of adiabatic plasma compression in major radius were possible, but 

testing of the feedback position control could be done. 

A comparison of observed plasma currents is shown in Fig. 2 to show the 

progress made in improving i;he plasma since start-up. The design plasma 

current level of 2.5 MA is also shewn. 

Most of the experiments have been done using hydrogen plasmas, but a 

short study of deuterium plasmas was also done. The principal purposes were 

to get some preliminary data on the confinement of deuterium plasmas, and to 

allow a comparison of ion temperature measurement from the neutron flux and 

charge-exchange analyses. 

The diagnostics for this operational period formed a subset of the 

final diagnostic set planned for TFTR. This subset is listed in detail in 

Table 2. The table also includes estimates of the total number of data 
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channels and the number of raw data points collected by the Oomputer 

instrumentation Control and Data Acquisition System (CICADA System) for the 

diagnostics for each plasma discharge. [This is about 60 percent of the total 

data handled in each discharge.) 

III. VACUU-i VESSEL CONDITIONING 

The two principal techniques of conditioning th^ inside of the vacuum 

vessel and the components mounted inside it have been glow discharge cleaning 

and pulse discharge cleaning. ' At the end of the operation period, the vessel 

war; baked for about one day at - 100°C to test the vessel bakeout system. 

Glcw discharge cleaning was done by inserting two electrodes at ~ 400 V 

and running a 5 A glcw discharge to the vessel wall. The glcw was run almost 

continuously for about 100 hours after long periods of work inside the vessel 

in December and March, and then for periods of about eight hours each night 

between operational shifts whenever possible. Figure 3 shews the decay rates 

of CH^ (16 amu) and CO and C2H4(28 arcu) during the second cleaning period. 

H.,0 (18 amu) fell to below background levels immediately. In total more than 

100 equivalent monolayers of carbon and oxygen were removed in the two 

cleaning periods, and the resulting partial pressure of impurity gases was 

1.5 x 10~ 8 Torr. For this cleaning, the vacuum vessel was not heated. Glow 

discharge cleaning has helped to clean some of the appendages to the vessel, 

particularly the large pumping ducts which cannot be cleaned by pulse 

discharge cleaning and presently cannot be baked. 

However, glcw discharge cleaning could not prepare the limiter 

adequately, and long periods of pulse discharge cleaning were necessary. A 

total of about 65 hours and 30,000 pulses were expended. A large fraction of 

the pulses were done at lew hydrogen pressure, 2 x 10 -^ Torr^ with I ~ 200 kA 



4 

for ~100 msec duration and B_ ~ 6 kG with a repetition time of ~ 10 sec. This 

cleaning raised the limiter temperature (~ 20QoC) and the vacuum vessel wall 

temperature and led to a significant production of CH., C2H«, and CO. A 

change to much higher pressure, 2 * 10 Torr with I ~ 80 kA for - 50 msec 

duration at B„ ~ 3 kc3, resulted in significant production of t!70. 

The combination of low and high fill pressure pulse discharge cleaning 

was certainly effective in conditioning the wall and limiter and led to the 

achievement of the long high plasma current discharges without disruptions. 

However, it is clear that much more cleaning is required since the impurity 

level in the plasma gives Z e f f Z. 3, due mostly to carbon and oxygen 

impurities. 

IV. PLASMA OPTIMIZATION 

One of the principal goals during this operating phase has been to 

create and control high current discharges 'o allow effective confinement 

studies. Figure 2 shews the time behavior of the plasma current for some of 

these discharges. For the 1 MA plasma current case, q L I M
 w a s 2.5 and in the 

highest density discharge achieved with 800 kA, the Murakami parameter 

(n R/BT) was 2.3 x 10 m T . The range of discharge conditions obtained 

in high current plasmas so far is shewn in Fig. 4, where the inverse safety 

factor, 1/q, is plotted against the Murakami parameter. The total pulse 

length was about 2 sec and a constant current was maintained for ~ 0.8 sec for 

800 kA and 600 kA discharges. The time scale for current buildup has been 

considerably longer than in previous machines operating under similar 

conditions. For example, the discharges begin to sawtooth at - 800 msec, 

compared to ~ 200 msec in PDX, and the sawtooth period is typically 25 msec 

compared to 5 msec. On the other hand, discharge initiation occurred rapidly 
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with a delay typically £ 1 msec over a wide range of parameters, despite eddy 

current induced fields which are especially large at breakdown. 

The effectiveness of the feedback controls is demonstrated in Fig. 5. 

The time behaviors of the plasma current, voltage, horizontal position, and 

electron density are shown for an SOO fcA deuterium discharge in a 2. 7 T 

toroidal field. The plasma position and current are controlled by a hybrid 

digital/analog system consisting of an analog processor and a dedicated SEL 

32/77 CXCftDh digital computer to control the power supplies. 

The plasma position is measured by a set of 26 Bg and B position coils 

mounted outside one of the bellows sections of the vacuum vessel. The 

individual coil signals are formed into weighted suras <BgCos')>, <B sinG>, 

required to determine the position according to Shafranov's formula. 

Extensive measurements of the vertical and radial magnetic fields, as a 

funct-o i of frequency, were taKen inside the vacuum vessel prior to operation 

in order to allow the compensation of the Shafranov terms for stray fields due 

to eddy currents. An example from these measurements is shewn in Fig. 6: a 

loop placed inside the vacuun vessel at its center was trsed to determine the 

vertical field as a function of the frequency applied to the ohmic heating 

coils. 

The plasma current is measured by a Rogcwski loop, which is also 

compensated for currents induced in the vacuum vessel- The plasma position 

and current control analog electronics compute the desired ohmic heating and 

equilibrium field coil voltages, which are converted by the computer into 

firing angles (i.e., the output voltage) of the OH and Eh" power supplies. 

Control is based on the difference between pre-programmed and measured I and 

IpR* The system is fully programmable with time-varying gains, and with 

extensive computer control and monitor facilities. The power conversion 
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computer updates the power supply firing angles at a 1 kHz rate, the power 

supplies being effectively 24-pulse phase-controlled rectifiers operating off 

a 90-60 Hz supply. 

During the initial TFTK experiments/ control of quiescent discharges 

after start-up has been optimized to within 1% of the reference current and 

within a fraction of a centimeter of the «.eferenae position (Figs. 5a and 5c), 

without the use of feed-forward terms during the current flat-top. 

The plasma's vertical position in TFTR is normally intrinsically 

stable. However, it has been found necessary to use a small preprogrammed 

radial field to correct minor field errors and so equalize heat loading on the 

upper and lower limiter blades. 

Figure 5d shc*;s the evolution of the line-averaged density. The 

density control system utilizes a CAMAC-based LSI 11/23 microcomputer as the 

control element. Data from fast, magnetically shielded ion gauges mounted on 

the torus, and from the double-pass 1 mm microwave interferometer viewing 

along a major radius, are digitized and processed along with preprogrammed 

reference waveforms to control the voltage applied to a fast piezoelectric 

valve. The nonlinear dependence of the flow on the voltage applied to the 

valve is corrected in software through use of a lookup table generated from 

prior calibration tests. A 500 Hz update rate is employed with simple 

proportional and feed-forward terms. Future enhancements to the system will 

include provisions for controlling multiple injection valves. At present, 

density feedback control is functional but limited in effectiveness by 

recycling and impurity influx from the walls and limlters. 

Major components of TFTR have been designed to withstand the force 

associated with major disruptions in which the plasma current falls at the 

rate of 1 MA msec . Among the approximately 300 well-controlled plasmas, 
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there have been about 50 major disruptions at plasma currents ranging from 200 

kft to 950 kA. Forty of these disruptions have been well diagnosed. ft 

histogram of the frequency of occurrence of disruptions within a band of 

current-fall rates is shown in Fig. 7. the fastest disruptions, one of which 

is shown in Fig. 8a, had a nearly constant fall rate of 100 kA msec" . This 

is well below the TFTK design value but is as fast as the measured major 

disruptions with beam heating on PDX. 

In every case, the major disruptions were preceded by a period of about 

200 msec of minor disruptions or increased MHD activity. The progression of 

m=4,3,2 activity with a slowing down of the fluctuation frequency prior to the 

disruption has been detected by the Mirnov coils. 

The distribution of fall rates indicates two types of disruption. Î e 

fast ones fell uniformly and were often preceded by minor disruptions. the 

slow ones fell in "stairsteps." They tended to occur when the plasma was 

dirty, indicated by increasing radiation prior to the disruption. In all 

cases, the plasma terminates on the inner wall: Fig. 8b shews this movement 

for the fast disruption of Fig. 8a-

V. PLASMA. CONFINEMENT 

Although the plasma major and minor radii have remained constant during 

this initial operational phase, some important confinement issues have been 

studied. The big increase in major and minor radius relative to other 

tokamaks operating in the last few years (PLT, PDX, Din, fllcator C, ISX-B, 

TFR, T-10, FT, etc.) leads to a big increase in stored energy for the same 

densities and temperatures in ohmically heated plasmas. For example, TFTR has 

six times the volume of PZ.T- liiis increase in scale permits significant 

comparison of empirical scaling laws foz' energy confinement. 
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Initial operation of TFTR produced ohmically heated plasmas with fi 

- 1-2.5 x 10 1 3 era-3, Te(0) ~ 1-2 keV, T^O) ~ 0.9-1.4 keV, B T ~ 2.7 T, and 

Ip - 500-800 kA -with a current flat-top lasting about one second. Both 

hydrogen and deuterium plasmas were studied in detail. The characteristics of 

one deuterium discharge, shewn in Fig. 5, will be reviewed in detail, CUrinq 

the current flat-top, the plasma voltage gradually approached 1 V, and both 

the line-inteqrated density and the central electron temperature (Firj. 9a) 

exhibited sawtooth-like fluctuations. The time evolution of the electron 

temperature 26 era from the center (at B=220 era, Fig. 9b) indicated a 

continuous broadening of the electron temperature profile durxni} the plasma 

current Flat-top. This increase in electron stored energy and simultaneous 

decreases in loop voltage resulted in an increase of the electron energy 

confinement time which reaches a maximum at about 1.4 seconds into the 

discharge. The electron temperature profile was parabolic squared in shape 

with a peak temperature ~ 1. 5 keV. This temperature profile measured by a 

calibrated fast scanning radiometer was corroborated by the peak temperature 

measured by soft X-ray pulse-heiqht-analysis. The spectrum of the X-ray 

breinsstrahlung continuum is shoj.n in Fig. 10; the slope corresponds to a 

temperature of 1.6 kpV. Impurity K Q spectral lines of chlorine, iron, nickel, 

and chromium are also apparent, and their intensity can be used to estimate 

the heavy-ion contribution to Z ~~. The total ̂ epp can be determined from the 

continuum intensity both in the X-ray and visible spectral regions. In this 

case, the total 2 f- is estimated to be 3.6 which is in the range 3-4 typical 

of this operation. 

The ion temperature was obtained by charge-exchanae measurement. 

Figure 11 shows the data for the ion temperature as a function of time, 

without including corrections of the data for opacity of the plasma. The ion 
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temperature at the center of the plasma was 1.4 keV—200 eV higher than the 

uncorrected data, as indicated by the one corrected point. In this deuterium 

discharge, the temperature could also be obtained from the neutron flux 

measured by a moderated He 3 proportional counter. The time evolution of the 

count rate is shewn in Fig. 12. Assuming Z eff = 3 to estimate the deuterium 

density, the temperature was calculated for a single time and is shewn in Fig. 

11 to be in good agreement with the charge-exchange result. 

IVital power efflux measured by the wide-angle bolometer during this 

discharge was about 60% of the input power; for the whole period of operation 

it ranged from 50 to 75% of the ohmic pcwer. The assumption used in the 

analyses of the energy confinement time that the density profile was parabolic 

was confirmed from the unfoldinc of the visible bremsstrahlung emission from 6 

radial chords assuming constant Z f̂  profile and making use of the line-

integrated density and electron temperature profile. 

Confinement analyses were completed using the TRANSP time dependent 

transport-code. This code calculates tokamak transport by analyzing the 

experimental data in terms of the one-dimensional magnetic field diffusion 

equation, evaluating the neutral density profile, and using particle and 

energy conservation equations. The total energy confinement time for this 

discharge was calculated to be T E ~ 170 msec. The uncerainty in T— is 

estimated to be ± 20% based upon the accuracy of the density and temperature 

profile estimates. For similar electron densities in ungettered carbon 

limited discharges, the confinement time in PLT is between 25 and 50 msec. 

Tine total energy confinement times were calculated near the end of the 

current flat-top (t ~ 1.4 sec) where those times have reached their maximum 

values. In Fig. 13a the range of TFTR confinement time is included on the 

same plot of T /n vs. B 2 - 0 4a 1" 0' 1 utilized to infer the Alcator C confinement 
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scaling la* from the published confinement times of many tokamaks. On this 

plot, the T^TR confinement times agree with the predictions of the Alcator C 

scaling law. This R a dependence in confinement time scaling is similar to 

that proposed originally by Pfeiffer and Waltz. Figure 13b is a linear plot 

of the TFTR total energy cot-.sfinement times vs n. Included are all of the 

well-documented discharges. These discharges vary in density over a range of 

n = 0.9 - 2.5 x 10 cm . In addition, the predictions of the Intnr, fllcator 

A , 3 and Alcator C scaling laws are plotted. The TFTR confinement times 

clearly agree with the predictions of the Mcator C scaling of T_=0. 1<>2 n 
R2.04a1.04 ( M K S u n i t s ) . 

ft total energy confinement time of 190 ms represents our bast result. 

Note that the nsity range of comparison is only n=0.5 - 2.5 * 10 cm , a 

range insufficient to observe the saturation of confinement with density 

observed on many tokamaks. Furthermore, the present limitation of a fLxed 

limiter position prevents us from directly observing any size scaling at this 

time. Experiments with variable limiter size and plasma position to deterime 

sijij scaling in T^TR will commence this fall. 

VI. CONCLUSIONS 

The TFTR tokamak has operated very successfully over this initial 

period of operation and has already given important new information on 

confinement, control, and disruptions. Breakdown has been relatively easy 

over a very wide range of plasma parameters. The feeiback control systems 

have worked well in holding the plasma fixed in posii-ion and in holding the 

plasma current and der.sity constant for times up to 1 second. The containment 

times are larger than have previously been observed for ohmic plasmas, in the 

range from 130 to 190 msec The next series of experiments with a movable 
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limiter will be aimed at a thorough evaluation of size scaling in ohmically 

heated plasmas. 

The measured disruption decay scale of ~ 100 kR msec" is well within 

the mechanical design limit of TFTR. While a fully cleaned vacuum vessel haa 

not yet been achieved and the plasmas have had Z e j f about 3, there is good 

evidence of successful cleanup with glow and pulsed discharge cleaning. With 

bakeout and further cleaning, lewer Z e j f plasmas can be expected. 
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TABLE 1: TFTR PARAMETERS 

PLASMA 

Minor Radius a(cm) 

Major Radius R(cm) 

Toroidal itegnetic Field B T(T) 

Vertical Field from Equilibrium 
Field Coils (T) 

Plasma Current I_ (MA) 

JUNE 1983 

66 

250 

2.7 

0. 19 

1.0 
13 Plasma Density n £ (cm J ) 2.5 * 10 

Total Neutral Beam Heating Power (MW) 

COIL AND ENERGY CONVERSION SYSTEM CAPABILITY 

Current in Ohmic Heating Coils I Q H (kA) 24 

Volt-second capability $-„ (V-sec) 6.5 

Current in Equilibrium Field Coils I ™ (kA) 15 

Op^n Circuit OH Rectifier Voltage (kv) 10 

Open Circuit EF Rectifier Voltage (kV) S 

Capacitor Bank (MJ) 3.4 

Available Eneryy from Motor Generator (MJ) 1350 

Pulsed Power from Motor Generators (MVA) 475 

AUGUST 1984 

85 

248 

4.0 

0.3 

1.5 

5 x 10 13 

~ 10 

24 

12.5 

24 

18 

16 

12 

2250 

475 

APRIL 1986 

85 

248 

5.2 

0.42 

2.5 

5 x 10 1 3 

- 27 

24 

12.5 

36 

18 

16 

12 

4500 

950 
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TABLE 2 : DIAGNOSTICS FOi< INITIAL OPERATION 

DIAGNOSTIC 

1 mm KWave I n t e r f e r o m e t e r 

T o r u s P r e s s u r e G a u g e s ^ 

R e s i d u a l Gas A n a l y s i s 

Rogcwsk i Loops 

P o s i t i o n C o i l s 

Mi rnov C o i l s 

V o l t a g e L o o p s / S a d d l e C o i l s 

D i a i n a g n e t i c Loop 

H a r d X - r a y M o n i t o r s 

P l a s m a TV 

F a s t S c a n . H e t . R a d i o m e t e r 

X - r a y P j l s e - H e i g h t A n a l y z e r 

H o r i z o n t a l C h a r g e E x c h a n g e 

U 2 3 5 , B F 3 , H e 3 TVeutron 
P r o p o r t i o n a l C o u n t e r s 

B o l o m e t e r s 

UV S u r v e y S p e c t r o m e t e r 

I n t e r f e r e n c e P i l r e r A r r a y 

MEASUREMENT 

f n e d l 

T o r u s P r e s s u r e 

Gas I m p u r i t y C o n c e n t r a t i o n 

P l a sma P o s i t i o n 

M a g n e t i c O s c i l l a t i o n s 

V o l t a g e Around T o r u s , p o s i t i o n 

P l a s m a P r e s s u r e 

E f f e c t s Of Runaway E l e c t r o n s 

P l a s m a P i c t u r e s , P o s i t i o n 

T e ( r , t ) 

NO. OF RAW DATA 
DATA CHANNELS POINTS 

2 32 K 

2 

2 

4 

S K 2 

2 

4 32 K 

37 108 K 

43 195 K 

n 44 SB K 

4 4 K 

T e ( t ) , n F e , Z e f f 

T ^ t ) 

1 

2 

9 

198 

Runaway-Created Neut rons , T ^ t ) 12 

Radiated (and C-EX) Power 34 

Impur i ty Spectrum ( t ) 2 

Z e f f ( t ) , H u l i g h t ( t > , n e ( r , t ) 64 

40 K 

32 SC 

102 K 

198 K. 

44 K 

34 K 

64 K 

16 K 

Participates in Feedback Control 

465 99 7 K 
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FIGURE CAPTIONS 

PIG. 1 an artist's impression of TFTR. The main components of the tokamak 

are identified. 

FIG. 2 Plasma currents as a function of time. The small, short pulse of 

the first plasma and the planned 2.5 MA current are also shewn. 

FIG. 3 Dependence of the impurity partial pressures produced during the 

second glow discharge cleaning period (March-AprI1 1933>. 

~IG. 4 The rang<j of operating parameters during current flat-tou for many 

discharge.", both hydrogen and deuterium. The axes are the inverse 

safety factor and the Murakami parameter. 

FIG. 5 The time dependence of a) plasma current, b) loop and surface 

voltage, c) plasma major radius, and d) line integrated density for 

one deuterium discharge. 

FIG. 6 The measured effective vertical field components at the center of 

the vacuum vassal as a function of the frequency of applied voltage 

to the ohmic heatinq coils. 

FIG. 7 Histogram of the number of disruptions in intervals of rate of fall 

of plasma current. Forty disruptions were analyzed. 
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FIG. 8 fin example of a fast disruption. a) Time dependence oE the 

current, and b) time dependence of the plasma position during the 

disruption. 

FIG. 9 Time evolution of the electron temperature measured by the fast 

scanning heterodyne radiometer, a) at the center of the plasma, and 

b) 26 cm from the center. 

FIG. 10 The soft X-ray pulse height analysis spectrum shews impurity K 

lines, with the bremrstrahlung giving a temperature of 1.64 k<jV. 

FIG. 11 The ion temperature as a function of time fna the charge-exchange 

system. One point is shewn corrected for opacity. The i m 

temperature inferred from the neutron flux is also shown. 

H'IG. 12 Time dependence of the neutron flux measured by a moderated He 

proportional counter. 

FIG. 13a) TFTR confinement d.ata superimposed on previously published data 

prepared by the Alcaior Group for ohmically heated plasmas in many 

tokamaks. 

FIG. 13b) The. Uotal energy confinement time as a function of average density 

for well-documented TFTR discharges. The predictions from three 

proposed scaling latfs are also shewn. 
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