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ABSTRACT 

Biackbody electron cyclotron emission was used to ascertain and study the 

evolution and behavior of the electron temperature profile in ohmicaliy heated 

plasmas in the Tokamak Fusion Test Reactor (TFTR). The emission was measured 

with absolutely calibrated millimeter wavelength radiometers. The temperature 

profile normal izect to the central temperature and minor radius is observed to 

Broaden substantially with decreasing llmlter safety factor q a, and Ls 

insensitive to the plasma minor radius. Sawtooth activity was seen in the 

core of most TFTR discharges and appeared to Be associated with a flattening 

of the electron temperature profile within the plasma core where q < l. Two 

types or sawtooth behavior were identified in large TFTR plasmas {minor 

radius, a ;> 0.8 m) : a typically 35 - to msec period "normal" sawtooth, and a 

"compound" sawtooth with 70 - 80 msec period. The compound sawtooth was 

characterized by what appeared to be a partial reconnection, which occurs 3way 

from the plasma core, in addition to a full reconnection. A muitir>ie linear 

regression analysis of the central electron temperature [T Co)] with toroidal 

field (B T), major radius (R), minor radius (a), plasma current (I ) and 
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effective Ion charge (Z e f f> results In a scaling of the form, T efo) a B T
0' 7 8R* 

°-3 1a 1" 1Z e f f
0 , ^ 1 D . where the major radial dependence was obtained by 

comparison with eariier PLT data. This temperature scaling is consistent with 

the TFTR confinement scaling of Efthiraion et al. {!]. 
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1 . INTRODUCTION 

Past studies of tokamak plasmas have shown an improvement of plasma 

confinement with pla3ma size. The present generation of lar>,e tokamaks (TFTR, 

JET, JT60, T15) will determine the extent to which this trend will continue. 

Central to the study of plasma confinement and transport is the measurement of 

the electron temperature profile. We present here a detailed study of the 

temporal evolution of the electron temperature profile of ohmicaiiy heated 

plasmas in the Tokamak Fusion Test Reactor (TFTR). Electron temperature 

profiles ascertained from the electron cyclotron emission have been utilized 

in the initial confinement studies of ohmically heated plasmas in TFTR [1-3]. 

Plasmas were studied in TFTR with minor radii (a) of 0.83. 0.59, C.55, 

0."1 m and major radii (R) in the range of 2.55 - ?.70 m. The largest irinor 

radius plasmas had currents In the range of I c - 0.6 - 2.2 MA with a toroidal 

field (B T) up to U.8 T and a line average density in the range of n e * 0.8 - b 

x lo'^nT3. 

In this paper the electron temperature profile was ascertained sy 

measuring the intensity of the electron cyclotron emission. It is well-known 

that in dense high-temperature plasmas the intensity of the electron cyclotron 

emission for the fundamental Cui * >lce) ordinary mode and second harmonic (u » 

251 c g ) extraordinary mode is at the blackbody level Ct-8]. Since the mas-.netic 

field varies approximately inversely with the major radius in a tokamak, the 

emission frequency is localized in position. Fast frequency scanning 

heterodyne receivers [7,9] allow the sfcudy of electron temperature as a 

function of both time and major radius within a single discharge. Because of 

the longer plasma time scales in the larger tokamaks and the improvements in 

technology which have led to shorter scan times of heterodyne receivers, 

electron cyclotron emission provides excellent time-resolved measurements of 

temperature profiles for detailed study of sawtooth effects. 

http://mas-.net
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A brief description of the TFTR fast scanning cyclotron receivers is 

presented in section 2 or this paper. Included is a discussion of the 

instrumental resolution and the resulting accuracy of measurements. Section 3 

presents electron temperature profile data which includes a summary of the 

evolution of the profile during a plasma discharge and the dependence of the 

temperature profile on the iimiter safety factor Cq a), n g and a. A comparison 

of the electron temperature profile measured with the radiometer and TV 

Thomson scattering is also shown. Profile evolution during electron 

temperature sawtooth fluctuations and its implications for the shape of the 

current density profile are discussed in section t. Then we investigate the 

scaling of the central electron temperature in section 5 and compare the data 

from TFTR and earlier data from PLT with the semi-empirical central 

temperature scalings of Perkins [10] and Tang et_ al. rill. We also discuss 

its implications for confinement time scaling. Conclusions and future plans 

are stated in section 6. Many of the features of the electron temperati-re 

profile of ohmicaliy heated plasmas in TFTR have been observed in other 

tokjmaks. However, the central temperature scaling and the electron 

temperature profile evolution in compound sawtooth ohmic discharges have no* 

been reported in the literature. 

2. EXPERIMENTAL ARRANGEMENT 

A simplified schematic of the TFTR cyclotron radiometers is showr. in 

Fig. 1. The instruments were absolutely calibrated, in r:ltu, using a Dicke 

[12] switching integration technique to an accuracy of better than 102 i.ij'. 

with room temperature and liquid nitrogen cooled blackbody sources. Details 

of the receivers have been discussed elsewhere [9]. The transmission system 

between TFTR and the receivers was designed to operate between 75 GHz and 
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210 GHz. This spectral range required three scanning millimeter wavelength 

receivers, each covering a different region of the transmission system 

bandwidth. Power splitters direct cyclotron radiation to each of the 

receivers which are located in the diagnostic basement under TFTR. The 

receivers can be independently swept through their full operational frequency 

range in 2 msec every H msec- This capability allows an electron temperature 

profile to be determined every *l msec. The receivers can also be individualty 

tuned remotely to dwell at one frequency to allow the study of fast 

temperature fluctuations at one plasma position with a '-line resolution of less 

than 100 psec. The major radial resolution (3 " 5 cm) of the receivers is 

determined by their l dwidths and is somewhat larger than the thickness of 

the cyclotron resonance layer. The spatial resolution in the toroidal and 

vertical directions at 75 GHz is limited to 15 - 20 cm at the center of the 

TFTR vacuum vessel by diffraction from optical components in the transmission 

system. At 170 GHz, diffraction is significantly less, and the spatial 

resolution is better than 10 cm. Plasma refraction effects are negligible 

conpared to the optical resolution limits at the line average electron 

densities n e < 5 x lO^m -^ studied here. 

The measurements presented in sections 3~5 were made with only two 

receivers, operating at 75-110 GHz and 110-170 GHz respectively with toroidal 

fields (B T) up to 4.8 T. The cyclotron emission was measured at both the 

fundamental (u> = Slc J ordinary mode, and second harmonic tu •» 2(ice) 

extraordinary mode. The emission intensity I received by the radicrceter 

antenna is given by 

I = KT if (1-e-T) , (1 ) 
OJ e 

where if is the bandwidth of the receiver, T is the optical depth, and < is 

Boltzmann's constant [83. In a plasma with a Maxwellian electron velocity 



distribution (i.e. when runaway electrons are insignificant), T 2 2 is 

sufficient to produce a blackbody emission intensity level, and the electron 

temperature is the only plasma parameter that determines the emission 

intensity. For the second harmonic extraordinary mode, the optical depth is 

given by 

„ X f6 n

 2-* 0 
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I ce pe I ce 
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where S » ' r—, u>„e is the electron plasma frequency, ?.„ is the 

Electron cyclotron frequency, m is the electron mass, and c is the velocity of 

Light. For the first harmonic ordinary mode, the optical depth is 
2 

or ce o 
ce 

T o r(u - n c e) ^ 7 and T e x(u » 2fl0e) > 20 in the center of a TFTR discharge with 

B T - 2.7T. T e 0 = 2 KeV and n e = 3 x 10 ! 9m" 3. 

Since Si depends on B, an accurate determination of B(R) is required to 

obtain good radial profiles of T . At a minor radial position r and for small 

(r/R) the magnitude of the total field variation SB from the 1/R dependent 

toroidal field B 0 is giv^n by [11] 

£§ . !L • y b 2 in) 8 B '2 D 0 ' l ' o o 

where b g(r) is the normalized poioidal field defined by 

u 
V r ) = T $<r">r'<ir''> -5) 
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j(r) is the current density, and u 0 is the permeability of free space. Here 

B(r) is the paramagnetic contribution given by 

B̂ dr" 2\— TTf T~ ' ( 6 ) 

where 8. is the normalized perpendicular plasma pressure. The local poioldal 

component of the magnetic field and plasma paramagnetic effects contributed to 

a 1 - i»J variation in the total magnetic field from an inverse major radial 

dependence. For the data presented here, both these effects resulted in a 

total variation of 0.03 to 0.1 m in the position measurements deduced from a 

simple inverse, major radial field dependence (i.e., in the mapping of the 

emission frequency to the major radial position). These effects were included 

in all the figures except for Fig. 3. 

3. ELECTRON TEMPERATURE PROFILE BEHAVIOR 

The evolution of plasma current (I D), line integral density 'n It), and 

the surface voltage (Vg) in a TFTR discharge with 0.83 m minor radius, a 

plasma current of 1.4 MA, and a toroidal field of 2.7 T is shown in Fig. 2. 

I. rises to a constant value of 1.1 MA In approximately 1.7 seconds. V s fails 

throughout the current flattop, and n eI reaches a steady value of 5 x I01'm~^ 

at the beginning of the current flattop. The electron temperature profile 

[Te(R)] evolution for this discharge is summarized in Fig. 3. In this figure 

the major radial position does not include poloidal field and paramagnetic 

effects in the frequency to position mapping. During the first second of the 

pulse Te(R) becomes increasingly peaked, with a maximum central temperature 

over 2 keV. The profile then broadens; the central temperature falls rapidly 

to 1 .7 keU and it remains at this level until the end of the current 
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flattop. As the profile broadens, temperature sawtooth fluctuations appear in 

the center of the plasma. Sawteeth will be discussed in more detail In 

Section H. The profiles shown in Fig. 3 and the other figures discussed In 

this section were averaged over 100 msec to remove fluctuations in the profile 

due to sawteeth. Figure 4 illustrates the agreement between the radiometer 

profiles and the corresponding ones obtained from a multichannel TV Thomson 

scattering system [15] at the same time during the flattop of a l.*i MA 

discharge. This agreement was obtained only after the radiometer profiles 

were analyzed with paramagnetic and poloidai field effects Included in the 

mapping of the emission frequency to the major radial position. 

Temperature profile broadening during the current flattop was found to be 

more significant for discharges with lower llmiter safety factors (q a), as 

illustrated in Fig. 5. These temperature profiles are for discharges with 

different currents from 800 kA to 1.5 MA at B T » 2.7 T corresponding to a 

change in q a from i|.7 to 2.5. These discharges had line average electron 
— 1 Q —^ 

densities, n e = 2.1 - 2.3 x 10 'm J. The arrows In this figure indicate the 

position of the q = 1 surface for each profile. The radius of the q = \ 

surface increased with decreasing q a, while the central temperature remained 

relatively constant. The temperature within 15 om of the limiter increased 

significant!/ with decreasing q a. This increased edge temperature correlated 

with an increase in the metallic impurity content, of the plasma, measured by 

an x-ray pui3e height analyzer [1]. The profile shapes appear to depend on q a 

in agreement with the principle of profile consistency [16,1?]; this 

essentially implies that the ratio of the central electron temperature to the 

average temperature is only a function of q a. In addition the central 

temperature decreased with increasing n . This density dependence, 

illustrated in Fig. 6 for q a » 3, and 0.83 m minor radius plasmas is 
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associated with an inverse dependence of Z e f. f on n g [2], as will be ; nown in 

section 5. 

Fig. 7 summarizes the behavior of the temperature profile for plasmas 

with q a = 3 and minor radii of a » 0.55m, 0,69 m and 0.83m, and n e in the 

range 2.3 - 2.6 x lO^m'^. The profile shape appears to be independent of the 

plasma minor radius and is determined by q g. Indeed, from Fig. 5 and 7, rj/a 

- l/qa, where r. is the minor radius of the q = 1 surface. Experimentally we 

observe a significant temperature gradient outside the sawtooth inversion 

surface. This appears to be a region of low thermal conductivity dnd 

effective thermal confinement, while ins'.de the sawtooth inversion surface is 

a region of effective thermal conductivity. 

1. ELECTRON TEMPERATURE SAWTOOTH FLUCTUATIONS 

For almost all of the a J 0.8 m TFTR discharges the time evolution of the 

central electron temperature shows well-defined, large amplitude sawtooth 

fiuctuations [18-20]. Figure 8 shows the evolution of the central temperature 

for the q a = 3 discharge shown in Figs. 2 and 3- The filled circles show the 

central electron temperature measurements from an X-ray puise height analyzer 

with an averaging time of 100 msec Cl]. The maximum central electron 

temperature is attained at 1 s. Simultaneous with tne fan of the electron 

temperature at this time is the development of 30 - 10 msec period sawtooth 

fluctuations. Later in the discharge the central temperature exhibits 

sawteeth with almost twice the amplitude and period of the Initial sawteeth. 

These latter sawteeth will be referred to as "compound" sawteeth and the 

former short period fluctuations as "normal" sawteeth. 

The evolution of the temperature profile during compound sawteeth in the 

current flattop region of a q a = 3 discharge is shown in Fig. 9. These 
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sawteeth dominate the plasma core within 0,35 m of the magnetic axis which is 

located at 2.6 m major radius. Inverted sawteeth can be readily observed out 

to 0.7 m from the magnetic axis, which is only 0.1 - 0.15 m from the llmiter. 

The profile evolution is different for normal and compound sawteeth. 

Examples of each of these are shown in Figures 10 and 11, respectively. 

During the rise of a normal sawtooth the profile grows slightly peaked, and 

when the sawtooth relaxes, the profile appears to become hollowed. However, 

the accuracy of our measurements (+ 10$) are insufficient to discount it from 

being fiat. During the ramp-up of compound sawteeth, an exchange of hotter 

core plasma with plasma further from the plasma axis occurs as illustrated by 

profiles A and B in Fig. 11. This exchange occurs, 0,? - O.t tn from the axis 

of the plasma, so that the central temperature continues to increase. 

Eventually the profile {Profile C) becomes more peaked than in the case of 

normal sawteeth and subsequently relaxes (Profile D) to a hollow profile this 

relaxation includes plasma across the whole of the core region. 

The observed evolution of the temperature profile during compound 

sawteeth is consistent with the existence or a hollow current cen/ity prcfiLe 

with two q * 1 surfaces [21,22]. During the current flattop the sawtooth 

behavior often makes several transitions between normal and compound activity. 

Discharges with the same n g and q, exhibit varying degrees of this compound 

activity, although compound sawteeth are more commonly seen at lower values of 

q a [23], It is possible that the current density profile is therefore also 

hollow during the normal sawtooth, but that the hollowness is insufficient to 

produce conditions necessary for the partial reconnection to occur. This 

transition has been considered in more detaii by Par-ail and Pereverzev [24]. 

Discharges dominated by compound sawteetii appeared to have essentially 

the same global energy confinement as those containing predominantly normal 



11 

sawteeth. In both cases the presence of the sawteeth may br- associated with 

the flattening of the time averaged T g(R) profiles in the plasma core in low 

q a discharges. The minor radial mixing which occurs at the onset of sawtooth 

activity Gould result in a significant reduction in the peak electron 

temperature which can be obtained during the current flattop. The sawtooth 

fluctuation period ( T S ) was compared to the growth time of the m =• l resistive 

tearing mode. In particular we compared T, to the analytical prediction or 

McCuire and Robinson [25], namely, 

t . ? T 3/7T 2/7. 2/1 m 

7 '/ 

where T R = r^/n is the resistive diffusion time, t A = Rp V B T is the Aifven 

transit time, x. = 3nT 6/2nj - is the heating time, p is the mass density, n is 

the resistivity, j is the central current density, and r, is the sawtooth 

inversion radius. The McGuire-Robinson model assumes that the resistive mode 

heating is terminated when the in = 1 Island grows to r, and it does not 

include cJiaroagnetic drift effects. We found that the compound sawteeth agreed 

weu with thi3 scaling, but that the normal sawteeth seen in large TFTR 

plasmas did not. Yamada e_t_ al. [26] have come to a sinsiiar conclusion after 

analyzing data from an X-ray imaging system for a large number of TFTH 

discharges, including plasmas with 0.H1 m £ a £ 0.83 m. In addition, they 

find that the period of sawteeth seen in smaller TFTR discharges, a < 0.6 i, 

also agrees with the McGuire and Robinson scaling. 

5. CENTRAL ELECTRON TEMPERATURE SCALING 

In the light of studies [27] which propose a fusion reactor scenario 

where the plasma is brought to ignition primarily by ohmic heating, the 
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central temperature scaling in ohmic plasmas takes on a new significance. 

Perkins [10] and Tang et al. [11] have recently developed semi-empirical 

models which are Baaed on the observation that there is effective thermal 

confinement in the 1 £ q £ 2 region of the plasma profile. They assume that 

heat transport in this region is driven by a drift wave mechanism and that the 

radial dependence of T e is determined by profile consistency [16]. Perkins 

model constrains the electron temperature profile to zero at the q = 2 surface 

and the electron density profile is assumed to be a gaussian. In contrast 

Tang et_ ai. assume a gaussian temperature profile in which r^/a = 1/q and 3 

parabolic density profile. The formalism of the two heat transport models 

also differs in that Perkins takes a somewhat heuristic approach in which the 

drift wave growth rate is governed by a dJaroagnetic drift frequency which is 

sensitive to density gradients where as Tang _et_ al. use a self-consistent 

theory where the drift wave growth rate is sensitive to density and 

temperature gradients. Both these models fiave beei used to aerive t^e 

effective thermal diffusivity due tc drift wave turbulence and through the 

heat balance equation, 

, , d T (r) 
r - 5 F C V " e ^ ' - a r = P0H ' ( 8 ) 

where P Q H is the ohmic input powar, a parametric dependence for T e(o) has been 

derived. Both these models assume transport due to radiation, convection and 

charge exchange is insignificant in the 1 <. q < 2 region. The T e(o) scaling 

of Tang et_ al. [11] is 
T e(o) - B T0.5 H0.1 Z e f f0.3 I p0.2 i ( r ) ) 

and Perkins [10] is 

T e(o) - B T
0-V°- 2a C- 6 6Z e f f°-33 I p-0.12 ,,„) 
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Both models predict a strong dependence of T e(o) on B T and a somewhat 
weaker dependence on Z e r f . They also predict that T g(o) is independent of n e 

at fixed Z f.ft Data presented in Section 3 showed that Te(o) decreased with 
increasing n e in TFTR but further study of this dependence indicates that this 
is the result of the density dependence of 2 eff. In fig. 12 we illustrate 
this interpretation for two density scans taken at I p = 1.8 MA, B T - IT. One 
density scan was taken 5 weeks after the other so that although the scans were 
over a similar density range the Z e f f was lower at fixed density for the later 
scan, die to TFTR having beecne somewhat cleaner. Fig. 12(a) shows the Z g f f 

from visible bremsatrahlung as a function of fie for the two scans and fig. 
12(b) shows T e ( o ) / Z e f f

0 , 5 plotted against n e. ir T e(o) is independent of n e 

and dependent on Z g f f *J we would expect the data from the two density scans 
to fall on the same horizontal line in fig. 12(b) which indeed they do. 

To determine a T e(o) scaling for TFTR, a multiple Linear regression 
analysis was applied to the TFTR data set and to data obtained from PLT. In 
order to determine the T g(o) dependence on 6 T, a, Z e f {., and I a TFTR dataset 
was used with deuterium, hydrogen and helium discharges having 1.8 < B T £ ".8 

T, 0.U1 £ a £ 0.83m, neoclassical Z e f f between 1.6 and 5.2, and 0.27 < I D < 
2.2 MA. Data from a scanning Michelson interferometer [28] was used to obtain 
temperature data for the TFTR a » 0.41 m discharges. The R dependence was 

found by including deuterium and hydrogen PLT data where R * 1.32 m, a = 
0.1 m, and B^ = 3.2 T. Essentially the data from over 200 plasma discharges 
were used in the regression analysis. The PLT data includes neon discharges 
with Z e f f - 8 [291. A T e(o) empirical scaling of the form: 
_, , , „ 0.78 * 0.07D-0.31 * 0.06 1.1 + 0.1 , 0.U5 • 0.05T -0.?« + 0.06 T (e>) " B - R - a Z I e T err p 

(11) 
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v'ss found. n e was not included ss an independent variable in regression since 

we found T efo) to be independent of fie at fixed Z e f. f. Figure 13 is a plot of 

the central temperature against the empirical scaling. The TFTR data includes 

B T =• 2.7 T (squares), 4 T (3tars), J).8 T (diamonds) deuterium, hydrogen and 

helium discharges with .5 < a < .83 m. Also plotted are TFTR a = 0.41 m 

deuterium discharges (triangles) where the central temperature was obtained 

using a scanning Michelson interferometer [28]. The PLT hydrogen and 

ceuteriuro discharges (shown by crosses) Include both carbon and stainless 

steel iiraiters. The datasets do not include shots where confinement seemed to 

saturate with density and where ion transport was dominant according to power 

balance calculations. The neoclassical value was '-iseci for Zef.f in this 

study. On TFTR the impurity Z gf f measurements tend to Lie between the 

estimates obtained from the Spitzer and neoclassical resistivity models. A 

regression on TFTR data where visible bremsstrahiung data was avai .able 

yielded a similar dependence of Zefr as that obtained when asing the 

neoclassical Z e f f . The TFTR temperature scaling is significantly different to 

that obtained by Pfeiffer and Waltz [30], however, earlier work by Cond.iaiekar 

et al. [31] on Alcator shows a strong toroidal field dependence similar to 

that seen on TFTR. 

Adopting the technique in Perkins [10] and Tang et al. [11], the central 

electron temperature can be related to the total energy confinement through 

the energy balance equation for ohmic heating. Assuming the electron density 

profile is paraboll'; and the electron temperature profile is gaussian in shape 

and obeys profile consistency, then 

2 r2 

T£(r) - TaCo)exp( - | c^ ̂  ) (13) 
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where a * (q_ • 0.5). Assuming T e * Tj and that the plasma has an atomic 

number Z = 1 and a generic impurity with Z « 10 the ion number density n £ =• 

ne(1.l - 0,1 Z epf). Therefore, the confinement time, T E is given by: 
.a 

R(2.1 - 0.1 Z e f f ) / n e(r) T e(r) rdr 

R J nJ(r)" rdr 

where j(o) « B T
2 / R 2 and n « Z e f r ' T e

2 ' 2 . 

After integration, (13) becomes: 

f 13) 

Zeff B T 
O") 

Note that the confinement time in (I1*) is a very strong function of the 

central temperature ar.d any uncertainties in the parametric dependence of 

T e(o) will greatly increase the uncertainties in T E . However, the relation in 

(11) has some interesting implications; since T_(o) from the regression 

analysis is insensitive to density, it follows from substitution of (11) in 

(11) that the confinement time increases linearly with n . Similarly one 

would conclude that Tp is insensitive to Z e f f and that the confinement is H 

strong function of both minor and major radius. 

Indeed it Is also possible to determine a temperature scaling from (in) 

•by substituting the TFTR confinement scaling of Efthimion ev al. [1], namely: 

(15) 
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This leads to a T e(o) parametric dependence of the form: 

T.(o, - B'-°»„-0-».°-" (2.1
2!f

0
f,1 Z J \ - ° - 2 * • 

This expression is v«ry simiLar to the dependence obtained in M l ) . 

6. CONCLUSIONS AND FUTURE WORK 

Fast scanning cyclotron radiometers operating between 75 and 170 GHz, and 

absolutely calibrated in situ, have been used successfully to study the time 

evolution of the electron temperature profiles in TFTR ohmic discharges in 

sufficient detail to study the temperature sawtooth in the plasma core. S~ch 

measurements are essential for plasma confinement and transport studies 

[1,2]. T e(R) is observed to broaden with decreasing q a, and the normalized 

profile shape is found to be insensitive to variations in minor radius. These 

observations support the principle of profile consistency [16,17]. Compound 

sawteeth which involve a partial reconnection away from ths plasma core as 

well as a full reconnection are often seen in TFTR discharges. Their 

temperature profile behavior is consistent with the existence of two q = i 

surfaces and a significant hollowing of the current density profile [21,22]. 

A regression analysis of T e(o) yields an empirical dependence of the form: 

Te(oJ - B T0-78 R-O-31 a1.1 Z e f fO.'«5 I p-.2U t 

and when the Zepp dependence is removed T g<o) is found to i>e independent of 

fie. The central temperature sealing appears to be consistent with the TFTR 

confinement scaling [ll. 

Recently, experiments on TFTR have been extended to B T = 5.2T and plasma 

currents of up to 2.5 MA. The addition of a 170-210 GHz radiometer win aLlow 

a study of temperature scaling at B̂ . i 5 T and currents > 3.0 HA. 
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FIGURES 

. Schematic of the TFTR heterodyne microwave radiometers. The radiometers 

were used to measure the fundamental ordinary mode and extraordinary mode 

second harmonic cyclotron emission on the horizontal :Tiidplane of the TFTR 

plasma. 

2, Evolution of a 1.1 MA TFTR discharge with a minor radius of O.83 m and an 

axial toroidal field of 2.7T. Surface voltage continues to fsi! durlr»3 

the current flattop. 

3. Electron temperature profile evolution during the discharge shown in Fig. 

?.. At approximately one second into the discharge, temperature sawteeth 

break out at the center of the discharge and the proi'iie broadens. 

Profiles were averaged for 10C msec to remove fluctuations on the profile 

Ju° to the sawteeth. 

1. Comparison of radiometer profile (solid curve) with laser Thomson 

scattering data (filled circles) during the current flattop of the sane 

1.») MA TFTR discharge. 

5. Broadening of the electron temperature profile with plasma current for B-j-

- 2.7 T and n - 2.1 - 2,3 x lo'^m'^. The q = 1 surface {indicated i>y 

arrows) grows as q is decreased from 1,7 to 2.5 white the temperature 

near the magnetic axis of the discharge remains very nearly constant. 

6. Electron temperature profile dependence on n e for I = i.?. MA, 

Bj = 2.7 T and a - 0.8} m. Profile shape is insensitive to variation of 
n g. Profiles were averaged over TOO msec. 

7. The electron temperature profile is shown for three plasmas with rrincr 

radii of O.83, 0.69 and 0.55m. The arrows indicate the q = 1 surface. 

Profiles were averaged over 100 msec. The temperature normalized to the 

central temperature is independent of minor radius. 
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3. Time history of the central electron temperature for an I « I.J) MA, a = 

0.33 m and n e = 3 x I0 , 9m"^ discharge. The filled circles are data 

determined from x-ray bremsstrahlung measured by a pulse height 

analyzer. The central electron temperature exhibits compound sawteeth at 

2 to 3 seconds into the discharge. 

9. Profile evolution during compound sawteeth in an I = l.u KA, a = 0.83 m, 

2.7T plasma. The sudden collapse in central electron temperature is 

accompanied by a rise in temperature near the edge of the plasma. 

10. The tine history of a normal sawtooth fluctuation in the center of an I_ 

= 1 .« MA, 5- = 2.7 T, a = O.83 m plasma is shown in the -.pper fi^jre. 

The lower figure shows an overlay of electron tempe."ature profiles at 

times before and after a full reconnectlon. 

11. The time history of a compound sawtooth fluctuation in the center of a 

I = 1.1 HA, B-v = 2.7 T, a - O.83 m plasma is shown ir. the upper 

figure. The two lower figures Illustrate the change Ln temperature 

profile that occurs at a f ui 1 reconnection (C and D) and 3 -rr.v.or 

reconnection (A and B) away from the plasma axis. 

12. (a) Visible bremsstrahlung Z e f f. plotted against n~e for two density scans 

with I = 1 .8 MA, Bj = *).0T. The scans were taken on two days separated 

by six weeks so that the TFTR plasma had become ciecner for the later 

scan. 

(ft) Teo''2eff plotted against n e for the same density scans. When 
Zeff dependence is removed the central temperature is independent of 

density for both density scans. 
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Central electron temperature plotted against the power scaling 

B T°- 7 aH"°* 3 1a 1• 1Z e f r
0 ," 5I ~°'2n derived from regression of TFTR and PLT 

data. The TFTR data include B T - 2.7 T (squares), 1 T (stars), 1.$ ~ 

(diamonds) deuterium, hydrogen and helium discharges with 0.5 < a < 

0.83 in. Also plotted are TFTR a = 0.̂ 1 m deuterium discharges 

(triangles) where the central temperature was obtained from an absolutely 

calibrated Kiehelson Interferometer [28], The PLT data include hydrogen 

and deuterium discharges with both carbon and stainless steel Limiters 

(crosses). 
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