
PPPL-2114 
UC20-A,T UC20-A.F 

is, 

5 ^ 0 3 ? 7 - £ PPPL-2114 

• -;.r;or-ss OF THIS K ^ J - U ; .• M-. it'-EGigiE. it 
."-' rafiTflproduced from the host available 
•ay to permit tin bmadatt posiibla avail-

MAJOR RESULTS OF THE ELECTRON CYCLOTRON HEATING EXPERIMENT 
IN THE PDX TOKAMAK 

By 
PPPL—2114 
DEC4 0170G6 

H. Hsuan, K, Bol, N. Bowen, D. Boyd, A. Cavallo, 
A. Dimits, J. Doane, G. EJLder, M. Goldman, B. Grek, 

C. Hoot, D. Johnson, A-. Kritz, B. LeBlanc, 
P. Manintveld, R. Polman, S. Sesnlc, H. Takahashi, 

and F, Tenney 

% ^ 

JULY 1984 

PLASMA 
PHYSICS 

LABORATORY 

PRINCETON UNIVERSITY 
PRINCETON, NEW JERSEY 

JOR TBI U.S. DBJUOMBMC OT H D C T , 
COJOTWCI D»-AC02-76-CaO-3073. 

oisTUffliffl 
fiFTOSDOcueTisiimianta 



MAJOR RESULTS OF THE ELECTRON CYCLOTRON HEATING EXPERIMENT 
IN THE PDX TOXAMAK 

H. Hsuan. K. Bol, N. Bowen, D. Boyd, A Cavallo, A. Dimits, J. Doane, 
G. Elder, H. Goldman, B. Grek,] C. Hoot, D. Johnaori", A. Kritr,,'1" 

B. LeBlanc, P. Manintveld,++ R. Polman,++ S. Sesnic, H. Takahashi, 
and F. Tenney 

Princeton Plasma Physics Laboratory, Princeton University, 
Princeton, NJ 08544 USA 

Abstract 

Electron Cyclotron Heating (ECH) experiments on PDX have been carried 

out with two 60 GHz pulsed gyrotrons each yielding up to approximately 100 

kW. Thu E_H system used two waveguide runs each about 30 meters long. One 

run included 5 bends and the other, 7 bends. Predetermined waveguide modes 

were transmitted. The electron cyclotron waves were launched in narrow beami 

from both the high field and the low field sides of the plasma torus. 

The major new physics results are (1) efficient central electron heating 

for both ohmic and neutral beam heated target plasmas; (2) alteration of MHD 

behavior using ECH; (3) identification of the trapped electron population with 

ECH; and (4) signature of velocity-space time evolution during ECH. In the 

best heating results obtained, Thomson scattering data indicated a central 

temperature increase from < "1.5 keV to > 2.5 keV. This occurred with an 

average density of about 10 cm and approximately 80 kW outside-l^unch 

ordinary-mode heating. 
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I. Introduction 

The unique properties of electron cyclotron heating (ECU) — almost 

optical propagation of the waves, localized absorption of wave power, direct 

electron heating, and the possibility of selective interaction in velocity 

space — make ECH attractive for a number of objectives in tokamaks. These 

objectives include providing bulk heating in order to eventually achieve 

ignition in a fusion reactor; depositing the wave momentum that is required in 

starting and maintaining a current in a tokamak; controlling the temperature, 

pressure and current profiles that may be required to stabilize the plasma, 

and to improve tokamak confinement; acting to mutually enhance and to 

reinforce other heating schemes. Practical applications have been restricted, 

however, by the slow development of suitable power sources and by other 

technological issues. With the high-power gyrotrons developed by many 

laboratories around the world /1,2,3/ ECH has become a maturing contender to 

provide major heating of tokamak reactors. Therefore, the task of 

investigating ECH becomes urgent. 

ECH has been successfully used to establish ani to confine plasma in the 

ELMO bumpy torus /4/. In tokamaks ECH has also become increasingly important 

since the initial experiment in TM-3 /5/. A number of ECH results and their 

interpretation is the subject of a recent rfiew article /6/. During the past 

few years, ECH has been demonstrated rather successfully by experiments in T-

10 n/> in Doublet III /&/, in Wendelstein VIIR /9/, in Heliotron E /10/, and 

in PDX /11/i In these experiments there were significant increases in 

electron temperatures without degradation of confinement. 

In this article, our recent ECH experiments on PDX will be discussed in 

detail. Section II contains a general description of the ECH system and the 

experimental operating conditions. Section III concentrates on the heating 
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results when ECH is applied at the central region and includes some rasults on 

the identification of trapped electrons. Section IV discusses the HHD 

interaction with ECH. Section V includes various additional results such as 

plasma production with ECH alone, wave spectra during ECH, and some studies of 

time evolution of electron distributions in velocity space. In Section VI 

conclusions are presented. 

II, Special Features of the ECH System and the PDX-ECH Operation 

Our electron cycltron heating system was built in order to develop an 

understanding of the ECH physics and engineering relevant to a reactor 

application. We included several new features in the transmission system and 

applied some special diagnostic techniques. In addition, the PDX tokamak /12/ 

was instrumented with a vast array of diagnostics for determining plasma 

parameters. As a result, we had the potential for making various detailed 

measurements regarding ECH. However, because of the shortage in opera-ing 

time, the ECH experiments on PDX must be viewed ar. illustrative rather than 

definitive. We are in need of more data in order to complete an ECH data 

base. At Princeton, additional data will be obtained by reconnecting the 

existing ECH system onto the PLT tokamak. 

The PDX-ECH experiment utilizes two Varian pulse-type gyrotrons (60 GHz, 

200 kW, 100 msec). The power supply and modulator system /13/ is capable of 

supplying 50 A at 100 kv for 0.5 sec and was designed to provide power for up 

to si., gyrotrons. A block diagram of the power supply and modulator system is 

shown in Fig. 1. Currently, this system is also being shared with a 2.45 GHz 

lower hybrid heating system now installed on PLT. 

Waveguide components were designed and constructed specifically for 

transmitting power from the gyrotrons to the tokamak through a distance of 

over a hundred feet. One transmission system included five bends and the 
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other seven bends. Each transmission system /14/ consists of many single-mode 

components and mode converters as detailed in TABLE I. The purpose of this 

transmission system (Fig. 2) is to utilize the gaussian antenna pattern of the 

HE11 mode for the production of a pencil beam. The HE11 mode al&o allows 90° 

corrugated bends over a distance of about 1 meter with a loss of less than 0.1 

db per bend. This type of corrugated bend was necessary to meet the tight 

space requirements close to the PDX machine. The power transmitted into the 

PDX vacuum vessel was about 70-85* of that at the gyrotxon window. 

Two ECH launchers, one from the larger major radius side (or the 

out-ide) and the other from the smaller major radius side (or the inside), are 

shown schematically in Fig. 3. The outside launcher was placed in the, mid-

plane, at 1" from the perpendicular direction to the toroidal magnetic 

field. The inside launcher consisted of a reentrant circular guide with a 

window as far inside as possible, a curved focal mirror, and a flat mirror. 

This system projected the ECH ray in a direction that made an angle of about 

40° with respect to the toroidal magnetic field and about 45" with respect to 

the horizontal plane. 

The outside launcher was aimed at a "washboard" reflector /l 5/ on the 

inside wall. The reflector, 15 cm across and 20 cm high, converted the 

polorization of the incoming wave electric field from that of the ordinary 

mode into that of the extraordinary mode. This reflector was also 

instrumented with nine channels of waveguide receivers to monitor the 

transmitted power. One of these monitoring channels was connected to a 

heterodyne system with a 57 GHz Gun local oscillator and a 58 GHz high pass 

filter to display both the upper and the lower sidebands of the gyrotron 

signal which was centered on 59.6 GHz. 

During the PM-ECH experiments, emphasis wa3 given to reliable and 
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reproducible operation of the gyrotrona as well as of the transmission 

aystem. Typical operating conditions were 100 kw, 40 msec from the qyrotron 

supplying the outside launcher, and 40 kw, 40 msec from the other qyrotron. 

Altogether there were about 250 discharges with ECH power into PDX. Data from 

the outside ordinary mode launcher are much more extensive than from the 

inside launcher. 

The PDX tokamak was typically operated with two inside divertors, as 

shown in Pig. 3. The major radius of the plasma was normally 135 cm and the 

minor radius about 40 cm. Most of the results were obtained with the toroidal 

magnetic field centered at 21.3 kG. Due to technical difficulties, the plasma 

current was limited to leas than 300 kA, which corresponds to a central q of 

about 1.5. The value of Z .- ranged from 1.3 to 3 (including plasma 

conditions right after a vacuum opening). Line average density before ECH was 
1 3 — 3 varied from 0.15 to 2.5 x 10 cm The central electron temperature in the 

ohmic heating phase ranged from 1 keV to 1.5 keV. Both ohmic and neutral beam 

heated target plasmas were used. 

Among the array of diagnostics on PDX those especially useful for the ECH 

experiments were the 56-channel Thomson scattering (TVTS) system /16/, the 10-

channel electron cyclotron emission 'ECE) grating polychromator radiometer 

/17/, and the 5 channel X-ray pulse height analysis (PHA) system /18/. TVTS 

and ECE measured the horizontal (or major-radial) profile of the electron 

temperature, while the PHA measured chordal averages of the vertical electron 

temperature profile. 

III. Central Heating and Identification of the Electron Trapped population 

A major advantage of ECH is the localized electron heating, with its 

location controlled mainly by the toroidal field. Various experiments /7-11/ 

have demonstrated rather conclusively the bulk heating nature of ECH. In the 
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PDX tokamak the concentration of the ECH power (10° at 10 db full width) and 

the existence of appropriate diagnostics made it possible to examine the 

heating profiles in detail. When the electron cyclotron resonance layer is 

placed at the plasma center, we find a rather peaked electron temperature 

profile for medium and high density plasma3 as well as a clear indication of a 

trapped electron population on the larger major radius side of the resonance 

zone at lower density. We observe this central electron heating behavior in 

neutral-beam heated target plasmas as well as in ohmically heated ones. 

Density depletion /19/ is typically observed for both inside and outside 

launchers. However, the percentage decrease in line average density becomes 

insignificant as the average density increases. 

Most central heating data (~ 200 shots) was obtained with SO kw of 0-

mode launched from the outside. Three regions of heating can be identified: 

at high densities (central density above 2 x 10 cm ), AT is roughly 

inversely proportional to central density; at intermediate densities (central 

density between 0.7 x 10 to 2 x 10 c m - 3 ) , AT is roughly constant at 1 

keV for 80 kH of O-raode heating; and at the low densities, the central peak is 

less, but with a development of a second asymmetric peak in profiles of 

density and temperature on the larger major-radius side. Qualitatively, the 

existence of three different regions is consistent with a simple 

interpretation as follows. At medium densities, where the single-pass 

absorption of ECH power is almost constant at above the 80% level, the central 

energy confinement time improves in proportion to density; at the low 

densities the single-pass absorption becomes smaller than 50%; at higher 

densities the concentration of ECH power in a small volume becomes difficult 

because of refraction and the resultant divergence of wave energy. In the 

following paragraphs, data in the different density regions will be presented 
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and di3cussed in more detail. 
13 13 — 

In the intermediate density region (n from 0.7 x 10 to 2 x 10 cm 

), a well-defined peak can be observed in the electron temperature profile, 

as shown by Thomson scattering, and the density depletion is determined to be 

in the central regior. (Figs. 4 and 5). The observed increase in peak central 

temperature ranges from 1 keV to 1.5 keV, The time evolution of the relevant 

plasma parameters is shown in Fig. 6 for the discharge from which Fig. 5 is 

obtained. The ECE and the X-ray PHA electron temperature measurements are 

shown in Fig. 7. The Thomson scattering data for this discharge and similar 

ones ^t different times during and after the ECH pulse are shown in Fig, 8. 

It is seen that the central temperature increase lasts longer than the typical 

average electron energy confinenent time/ which is abo"t 10 rouec for the 

ohmically heated target plasma. This is consistent with the understanding 

that the central region of a tokamak discharge usually establishes better 

energy confinement than the total plasma. ECH should provide us with a tool 

to study the central energy confinement time. However, due to the limitation 

of operating time for the ECH experiment, this point was not scrutinized in 

detail. 

In the region of very low densities, the single-pass absorption of the 

0-mode wave is substantially reduced so that a large amount of the power 

reaches the reflector plate and is converted by it into the X-mode wave. This 

reflected wave reaches the absorption layer with a broadened antenna 

pattern. The X-raode wave interacts strongly with the electrons at these low 

densities and provides fast electron heating in the direction perpendicular to 

the magnetic field, thereby creating a class of collisionless trapped 

electrons. Thus, it is conceivable that passing electrons are efficiently 

converted into trapped ones on some of the magnetic surfaces that intersect 
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the vertical electron cyclotron resonance layer. As a result, an anisotropic 

population of electrons in configuration space as well as in velocity apace 

can be created within any magnetic surface so affected• A TORAY /20/ 

computation of the single-pass absorption was carried out for an O-raode 

outside launch under typical PDX operating conditions. It is found that when 
13 -3 13 -3 

the central density is dropped from 1 x 10 cm to 0.5 x 10 cm , the 

single-pass absorption drops from 80% to less than 50%. The observed TVTS 

data of ECH results show a conversion from a typical central peaked profile of 

electron temperature into an asymmetric profile. Figure 9 illustrates such a 

result. It should be stressed that in this experiment only the! outside 

launcher was used and the resonance layer was placed at the plasma center. 

Furthermore, the asymmetric peaks are ohserved in the profiles of both 

electron temperature and electron density. This is strongly indicative of the 

existence of additional trapped electrons after ECH. Results with the inside 

launcher [operating together with the outside one] for similarly low densities 

demonstrate even greater asymmetry. 

For densities approaching the O-mode cutoff density, we observed much 

less increase in the central electron temperature. However, the central 

peaking of electron temperature at the electron cyclotron resonance location 

is still detectable even when the cut-off density is almost attained (see Fig. 

10). The refraction effect on the incoming O-mode wave is strong and reduces 

the ECH power reaching the plasma center. 

ECH of neutral-beam heated target plasma produces almost identical 

heating results as that of an ohmically heated target plasma. Figure 11 shows 

the TVTS result of BCH at the center region of a neutral-beam heated plasma. 

It is significant to note that the result was obtained shortly after the end 

of an 80 kW ECH pulse for 40 msec, and the ECH power only amounts to about 5% 
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of the total input power, which included 400 kW of ohmic heating and 900 JcW of 

absorbed neutral beam power. However, no clear increase of ion temperature 

was observed, which is not surprising in view of the low density and the short 

duration of the ECH pulse. It is interesting to note, although as yet 

inadequately documented, that there is no density depletion while ECH is 

applied to neutral-beam heated target plasmas. This is a point worthy of 

future investigation. 

IV. Modification of MHD Behaviors During ECH 

The central heating due to ECH produces peaked electron temperature 

profiles which in time result in more peaked plasma current distributions and 

in lower central values of q. It is understandable, therefore, to iind that 

instabilities are excifcad as ECH heats the central region. In our 

experiments, plasma currents were limited to about 300 kk by machine operation 

constraints when the central toroidal field was approximately 21 kG at the 

plasma center. Consequently, the central q value was about 1.5 to 2 for the 

ohmic heated plasmas, and no sawtooth activity was observed either with the 

soft X-ray array or the grating polychromator. Figure 12 shows an expanded 

view of the sawteeth generated during ECH for the case s!.own earlier in Fig. 

7. When these sawtooth activities are compared with those associated with an 

ohmically-heated, a neutral-beam-heated, or an ion-cyclotron-heated plasma, it 

is found that several features are significantly different. The most 

conspicuous one is the fact that with ECH, the sawtooth carries a large and 

persistent m = 1 oscillation (with a frequency of about 10 kHz), as shown in 

Fig. 12. This is in constrast to what is normally observed with other types 

of heating where the m = 1 perturbation only exists immediately before the 

internal disruption. The persistence of the m = 1 oscillation is probably a 

direct result of the highly localized heating during ECH. In addition, the 
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size of the sawteeth is much larger than in the ohmic heating case, yet the 

period is comparable (about 4 msec in Fig. 12} but somewhat irregular in 

length. This is in cqnstrast to the large size but longer period sawteeth 

observed with other supplementary heating techniques. 

The heating behavior at the plasma center is very sensitive to the 

precise location of the electron cyclotron resonance layer. The excitation of 

sawtooth activity can be completely avoided by slightly off-peak heating. 

This was achieved in our experiments with a small change of the toroidal field 

that shifted the resonance layer 6 cm *way from the plasma center. Such a 

case is shown in Fig. 13 where a rapid initial rise (e- folding time ~ 7 msec) 

of the ECE temperature is followed by a gradual increase. No MHD activity was 

observed in the high-time-resolution channels of the grating polychromator as 

shown in Fig. 14. However, the transmission signals as monitored by the 

transmission array indicate that possibly complicated processes uf absorption 

were involved in the off-peak heating cases ao well aa in the on-peak ones 

(see Fig. 15). nevertheless, off-peak ECH was utilized in T-10 to stablize 

successfully the ohmically driven sawtooth activity /21/. 

The existence of largo sawtooth activity presents difficulty in 

ascertaining a correct interpretation of T^TS measurements obtained at a 

single time. it also imposes difficulty in applying a figure-of-merit for 

ECH, this being defined in the usual way as the measured, central temperature 

increase (AT e Q) times the line average density (n ) divided by the RF input 

power (P E r„). Figure 16 shows the electron temperature profiles as measured 

with the ECE signals compared with the TVTS results. Note that with sawtooth 

activity, the maximum central temperature is observed by TVTS but not by ECE 

(because of its coarser spatial resolution). Otherwise the TVTS and the ECE 

results are in excellent agreement. The maximum value of the figure-of-merit 
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is obtained at the peak of the sawtooth and is above 10 eVn^/kW for the on-

peak ECH case. However, in view of the large sawtooth activity, it may be 
more meaningful to quote a sawtooth average value of greater than 5 eV n 

,,/kW. For the off-peak ECH case, we alao find a figures-of-merit of about 5 
eV n 1 3 A W . Nevertheless, it is seen in Fig. 13 that the electron temperature 

is still increasing at the end of the ECH pulse, and therefore a correct value 

of the figure-of-merit can only be obtained with a longer ECH pulse. 

V. Velocity Space Information and Other Results of ECH 

An important feature of BCH is its ability to selectively interact with 

and alter distribution for specific regions of the velocity space. This 

property may be instrumental in generating noninductive current in a tokamak 

/22/. In our experiments we typically find a Haxwellian distribution during 

and after ECH (as determined by X-ray pulse height analysis) under normal 

conditions. However, at low density <n e o <* 5 x 101 cm ) ECH can apparently 

interact strongly with electrons in the tail of the electron velocity 

distribution. The observation becomes especially clear when the inside 

launcher is used or when second harmonic ECH is applied from the outside. In 

these peculiar low density cases, ECE detects a surge of radiation after the 

ECH pulse is over, and X-ray PHft detects a slide-away distribution of 

electrons at energies greater than 10 keV. It is likely that these phenomena 

were observed previously in other experiments /23,24/. Figure 17 illustrates 

ECE signals for a normal peak heating case and for a slide-away case. A study 

was carried out recently of the time evolution of ECE from a nor.-Maxwellian 

plasma using TORAY and n Fokker-Planck code /25/. The results indicate that 

the large surge of the ECE signal is qualitatively understandable in terms of 

the creation of a tall distribution (e.g. a small trapped population at high 

energy). Then, based on the slow scattering and diffusion in the velocity 
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space of this high energy component, a large surge in ECE occurs at the 

particular radius to which this trapped population has diffused. Quantitative 

study of the process will have to include more detailed measurements of the 

electron velocity distribution function /26/. These measurements will become 

possible when further studies of ECH are carried out on PLT. In general/ ECE 

measurements could also provide \3etails of the electron velocity distribution 

with inclusion of comparative measurements at different angles and at inside, 

in contrast with outside, locations /27/, 

In our experiments, the transmission monitor array was designed to test 

the validity of the commonly accepted notion that linear absorption is the 

dominant mechanism for O-mode ECH /28/. Despite possible complicated detail 

features, several general conclusions can be drawn! (1) The average level of 

absorption of O-mode from the outside is at least as good as linear theory 

predicts. (2) During ECH for moderate temperature target plasmas T > 300 

eV) and for our operating level of ECH (average about 0.7 kV)/cm2), 

no sideband activities are observed within the -40 db range with respect to 

the transmitted gyrotron signal. (3) During the startup phase of the 

discharge or during plasma production by ECH without- ohmic heating, lower (not 

upper) sideband activity is observed in the ion-cyclotron range of frequencies 

and also in the range of lower hybrid frequencies. Figure 18 shows the 

spectral information obtained during the startup phase of an ohmically heated 

discharge. In this case, the spectrum analyzer is connected to the waveguide 

system of the inside launcher, which is approximately 180° toroidally away 

from the outside launcher. The fact that no upper sideband is observed 

indicates parametric decay processes for these low temperature plasmas /29/. 

Plasma production using ECH without any ohmic induction field was 

obtained with the outside launch of the O-mode wave. However, the special 

file:///3etails
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reflector /15/ would have converted the Incident D-mode into the X-mode that 

would have propagated back tc the center of the plasma from the high field 

side. whether the presence of such a reflector is essential for plasma 

production is not definite. Figure 19 shows an example of the results of 

plasma production. Such an experiment and its interaction with the lower 

hybrid current-drive /30/ will be a main subject of investigation on M,T. 

VI. Conclusion 

Initial experiments with up to only 100 kw of ECH have been carried out 

on PDX, Various aspects of ECH physics and engineering have been examined 

illustratively if not conclusively. We have shown that ECH power can be 

transmitted over more than 30 meters in a quasi-optical manner and can be 

launched into a plasma discharge with well controlled antenna patterns and a 

predetermined polarization. ECH produces well localized electron hsating for 

ohmic as well as neutral beam heated target plasmas with rather high figures-

of-merit (> 5 eV S 1 3/kW). In contrast to other heating methods, the MHD 

activity at the center of the discharge can be controlled siraply b> changing 

the location of the resonance zone. With col.tisionless electrons, ECH can be 

used to produce a trapped population and to make other modifications of the 

electron velocity distribution. 
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TABLE I . -SEQUENCE OF MAJOR COMPONENTS I N PDX ECH TRANSMISSION SYSTEM 

COMPONENT DIAMETER CIRCULAR WAVEGUIDE 

(Inches) MODE 

GYROTRON OUTPUT 2.5 TE02 

ARC DETECTOR, MODE FILTER 2.5 TE02 

TAPER 2.5 • 1.094 TE02 

90° BEND, BIDIRECTIONAL 
COUPLER 

1.094 TE02 

MODE CONVERTER 1.094 TE02 + TE01 

90' AND 45" BENDS 

WC109 WAVEGUIDE 1 . 0 9 4 TE01 

BIDIRECTIONAL COUPLER 

MODE CONVERTERS 1 . 0 9 4 TE01 * TM11 

+ HE11 

9 0 ° BENDS 1 . 0 9 4 HE11 

CORRUGATED TAPER 1.094 + 2.5 HE11 

BELLOWS, DC BREAX, WINDOW 2.5 HE11 

OPEN-ENDED CORRUGATED WAVE- 2,5 
J5UIDE AT PDX 

HE11 
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Figure Captions 

Pig. 1. Block diagram of the high voltage power supply and modulator 
system as connected to gyrotrons. 

Fig- 2. The ECH transmission system as connected to PDX. 

Fig. 3. Schematic diagram showing the inside and the outside Launchers In 
a poloidal projection of PDX, 

Fig. 4. TVTS data of the temperature and the density profiles for an 
uts 
.-3 

outside O-mode launcher with about 70 kw ECH power, n = 0.5 x 10 
cm 

F i g . S. TVTS da ta of the temperature and the d e n s i t y p r o f i l e s for an 
- 13 

o u t s i d e O-mode launcher with about SO kw ECH power, n = 1.1 x 10 
- 3 

cm . 

Fig. 6. Time evolution of plasma and operation parameters with 80 kW 
ECH applied from 400 msec to 440 msec. 

Fig. 7. Time evolution of two different electron temperature measurements 
for the ECH case presented in Fig. 6: (A) X-ray PHA temperatures 
of the two central channels; (B) ECE temperature of the same 
central region. 

Fig. 8. TVTS data at a different time for cases similar to that of 
Fig. 7. ECH is accomplished with about 80 kW applied from 400 msec 
to 440 msec. Tht horizontal axis is used to indicate time (when 
read at central location) and major radius. Each horizontal 
division is for 5 cm and the resonance is placed at 136 cm. 

Fitr. 9. TVTS data for low density n = 0.35 x 10 1 3 cm" , 
with 70 kW ECH from outside launch. 

Fig. 10. TVTS data for higher density: (A) n e = 1.9 x 10 1 3 cm - 3, (B) n g 

= 2.5 x 10 1 3 cm - 3 with 80 kW ECH from outside launch. 



18 

Fig. 11. TVTS data for a neutral beam heated target plasma with 
n = 2.2 x 10 1 3 cm"3; HB power into the 
ECH power of 80 kW for the final 40 msec 
n = 2.2 x 10 1 3 cm"3; HB power into the vessel 900 kw for 100 msec; 

Fig. 12. MHD activity as observed by the grating polychromator during on-
peak ECH heating for the case shown in Fig. 7. The amplitude of 
these fast-time-responae channels is not calibrated. 

Fig, 13. ECE electron temperature for off-peak ECH, R Q = 136 cm, 
I - 250 kA, n e Q - 2.1 x 10 1 3 cm - 3, ECH power 75 kW. 

Fig. 14. Comparison of ECE signals (in the fast time channels) for on-peak 
heating (like in Fig. 12) versus off-peak heating (the case shown 
in Fig. 13). 

Fig. 15. Transmission signals indicate absorption changes in time during 
the ECH pulse (A) for the case shown in Fig. i , and (B) for the 
case shown in Fig. 13. 

Fig. 16. TVTS electron temperatures when compared with ECE temperatures 
(A) at the top of an ECH-driven sawtooth similar to the cage of 
shown in 5; (B) at the end of ECH pulse for the case shown in Fig. 
13. 

Fig. 17. Two ECE signals for a low density case: (fl1 a normal heating 
case for which ECE signals provides actual temperature; (B) a 
slide-away case. 

Fig. 18. Spectral information of the case when ECH is applied at 
the start-up phase of a tokamak discharge. 

Fig. 19. Results of plasma production without the ohmic heating field. 
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