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ABSTRACT 

During first harmonic electron cyclotron heating (ECH) on the Princeton 

Divertor Experiment (PDX) (RQ =137 cm, a = 40 cm), electron temperature was 

monitored using a grating polychromator which measured second harmonic 

electron cyclotron emission from the low field side of the tokamak. 

Interference from the high power heating pulse or. the broadband detectors in 

the grating instrument was eliminated by using a waveguide filter in the 

transmission line which brought the emission signal to the grating instrument. 

Off-axis (~ 4 cm) location of the resonance zone resulted in heating 

without sawtooth or m = 1 activity. However, heating with the resonance 

zone at the plasma center caused very large amplitude sawteeth accompanied by 

strong m = 1 activity: A T / T M A X = °»41< sawtooth period = 4 msec ,m = 1 period 

= 90 u sec, {11 kHz). This is the first time such intense MHD activity driven 

by ECH has been observed. (For both cases there was no sawtooth activity in 

the ohmic phase of the discharge before ECH.) At very low densities there is 

a clear indication that a superthermal electron population is created during 

ECH. MASTER ,;, mzimi is m-m 



1. IHTRODUCTIOM 

From fundamental plasma physics considerations, plasma heating in a 

tokamak at the electron cyclotron frequency is very attractive. The wave-

plasma interaction has been studied extensively both theoretically and 

experimentally and is well understood.1 This interaction is expected to be 

independent of plasma edge conditions and impurity content. The power 

deposition is localized and the position of the heating zone can be easily 

controlled. Finally, the antenna-plasma coupling problem is neatly and easily 

solved. With the further development of the gyrotron, the lack of a 

reliable, efficient high power source is being overcome. 

Two 60-GHa, 200-kW Varian gyrotrons (100-mseo maximum pulse length) were 

available for heating experiments on PDX. Power was launched from the low 

field side of the tokamak in the O-mode (wave E-field parallel to toroidal B 

field); a reflector mounted opposite to the launcher converted the incident 

O^mode to a reflected X-mode (wave E field perpendicular to toroidal B 

field). An antenna was also available on the high field side for current 

drive and heating. However, for the experiments to be described only the 

outer antenna ( O-mode) and a single gyrotron were used. 

A unique feature of the PDX ECH system was the attention paid to the 

design of the transmission line and antenna. Power from the gyrotron in 

the TE02 mode was converted to a low loss TE01 mode for transmission to the 

tokamak, which was located 30 meters from the gyrotron. At the tokamak, the 

TE01 mode was converted first to a TH11 mode, then to an HE11 mode for launch 

from an open waveguide. This mode has a gaussian antenna pattern with 10 dB 

polttt3 (full width) of 10 era at the plasma center. This narrow antenna 

pattern ensured that power deposition was very well localized, which was 

essential for this experiment. 
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2. IHSTKUMENTATXOH 

A. General Principles 

Electron temperature evolution was determined using a ten channel grating 

polychromator which measured second harmonic X-raode emission from the 

plasma. For the plasma conditions of interest this was black hody emission, 

that is, the emission intensity depends only on local temperature, not local 

density or impurity content. The electron cyclotron frequency is determined 

by the local toroidal magnetic field, given by B T =B QR O/R. Here B O is the 

toroidal field at a major radius R Q, and R is an arbitrary major radius. 

Thus, a measure of the emission intensity at a known frequency yields electron 

temperature at a corresponding position in the plasma. 

In the grating instrument (Fig. 1) the entrance aperture and mirror M1 

serve to illuminate the grating with a plane wave; lens LI acts to correct the 

aberration introducecd by using M1 45° off axis. The grating then disperses 

the light according to the relation: 

2d sin (a + S n) co3 S R = K*n (K = 1, 2...;n = 1...10). (1) 

Here d is the grating constant, <j is the angle between the incident beam and 

the grating normal, 2S_ is the angle between the incident beam and the output 

beam from the grating which is focused by mirror M2 on the n exit aperture, 

and K is the order of the interference. 

The light is detected by liquid helium cooled indium antimonide hot 

electron bolometers housed in a long hold cryostat. The detector rise time 

is less than 1 usee (200 kHz 3 dB point), that of the detector preamplifier, 

7 usee (25 kHz 3 dB point), and the minimum detectable signal between 10 and 

40 eV RMS (best and worst detectors) with a 9 kHz 3 dB point. 



4 

B. Wavetpiides and Antenna 

The light transport system for the PDX experiment ia shown in Fig. 2. 

C-Band waveguide {47.5 mm x 22.15 mm) wa3 used except for a 200 cm C-Band to 

P-Band to C-Band waveguide filter. Six 90" bends <4E plane and 2H plane) were 

used and the total length of the waveguide run was about 15 meters. The 

theoretical loss (waveguide and bends) for single mode transmission was about 

3 dB at 120 GHz for this system. 

Spatial resolution is determined by two factors. Resolution along the 

major radius Is set by the frequency resolution of the grating instrument, and 

is about 3 cm (3 dB point). The spot size of the waveguide stub antenna 

viewing the plasma determines vertical and horizontal resolution. For the 

single mode system used in this experiment the vertical resolution was about 

6 cm, and the horizontal resolution about 13 cm (10 dB points) at R = i 40 cm 

as calculated from Ref. 7. Antenna spot size could have been reduced by 

moving a smaller waveguide stub closer to the plasma, but this would have 

blinded another diagnostic. 

C. Filters 

A major problem with electron cyclotron emission measurements during this 

experiment was that the broadband detectors, which must detect a few tens of 

nanowatts at 120 GHz, are sensitive to 3tray radiation from the 60-GHzr 100-kW 

heating pul3e. Such interference was completely eliminated by Inserting a 

waveguide filter with a cutoff at 73.76 GHz (F Band) into the transmission 

line. The linear tapers used (C Band to F Band to C Band) had a theoretical 

loss (mode conversion) of about 10% each. 

Instrument sensitivity with the filter in place was reduced by a factor 

of 3.5 to 5.5. Although this was a severe penalty, a signal to noise ratio 

greater than 100s1 (RMS) for five of the ten channels, was still obtained and 

was adequate for these measurements. 
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The magnitude of the reduction in sensitivity was somewhat larger fhan 

expected, as can be seen from the following analysis. The polarizer near the 

input to the transmission line (Fig. 2) allows only TEj,0 modes (N = 1,2,3...) 

to propagate in the waveguide. However, diffraction at the input aperture of 

the grating instrument (50 mm x 12 mm, wave B field parallel to the short 

dimension of the aperture) is such that only the first two TE modea are well 

coupled to the input mirror. Since, fjr black body emission, energy per 

waveguide mode i3 kT if, where k is Boltzmann's constant, T is the electron 

temperature, and Af the frequency resolution (~ 2.4 GHz) of the instrument, 

this diffraction limits the energy throughput of the grating polychromator. 

Thus, insertion of a waveguide filter which allows only a single TE mode 

to pa3s should reduce the throughput by about a factor of two, not including 

resistive losses in the linear tapers and the fundamental waveguide, which 

should be of the order of 1 dB. 

The only other factor which could account for the higher than expected 

attenuation is the misalignment of the transmission line. This would convert 

energy in the fundamental mode to higher modes which would be rejected by the 

mode filter. 

One further problem with a grating instrument can be seen from Eq. (1). 

A channel tuned to accept power at a wavelength \ also accepts power at \/2, 

X/3, etc., i.e., at higher orders. Low pass grating filters were mounted in 

the 90° waveguide bends. These had a very rapid rolloff (100 dB/octave), low 

attenuation in the passband and eliminated higher order light from the input 

to the instrument. 

D. Calibration 

The system was calibrated by normalizing the output of each of the ten 

channels to the electron temperature measured at the corresponding channel 
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r a d i u s by T,V. Thonsson S c a t t e r i n g (TVTS) on s e v e r a l ohmic d i s c h a r g e s . The 

e r r o r bars shown on Figr . 5, 6, and 8 on the T g p r o f i l e s us ing ECE data r e f l e c t 

the u n c e r t a i n t y in the c a l i b r a t i o n cons tan t of each channel , "The u n c e r t a i n t y 

a r i s e s from discharge to d i scharge i r r e p r o d u e i b i l i t y of the plasma and system 

no i se p r e s e n t i n both the ECE and TVTS d a t a ; both systems measure a p r o f i l e 

along a major r ad ius i n the e q u a t o r i a l p l a n e . 

I t i s important t o note tha t the ECE system averages the e l e c t r o n 

temperature over a much l a r g e r plasma volume ( 3 e m x 6 c m x l 3 c m ) than does 

TVTS (1 cm x 1 cm x 1 cm). Poor r e s o l u t i o n along the t o r o i d a l f i e l d (13 cm 

r e s o l u t i o n - 10 dB p o i n t ) i s not important s ince temperature g r a d i e n t s i n t h i s 

d i r e c t i o n a r e n e g l i g i b l e . However, the poorer ' . ad i a l and v e r t i c a l r e s o l u t i o n 

can lead to lower e l e c t r o n temperatures a t the plasma c e n t e r , compared to 

Thomson s c a t t e r i n g d a t a , e s p e c i a l l y dur ing sawtooth a c t i v i t y . Fo r tuna t e ly , in 

t h i s case , the volume of plasma involved i s smal l , 30 t h a t t h i s de f i c i ency i s 

t o l e r a b l e • 

3 . ELECTROS CYCLOTRON HEWHKG (ECH) _RESPLTS 

A. Qn-axl3 Location of the Resonance apnea 

Elec t ron hea t ing with Che resonance zone l oca t ed c l o s e to the cen te r of 

the pla3iaa i s shown i n M.g. 3 . The c e n t r a l e l e c t r o n temperature ro.se r a p i d l y 

i e - f o l d i n g time ~ 7 msec), and s t rong sawtoothing (per iod ~4 usee) began about 

10 msec a f t e r the s t a r t of the hea t ing p u l s e . That the T e (o ) r i s a time i s 

much s h o r t e r than the hea t ing pulse i n d i c a t e s t h a t , a t l e a s t for unders tanding 

the gross f e a t u r e s or plasma behavior during ECU, a 40-msec pu l se i s adequa te . 

When the hea t ing pu l s e ended, the c e n t r a l T e f a l l time was much g r e a t e r 

than the i n i t i a l r i s e t ime. For example, i n Fig , 3, T e tR = 144,4 era) remains 

nea r ly cons tan t for about 50 t&sec a f t e r the end of the hea t ing pulse» The 

http://ro.se
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post-heat ing behavior of the e lectron temperature w i l l be discussed in a la ter 

s ec t i on . 

An expanded view of the sawteeth generated during ECH i s shown in 

Fig. 4. The d i s t o r t i o n in the temperature r i s e during ECH on these s igna l s i s 

caused by the S-Hz low-frequency 3 dB point o£ the d i g i t i z e r preamplif ier . 

The sawtooth period i s around 4 msec, but i s in f a c t somewhat irregular(± 0.5 

ms), perhaps d>;e to the presence of a large amplitude m = 1 o s c i l l a t i o n with a 

frequency of about 11 kHz. ( S t r i c t l y speaking, one can only say from Fig. 4 

that th i s i s an m-odd o s c i l l a t i o n , but s ince i t ia so c l o s e l y associated with 

the termination of the sawtooth, i t i s reasonable to label i t as m = 1.) This 

o s c i l l a t i o n continues for about one-half the sawtooth period, in contrast to 

what i s observed during an ohmic heating sawtooth, where the m = 1 only 

appears immediately before the disruption; frequently only one or one-half 

cycle of the m = 1 i s seen in ohmic sawtooth. 

The 180° change in phase on the m = 1 o s c i l l a t i o n between R = 133 cm and 

R = 139 cm Indicates that the center of the discharge i s near R = 136 cm, and 

that the maximum T was not observed by the grating instrument. 

A comparison between ECE and TVTS data i s shown in Fig. 5 (top of a 

sawtooth) and Fig. 6 (700 y3ec af ter sawtooth c o l l a p s e ) . These are two 

s imi lar discharges; note that the maximum central T i s observed by TVTS a t 

the top of a sawtooth, and that the ECE data points straddle the peak of the 

T e pro f i l e and are in exce l l en t agreement with TVTS. The amplitude of the T e 

sawtooth i s far larger than what i s normally observed during ohmic, ICRH, or 

beam-heated discharges . Here i t i s found that AT/TM,„ = 0.41, and that the 

central T e drops by about 900 eV from 2.45 kaV to 1.55 keV in l e s s than 50 u 

sec in a typical internal d i srupt ion . 



I t i s c l ear that,' because of the presence of such large sawteeth, the 

f igure of irerifc usual ly employed to characterize tokamak heat irg must be 

applied with d i s c r e t i o n . I t i n f igure of merit i s defined as the measured 

central temperature increase (AT) times the average dens i ty ( 3 e ) divided by 

the HF input power (Fop!- F o r e h e case of EC*1 with the resonance zone located 

at the center of the plasma,- the f igure of merit i 3 (fl e = 0.6 x 1 0 1 3 cm" 3 , 

p^, = 75 kW): 

top of sawtooth: 9 .2 x 1 0 1 3 eV/kW cm 3 

bottom of sawtooth: 2 x 1 0 1 3 eV/kW cm 3 

13 3 
average {middle of sawtooth): 5.6 x 10 eV/kW cm 

B. o f f - a x i s Location of the Resonance Zone 

The time evolut ion of the e lec tron temperature during BCH ( R a E S 

=141.7 cm, RQ = 135 cm) i s shown in F ig . 7. in t h i s case , a rapid 

r i s e te - fo ld ing time ~ 7 usee) was fol lowed by a gradual increase in centra l 

T but without the generation of any HHD a c t i v i t y . The f a l l time in T (o) 

a f t e r the heating pulse was, as for the case of on-axis heat ing, much greater 

than the r i s e t ime. 

The f igure of merit for o f f - a x i s heating i s ~ 5.5 x 1 0 1 3 eV/kW-cm3 (N e = 

10 cm" , PJJJ. = 80 kw). This compares very favorably with what i s observed 9 

with neutral beam heating and ICRH on PLT, 2 .5-4 x 1 0 1 3 eV/kW-can3. 

A comparison between the TVTS temperature p r o f i l e and the ECE p r o f i l e i 3 

shown in Fig. S for o f f - a x i s heat ing . Once again, the good agreement between 

the two d iagnost ics ind ica tes that bulk heating i s obtained and production of 

nonthermal e l ec trons i s very small . 

0 . Post Heating Changes in the Electron Temperature P r o f i l e 

The slow decay of the centra l e l ec tron temperature a f ter on-axis or of f -

ax i s heating (Figs . 3 and 7) remains d i f f i c u l t to exp la in . At f i r s t i t seemed 
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as i f the rapid r i s e in l i n e average densi ty a f ter ECH - 50% in ISO msec (Fig. 

9) - might cause th i s alow decay. In another experiment in which l i n e average 

dens i ty was bet ter control led , t h i s density r i s e and the slow T e decay were 

absent. However, r e su l t s from a computer simulation (Section 4 and Fig. 12) 

ind icate that th i s density r i s e cannot cause such an e f f e c t . Thus, th i s point 

remains unclear and hopeful ly w i l l be. inves t igated in a future s e r i e s of 

experiments. 

D. BCH in Very Low Density Regime 

I t i s wel l known that BCH power in the X-mode, f i r s t harmonic, incident 

from the high f i e l d s ide of the tokamak can p r e f e r e n t i a l l y increase the 

perpendicular energy of the high energy t a i l of the e lec tron d i s t r ibut ion . 

— 13 —3 

In the very low densi ty regime (N= 0.13 x 10 era ) , (Fig. 10) the opt i ca l 

depth at the f i r s t harmonic 0-mode i s : T 0 , a 0-2 (T e = 2 keV]. Almost 80* 

of the incident 0-ntode power i 3 avai lable to be converted to X-mode in a 

poorly focused beam for addit ional heating (Power Transmitted/Power Incident = 

e ' 1 ) . This s i tua t ion i s idea l for the production of nonthermal and runaway 

e l e c t r o n s . 

From Fig. 10 it can be seen that the emission from the outer portion of 

the plasma increased much more than the emission from the center of the plasma 

during heating. After the heating pulse, emission from the central and outer 

regions at first decayed, but then increased rapidly as the discharge ran 

away. 

because the optical depth of the outer portion of the plasma is less than 

that of the center, emission from this region is more sensitive to the 

presence of nonthermal electrons in the discharge. Thus, the large relative 

increase in emission during heating measured by the channel labeled 5. = 1S5 cm 

is a clear indication of the buildup of the superthermal population. 
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in fac t / for t h i s low dens i ty discharge, £, the r a t i o of the mean d r i f t 

v e l o c i t y to the random thermal v e l o c i t y , i s of order one even before the s t a r t 

of the heat ing . I t i a , therefore , d i f f i c u l t to d i s t ingu i sh between the 

importance of the ohmic heating e l e c t r i c f i e l d and the ECH in creating run­

aways • However, the f a c t that runaway only occurs 20 mi l l i seconds a f ter the 

heating ind ica tes that the in terac t ion between the superthermal population and 

the ohtnic e l e c t r i c f i e l d i s not the dominant one during ECH. 

an est imate of T.(0) of the superthermal population created during ECH 

can be made for th i s discharge. Since the resonance zone i s located at the 

plasma center (R = 136 cm), the superthermal population should be l o c a l i z e d in 

th i s region. The emission observed on the channel labeled R = 155 cm it =, 

104.3 GHz) for thermal e lectrons ac tua l ly or ig inates at the plasma center: 

because of the r e l a t i v i s t i c mass increase of the supertherraal e l e c t r o n s , t h e i r 

emission frequency i s downshifted from f =- 118.8 GHz (R = 136 cm> to f. = 

104.3 GH2. The r e l a t i v i s t i c mass increase i s given by m 0 ( f (136 cm)/f<155 cm], 

where M0 i s the r e s t mass of the e l e c t r o n . Thi3 ind icates that 

T. (0) ^ 70 keV. The equ ipar t i t i on time for such e l ec t rons with the 

background plasma [T e (0) a 2 keV, N e<0) = 1.8 x 10 ~ cm" 3 , z g f f = 2] i s 

approximately 22 msec. Thus, these energet ic e l ec trons are decoupled from the 

bulk e lec tron d i s t r i b u t i o n . 

A more s e n s i t i v e t e s t for the creat ion of superthermal e l ec trons during 

e lec tron cyclotron heating i s the simultaneous measurement of second harmonic 

emission on the high- and low- f i e ld s ide of a tokamak i n a discharge where £ 

i s much l e s s than 1. In the present experiment, one has a c lear ind ica t ion 

that ECH can indeed create a superthermal population and modify tie e lectron 

v e l o c i t y d i s t r i b u t i o n s u b s t a n t i a l l y , but a more thorough study remains to be 

done. 
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4. HESULIB FROM THE COMPUTER SIMULATIOH 

Since the power depos i t ion ptv>file during e lec tron cyclotron heating i s 

understood, i t i s poss ib le to study e lectron energy transport using ECH. This 

i s of fundamental importance, as the major energy l o s s channel in a tokamak 

plasma i s via anomalous e lec tron heat conduct iv i ty . Global e l ec tron energy 

transport i s much larger than what i s predicted by neoc la s s i ca l theory, even 

though ion energy transport i s of the same order as that given by t h i s theory. 

12 To i n v e s t i g a t e transport, BftLDUR, * a one-di.-sensional transport code, has 

been coupled to a ray tracing code which computes ray paths and assoc iated 

power deposit ion in the plasma. "Hie l ine average density and the loop voltage 

and current are used as inputs in the BftLDUR code. The transport c o e f f i c i e n t s 

are modelled such that the simulation temperature and densi ty p r o f i l e s art: 

cons i s t en t with the TvTS pro f i l ea obtained during an ohmic discharge. The 

locat ion of the plasma center was determined from an MHD equilibrium so lut ion 

to the Grad-Shafranov equation. 

The transport model used for the BALDUR ECH simulation i s summarized in 

Table I I . Other assumptions are that impurity radiat ion for these low dens i ty 

diverted discharges i s n e g l i g i b l e , and that the densi ty i s control led by 

adjust ing a gas puffing rate to produce the desired l i n e average dens i ty . 

Results of the simulation for the case of o f f - a x i s heating (r = 4 cm) are 

shown in Fig. 11. Good agreement i s obtained between the simulation and TVTS 

and second harmonic ECE measurements with a s ing le transport model used in 

both the OH and ECH phases. In addi t ion , the same x 8 (e lectron thermal 

conduct iv i ty) model which f i t s the data with the resonance located o f f - a x i s 

a l so f i t s the data for the on-axis heating case . 
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The observed evolution of T_(0) for the case of on-axis heating is 

compared to that calculated by the computer simulation in Fig. 12. Note that 

the simulation predicts a rapid drop in the central temperature after heating, 

which is very different from what is observed in the experiment (Figs. 3 and 

7). The time evolution of (T6 (line average density) used in the simulation is 

shown in the insert in Fig. 12A. Therefore, the slow Te(0) decay after ECH 

cannot be explained by the use in line average density after ECH. 

Experimental data for a case of on-axis heating in which Sfi was better 

controlled is shown in Fig. 12B. Here S Q decreased during heating but then 

only rose to its preheating value (insert, Fig. 12B). Tills discharge was 

identical to the one previously studied except for the post heating behavior 

of the line average density. In this case, simulation and experiment are in 

much better agreement with respect to the post heating behavior of the central 

electron temperature. Yet the reason for this remains unclear. It is hoped 

this can be resolved In a future experiment. 

In these experiments, the auxiliary heating power {< 80 ktf) was much less 

than the total ohmic heating power (~ 250 lew). However, locally the ECH power 

was equal to or greater than ohmic heating power for a plasma radius 

r » < 20 cm. Therefore, that the results can be matched with a transport 

model which does not change during heating is very encouraging but not 

unexpected, since the discharge is not really changed very much globally. 

Still, substantial changes could be made in the discharge with the resonance 

zone located near its center; profile control was clearly demonstrated in 

these experiments. These experiments will have to be repeated at power levels 

of the order of the ohioic heating power before any definitive conclusions 

about global transport can be drawn. 

5. CENTRAL POWER DEPOSITION 



13 

Ray tracing calculations indicate that almost all of the ECH power is 

deposited inside the sawtooth inversion radius. These calculations can be 

checked roughly by using the measured rate of rise of T (0) during a sawtooth 

as follows 

d V 0 ) 3 2 2 

Here P D i3 deposited power from ohmic heating as well as electron cyclotron 

heating, a is a constant which depends on the shape of the T e profile inside 

the inversion radius b, R is the plasma major radius, and Ne(0) is the 

electron density inside the inversion radius. For the peaked profiles 

obtained from on-axis heating, we have taker a ~ 0.S (triangular profile). 

From other grating instrument T measurements, the inversion radius for the 

sawtooth is located at H > 145 * 1 cm? b = 8 cm. With R = 137 cm and 

dTe(0)/dt = 900 eV/4 x 10"3sec, we have P D = 70 kw. This is in quite 

reasonable agreement with calculations which Indicate that about 30 kW total 

heating power is deposited inside the inversion radius for on-axis heating. 

6. DISCUSSIOM 

It i3 evident that the grating instrument is able to follow electron 

temperature profile evolution during electron cyclotron heating experiments. 

Interference from the high power heating pulse on the sensitive broadband 

detectors in the instrument has been eliminated. The well-behaved emission 

observed near the plasma edge, where lower optical depth enhances sensitivity 

to superthermals, as well as the good agreement between TVTS T profiles and 

ECE T profiles, indicates that only bulk election heating is observed at 

higher densities (Ne(0) > 1 x 10 1 3 c m - 3 ) . In very low density discharges 
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there i s a c l e a r ind icat ion that superthermal e l ec t rons are created during 

ECH. 

The i n t e n s e MHD a c t i v i t y induced in the plasma daring on-axis BCH was 

somewhat surpr i s ing . Thi3 has not been previous ly observed ' in other ECH 

experiments. As noted in Table I, the ECH antenna spot s i z e was approximately 

10 era i n diameter (10 dB po in t s ) a t 1 * 140 cm. This i s smaller than the 

diameter of the q =• 1 region (~ 16 cmj, as def ined by the l oca t ion of the 

invers ion radius when sawteeth were present . Thus, for FDX, i t i s in f a c t 

reasonable that large amplitude sawteeth could be generated for on-axis 

hea t ing . Hhat i s l e s s comprehensible i s that a displacement of the resonance 

zone of only 4 cm, which would mean that most of the ECH power i s s t i l l 

deposited ins ide what should be the q =* i surface , resul ted in heating without 

any MHD a c t i v i t y . 

Computer s tud ies of these experiments using the same transport mode], or 

both on-axis and o f f - a x i s heating predicted the onset of sawtorthing for on-

ax i s heating and the absence of sawcoochiitg tor o f f - a x i s heat ing . Sawtooth 

behavior was a s e n s i t i v e function of the plasma center - resonance zone 

separation for the Y» model used in the s imulat ion. Unfortunately, th i s 

l imited s e t of data cannot be used to make more general statements about 

e l e c t r o n thermal conduct iv i ty . A more extens ive study i s needed and i s 

planned to be done on PLT {Princeton Large Torus) in the near fu ture . 

The e f f i c i e n c y of e l ec tron cyclotron heat ing compares wel l with that 

observed with other heating methods. I t i s c l e a r , however, that the i n t e n s e 

MHD a c t i v i t y observed during on-axia heating must be taken in to considerat ion 

i n any ca l cu la t ion of heating e f f i c i e n c y . In contrast to these other heat ing 

methods, the MHD a c t i v i t y in tire center of the discharge can be contro l led 

simply by s h i f t i n g the locat ion of the resonance zone. 
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Summary of Experimental Conditions for the ECH Experiment 

Plasma: 0.26 x 1 0 1 3 c m - 3 < N e<o) < 2.5 x 1 0 1 3 cm"3 

I p = 250 kfi. 

T e ( o ) = 1.3 keV 

P 0 H = 250 kW 

T E a 12 msec 

Electron-Elect ion Co l l i s i on Time 

(N e = 1.5 x 1 0 1 3 cm"3 T e = 1.5 keV) * 70 „sec . 

Optical Depth - O-mode, 1st Harmonic 

(N e = 1 0 1 3 cm" 3, T e = 1.5 keV,) = 1.56 (80* s ing le pass absorption) 

RF System: 60 GHz - o-mooe - Outside fcntenna 

antenna Spot Size (R = 140 cm) = 10 cm (10 dB points) 

P R F (gyrotron) = 100 kW 

Pĵ p ( into plasma) = 7 5 - 8 0 kW 
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TABLE II 

BftLDUR Transport Model for ECH Simulation 

v = v ( n e o c l a s s i c a l ) + — "•e e s 

C 3 
2 a 

c

3 C 2 + (0,5) 

Experimental PDX - ECH Data F i t with. 

C, = ~ x 1 0 1 7 C 2 = 0.05 C 3 = 1.0 

Xi = 3 * i (Hi-nton-Haseltine n e o c l a s s i c a l ) 

D„ ( n e o c l a s s i c a l ) + 2.7 x 10 1 6 / N 

Boundary Conditions: 

T e ( a ) - T ± (a ) = 40 eV 

N f t(a) = 4 x 1 0 1 2 c m - 3 

Here: N = electron density 

T_ , = electron, ion temperature 

r/a a normalized plasma radius 

X» £ ™ electron/ion thermal conductivity 

D H = particle diffusivity 

In addition: 

Ohmic heating is determined using Spitzer Resistivity. 

The model includes the Ware Finch. 

90% particle recycling is assumed. 
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FIGORE CAPTIONS 

Fig. 1 Schematic of the 10 channel Grating Polychromator. 

Fig. 2 The PDX l i g h t transport system. 

Fig. 3 Electron temperature vs time a t four radi i for on-axis heating. 

The rapid r i se of T e ( r a -3 era) a t the s t a r t of the BCH heating a t 

400 msec, the sawtooth a c t i v i t y in the centra l region of the plasma 

and the slow post-heat ing f a l l of T g are seen most c l e a r l y in 

the i n s e r t . The f u l l sawtooth amplitude i s not shown here. The 

plasma/heating conditions for Pigs . 3, 5, and 6 are Ha<0) = 1.2 x 

1 0 1 3 cm" 3, I = 260 kA, P R F = 75 Mr, R^g = 135.5 cm, P 0 B = 

250 kW, t E = 12 msec. 

• Fig. 4 MHD a c t i v i t y during on-axis BCH. From TVTS, f u l l sawtooth 

amplitude i s 900 eV, AT e/T = 0 . 4 1 . 

Fig. 5 TVTS-T pro f i l e compared with ECE T g p r o f i l e at the top of an ECH 

sawtooth. Note that the grating instrument was not s e t bo observe 

the peak temperature of the sawooth. 

Fig. 6 Comparison of TVTS and ECE T e p r o f i l e s a t 700 y sec af ter sawtooth 

co l l apse . 

F ig . 7 Electron temperature vs time -or o f f - a x i s ECH. The rapid i n i t i a l 

r i s e , the lack of MHD a c t i v i t y and the unexpectedly slow f a l l of 

the central T e can be seen in the i n s e r t . The plasma/heating 

parameters for the discharges shown in Figs . 7 and 8 are: I = 250 

kA, N e{0) = 2.1 x 1 0 1 3 c m - 3 , P R F = 80 XW, R j ^ = 141.7 cm, RQ = 136 

cm. 

F ig . 8 Off-axis heating; a comparison of TVTS and ECE prof i l e s a t 440 msec 

(the end of the 40 msec heating p u l s e ) . 
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Fig. 9 Line averaged density, plasma current (I p), and loop voltage for a 

typical BOH experiment. 

Fig. 10 ECH heating of a low density plasma: I_ = 250 kA, P R p = 70 kW, 

R^jg = 135 cm, S e = 0.13 X 10 1 3 era"3. 

Fig. 11 A. T profile before ECH, BALDOR simulation TVTS, and BCE data 

compared, t = 400 ma . 

B. T profile after HCH, resonance zone 4 cm off-axis, SALDUR 

simulation, TVTS and ECE data compared t = 440 IUS. 

Fig. 12 A. Computer simulation of Tg(0) vs time. 8 e evolution shown in 

insert. 

B. Experimental data Te(0) vs time. S e programmed to return bo 

its preheating value (insert). 



2 1 

#83X0898 

10 Detector 
Cryostat 

10 CHANNEL GRATING POLYCHROMATOR 

Fig . 1 



22 

#83X0899 

Pipe 
2°Wedged 
Window 

Wire 
Polarizer 

Linear Taper 
Light Pipe To 
C-Band Waveguide 

Linear Tapers 
C-Band To F-Band 
To C-Band 
(ECH Filter) 

Grating 
Poly chroma tor 

—n 

~ 9 0 Adjustable 
Bend 

C-Band 
Waveguide 

I 
J Removable 

Section 

X 
Z_Fi l ter 

inear Taper 

F i g . 2 



23 

o 
x 

O 

(Aa^))9i 



24 

t̂ -
o> GO » o -*- w 
ro ° I CO w * 

rrvv)*i rrw)*i 



25 

Z.5r 

2.0-

0.5-

' I JIVJS (Top of 
I t^ Sawtooth) 
• • 

^CE 

#84Xv,<?30 
\ 1 

' | i \ \^_AfterECH 

/ • 

// Before ECH •«• \. Before ECH y * 

f 'RES 

iro 120 [30 140 
R (cm) 

150 160 

Fig . 5 



26 

2.0 

1.5 

11.0 

0.5 

#84X0829 
T 

I 
.1 

I 
I 

ECE 

i 

•; 

? 
• 

I 
\ 

\ 

/ 

£ ^ T V T S (Bottom 
/ of Sowtooth) \I 

/ 
/ 

u 
\ 

o L ^ t 'RES 
_l 

110 120 130 140 
R(cm) 

150 !60 

F i g . 6 



27 

CO 
ro 
O 
X 
rr 
CO 

o 
CO 
CO 

ft. 

(ASJI)9! 

(A9>I)91 



28 

#84X0140 
1 -

M 
ECE A -'r 

/ 

/ 
* , 

i1/ 

After ECH 

/ 

\ « \ 

Before ECH 
r^ ̂

 
\ 

9 • 
\ * 

X J_ I 'RES 
_L 

110 120 130 140 150 160 
R(cm) 

F i g . a 



29 

,*83XI474 
r 

300 

^ 2 0 0 h 

0.4 0.5 0.6 0.7 
TIME (sec) 

Fig . 9 



6-

4 

2 -
£z±. 

100 

#83X1469 
"I 

Discharge runs away 

» 
i 
t 
r 

i 

R=l55cm 
J i i 

;ECH; 

200 300 
TIME (msec) 

400 500 

t i •. 10 



31 

#84X0828 

1.2 

1.0 

> 0.8 

30.6 

0.4 

0.2 

1 1 1 

- (a) 

i 1 

-ECH 

1 

_ R0=l37cm JS —Simu lat ion 

RRES=l4lcm / 
- Before ECH // 

/ f 

/ 
/ 

/ 
— s y 

i i i 

— - Before ECH // 
/ f 

/ 
/ 

/ 
— s y 

i i i 1 1 1 

>*. 

i 
, 

i
y 

100 110 120 130 140 150 160 170 
RADIUS (cm) 

1.6-

1.2-

> 

.0.8-

0.4-

R0= 137 cm 
RR E S=I4Icm 
After ECH 

100 110 120 130 140 150 160 170 
RADIUS (cm) 

Fig. 11 



32 

> 
M.2 

> 2 

#84X0915 
~~I 

(a) Simulation 

600 
TIME{msec) 

0 100 200 300 400 500 600 700 
TIME(msec) 

— I 1 1 1 T T 

i i i > i 

ECH 

(b) Experiment 

0 600 
TIME(msec) 

300 400 
TIME(msec) 

700 

F i g . 12 



EXTERNAL DISTRIBUTION IN ADDITION TO T IC LC-20 

Plasma Res L o b , Aust ra N a t ' I u n i v , AUSTRALIA 
D r . Frank J . P e o l o n l , Unlv of Mol longong, AUSTRALIA 
P r o f . l . R . Jones , F l i n d e r s U n i v . , AUSTRALIA 
P r o f . H . H . Brennen, Unlv Sydney, AUSTRALIA 
P r o f . F . C o p , I n s t Theo Ptiys, AUSTRIA 
P r o f . Frank V e r h e e s t , I n s t t h e o r e t I s e h e , BELGIUM 
D r . 0 . Palumbo, Dg X I I Fusion P r o g , BELGIUM 
E c o l e R o y a l e H i l l t a l r e . Lab de Phys Plasmas, BELGIUH 
O r . P . H . Sekanaka , u n l v E s t e a u s f , BRA2IL 
O r . C . R . Jamas, Unlv of A l b e r t a , CANADA 
Prof . J. Teicnmsnn, Univ of Montreal, CANADA 
D r . H . H . S k a r s g a r d , Unlv of Saskatchewan, CANADA 
P r o f . S .R . S r e e n l v a s a n , U n i v e r s i t y o f C a l a a r y , CANADA 
P r o f . Tudor K, Johnston, INRS-Energ le , CANADA 
D r . Hennes B a r n a r d , Unlv B r i t i s h Co lumbia , CANADA 
D r . H , P . B a e h y n s k l , HPB T e c h n o l o g i e s , I n c . , CANADA 

Zhengwu L I , SH I n s t P h y s i c s , CHINA 
L i b r a r y , T s l n g H U B U n i v e r s i t y , C H I N A 
L i b r a r i a n , I n s t i t u t e of P h y s i c s , CHINA 
I n s t Plasma Phys , Academe S i n t c a , CHINA 

D r . P e t e r Lukoc , Komenskehc U n l v , CZECHOSLOVAKIA 
Tne L i b r a r i a n , Culham L a b o r a t o r y , ENGLAND 
P r o f . Schatzman, O b s e r v e t o i r e de N i c e , FRANCE 

J . R a d e t , CEN-BP6, FRANCE 
AM Dupes L i b r a r y , AM Dupes L i b r a r y , FRANCE 
D r . Tom Hue I . Academy Bl bl i o g r a p h l e , HONG KONG 
P r e p r i n t L i b r a r y , Cent Res I n s t PhyS, HUNGARY 
O r . S . K . T r e h a n , P a r j a b U n i v e r s I t y , INDIA 
D r . I n d r a , Mohan Lai Das, Banaras Hindu U n l v , INDIA 
D r . L .K. Chavda, South G u j a r a t Un lv , INDIA 

D r . R .K. C n n a j l a n l , Var Rucnl Marg, INDIA 
P . K»» , P h y s i c a l Research Lab, INDIA 
D r . P h i l l i p Rosaneu, I s r a e l I n s t T e c h , ISRAEL 
P r o f . S . Cuparman, T t l Av iv U n i v e r s i t y , ISRAEL 
P r o f . G. R o s t a g n l , Unlv 01 Pedova, ITALY 
L I B r e r l a o , I r t ' l C t r Theo Phys, ITALY 
Miss C l e l l a De P a l o , Assoc EIFIATOM-CNEN, ITALY 
B i b i i o f e c a , de l CNR EURATOW, ITALY 
O r , H . Yoiroto. Toshiba Res 1 Dev , JAPAN 
P r o f , M . Yosh lka«e , JAERI, Toka i Res E s t , JAPAN 
P r o f . T . U c n l d a , U n i v e r s i t y of Tokyo , JAPAN 
Reseerch I n f o C e n t e r , Nagoya U n i v e r s i t y , JAPAN 
P r o f . K y o j l N i s h l k e » a , Univ of H i r o s h i m a , JAPAN 
P r c f , Sigcfru M o r i , JAERJ, JAPAN 
L l b r e r y i r .yoto U n i v e r s i t y , JAPAN 
P r o f . I c h i r o Ka.Bkemi , Ninon U n l v , JAPAN 
P r o f . S a t o s h l I t c h , Kyushu U n i v e r s i t y , JAPAN 
Tech I n f o D i v i s i o n , Korea Atomic E n e r g y , KOREA 
D r . R. E n g l a n d , Clvdad U n l v e r s l t e r I a , MEXICO 
B l b l l o T h e e k , Fom- lnst Voor Plasma, NETHERLANDS 
p r o f . 6 . S . L l l e y , U n i v e r s i t y of W a l k e t o , NEH ZEALAND 
O r . Suresh C . Sharma, Unlv of C a l a b a r , NIGERIA 

P r o f . J . A . C . C a b r e l , I n s t S u p e r i o r T e c h , PORTUGAL 
D r . O c t e v l e n P e t r u s , ALI CUZA U n i v e r s i t y , ROMANIA 
P r o f . M.A. H e U b e r g , U n i v e r s l + y o f N a t e l , SO AFRICA 
D r . Jener, de V I I H e r s , Atomic Energy Bo, SO AFRICA 
Fus ion D i v . L i b r a r y , JEN, SPAIN 
P r o f . Hans w l l h e l m s o n . Chancers Un lv Tech, SWEDEN 
D r . L e n n e r t S t e n t l o , U n i v e r s i t y of UMEA, SWEDEN 
L i b r a r y , Royal I n s t T e c h , SWEDEN 
O r . E r i k T . K a r l s o n , Uppsala U n l v e r s i t e t , SWEDEN 
C e n t r e de Recherchesen , Eco le P o l y t e c h Fed, SWITZERLAND 
D r . N . L . w e l s e . N e t 1 1 Bur S tano , USA 
D r . w . M . S t e c e y , Georg I n s t Tech , USA 
D r . S . T . « u , Un lv Alabama, USA 

P r o f . Norman L. O l a s o n , Unlv S F l o r i d a , USA 
D r . Ben jamin H a , love S t a t e U n l v , USA 
P r o f . Magna K r l s t l e n s e n , Texas Tech U n l v , USA 
D r . Raymond Askew, Auburn U n l v , USA 
D r . V . T . T o l o k , Kharkov Phys Tech I n s , USSR 
D r . D . D , R y u t o v , S i b e r i a n Acad S c l , USSR 
D r . G.A. E l l s e e v , Kurchetov I n s t i t u t e , USSR 
D r . V . A . G i u k h l k h , I n s t E l e c t r o - P h y s i c a l , USSR 
I n s t i t u t e Gen. P h y s i c s , USSR 
P r o f . T . J . Boyd, Unlv C o l l e g e K Wales , WALES 
O r . K. S e h l n d l e r , Ruhr U n l v e r s l t a t , w, GERMANY 
N u c l e a r Res EsTab, Jul led L t d , X . GERMANY 
l i b r a r i a n , Max-Planck I n s t l t u t , X . GERMANY 
D r . H . J . Keep p i e r . U n i v e r s i t y S t u t t g a i - r , W. GERMANY 
B l b l i o t h e k , I n s t P lnsmatorschung, W. GERMANY 


