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ABSTRACT

During first harmonic electron cyclotron heating (ECH) on the Princeton
Divertor Experiment (PDX) [Ro = 137 cm, a = 40 cm), electron temperature was
monitored using a grating polychromator which measured second harmonic
electron cyclotron emission from the low field agide of the tokamak.
Interference from the high power heating pulse on the broadband detectors in
the grating instrument was eliminated by using a wavequide 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 reson.nce
zone at the plasma center caused very large amplitude sawteeth accompanied by
gtrong m = 1 activity: AT/TM.AX = 0,41, sawtooth period = 4 msec ,m = 1 peried
= 90 p sec, {11 kHz). This is the first time such intense MHD activity driven
by ECH has been observed. (For both cases there was no gawtcoth activity in
the ohmic phase of the discharge before ECH,) A&t very low densities there is

a clear indication that a superthermal electron population is created during

ECH.
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1. INTRODUCTION

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.’ 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 zere can be easily
controlled. Finally, the antenna-plasma coupling problem is neatly and easily
solved. With the further development of the gyrot-..—on,2 the lack of a
reliable, efficient high power source is being overcome.

Two 60-GHz, 200-kW Varian gyrotrons (100-msec 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 aide for current
drive and heating. However, for the experipments to be described only the
outer antenna ( O-mode) and a single gyrotron were used,

A unique feature of tie PDX ECH gystem was the attention paid to the
design of the transmission line and antenna.3'4 Power from the gyrotron in
the TE0U2 mode was converted to a low loss TEDO1 mode for tranamission to the
tokamak, which was located 30 meters from the gyrotron. At the tokamak, the
TEQ1 mode wWas converted first to a TM1t mode, then to an HE11 mode for launch
from an open wavegulde. This mode has a gaussian antenna pattern with 10 4B
points (full width) of 10 cm at the plasma center. This Rarrdcw antenna
pattern ensured that power éeposition waa very well localized, which was

esgential for this experiment.
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2. INSTRUMERTATION

A. General Principles

Electron tepperature evolution was determined using a ten channel grating
polych:omators which measured second harmonic X-mode emission from the
plasma. For the plasma conditions of interest this was black body emission,
that is, the emission intensity depends only on local temperature, not local
density or impurity content. The electron cyclotron fregquency is determined
by the local toroidal magnetic field, given by By =B°R°/R- Here B, is the
toroidal field at a major radius R, 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 i]:luminate the grating with a plane wave; lens L) acts to correct the
aberration introducecd by using M1 45° off axis. The grating then digperses

the light according to the relation:

24 sin (o+Sn) cos Sn-—-lqn (K =1, 2dee3 n = 1...10). {1)

Here 4 is the grating constant, g is the angle between the incadent beam and
the grating normal, 2S5, is the angle between the incident beam and the output

th

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 ipdium antimonide hot
electron boln:meters6 housed in a long hold crvostat. The detector rise time
is less than 1 pysec (200 kHz 3 dB point), that of the detector preamplifier,
7 ysec (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 @B point.



B. Wavequides and Antenna

The light transport system for the PDX experiment is shown in Fig., 2.
C-Band waveguide ({47.5 mm x 22.15 mm) was used except for a 200 cm C-Band to
P-Band to C-Band wavequide filter. Six 90° bends (4E plane and 2H plane) were
vsed and the total length of the wavequide run was about 15 meters. The
theoretical logg (waveguide and bends) for single mode transmission was about
3 dB at 120 GHz for this aystem.

Spatial resolutiorn is determined by two factors. Resolution along the
major radius is set by the frequency resoluticn of the grating instrumen*, 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
gingle nmode system used in this experiment the vertical resolution was abou
6 cm, and the horizontal resoluvtion about 13 cm (10 dB points) at R = 140 cm
as calculated from Ref. 7. Antenna spot size could have been reduced by
moving a swaller waveguide stub cloger 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 detectsars, which pust detect a few tens of
nanowatts at 120 GHz, are gensitive to stray radiation from the 60-GHz, 100~-kW
heating pulse, Such interference was completely eliminated by Linserting a
wavequide 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 100:1 (RMS) for five of the ten channels, was still obtained and

was adequate for thege meagarements.
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The magnitude of the reduction in sensitivity was somewhat larger t+han
expected, as can be seen from the following analysis. The polarizer near the
input to the transmission line (Fig. 2) allows only TEyq 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 E 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, for black body emission, energy per
wavequide mode is kT Af, where k is Beltzmann's constant, To i3 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 allcws only a single TE mode
to pass should reduce the throughput by about a factor of two, not including
resistive losses in the linear tapers and the fundamental waveguide, which
ghould 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 filtcer.

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 A/2,

A/3, ete., i.e., at higher orders. Low pass grating filtersB

were mounted in
the 90° wavequide bends. These had a very rapld rolloff (100 dB/octave), laow
attenuation in the passband and eliminated higher order light from the input
to the instrument.

D. Calibration

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

channels to the electron temperature measured at the corresponding channel



radisg by T.V. Thomgson Scattering (TVTS) on several chmic discharges. The
error bars shown on Fige. 5, 6, and 8 on the T profiles using ECE data reflect
the uncertainty in the calibration constant of each channel, The uncertainty
arises Erom discharge to discharge irreproducibilaty of the plasma and systea
noise present in both the ECE and TVTS data; both systems measure a profile
along a major radius in the equatorial plane.

It i3 1important to note that the ECE system averages the electron
temperature over a much larger plasma volume (3 om x & om x 13 cm) than does
™WTS (1 ecm x 1 em x 1 cm). Poor reaclution along the toroidal field (13 cm
resolution ~ 10 4B point) is not important since temperature gradients in this
direction are negligible. However, the poorer -adial and vertical resolution
can lead to lower electron temperatures at the plasma center, compared to
Themson gcattering data, especially doring sawtooth activity. Forturately, in
this case, the volume of plasma involved ig small, 30 that this deficiency is

tolerable.

3., ELECTRON CYCLOTRON HEATING (ECH) RESULTS

A. On=-axis Location of the Resonance Zanes

Electron heating with the resopnance Zone located c¢lose to the centsr of
the plasma is shown in Fig., 3. The central electron temperatura rose rapidly
{e=folding time ~ 7 msec), and strong sawtoothing (period ~4 msec) began about
10 msec after the gtart of the heating pulse. That the Telo) rise time is
much shorter than the heating pulse indicates that, at least for uanderstanding
the gross features &f plasma behavrior during ECH, a 40-msec pulse is adeguate.

When the heating pulse ended, the central T, fall time was much greater
than the initial rige time. For exampla, in Fig. 3, T, (R = 144.4 cm) remains

nearly constant for about 5Q wsec after the end of the heating pulse. The
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post-heating behavior of the electron temperature will be discussed in a later
gection.

An expanded view of the sawteeth generated during ECH is shown in
Fig. 4. The distortion in the temperature rise during ECH on these signals is
caused by the 8-Hz low-frequency 2 dB point of the digitizer preamplifier.
The sawtooth period is around 4 msec¢, but is in fact somewhat irregular(: 0.5
ms), perhaps “ue to the presence of a large amplitude m = 1 oseillation with a
frequency of about 11 kHz,. (Strictly speaking, one can only say from Fig. 4
that this is an m-odd oscillation, but since it ia [0 closely agssociated with
the termination of the sawtooth, it i3 reasonable to label it asa m = 1.) This
oscillation continues for about one~half the sawtooth period, in contrast ko
what is observed during an ohmic heating sawtooth, where the m = 1 only
appears immediately before the disruption; fregquently only one or one=half
sycle of the m = 1 i3 geen in ohmic gsawtooth,

The 180° change in phase on the m = 1 oscillation between R = 133 cm and
R = 339 cm indicates that the center of the discharge is near R = 136 cm, and
that the maximum Te was not observed by the grating ingtrument.

B comparison between ECE and TVIS data 1is shown 1in Fig., 5 (top of a
sawtooth) and Fig. 6 (700 psec after sawtooth collapse). These are two
gimilar discharges; neote that the maximum central '1‘e ig observed by TVTS at
the top of a sawtooth, and that the BCE data points straddle the peak of the
Ta profile and are in excellent agreement with TVIS. The amplitude of the T,
sawtooth 1ia far 1arger than what is normally observed during ohmic, ICRH, or
beam-heated discharges. Here it is found that AT/ThAx = 0,41, and that the
central T, drops by about 900 eV from 2.45 XeV to 1,55 keV in less than 50 p

sec in a typical internal disruption.



It is clear that, because of the presence of such large sawteeth, the
figqure of wmerit usually employed to characterize tokamak heatinrg must be
applied with discretion. This figure of merit is defined as the nmeasured
central temperature increase (AT) timeg the average density (fle) divided by
the RF input power (PRE‘" For the cagse of ECH with the resonance zone located

at the center of the plasma, the figure of merit is (N, = 0.6 x 10'3 ¢n73,

Ppp = 75 kW):
top of sawtooth: 9.2 x 1013 ev/kw cmd
bottom of sawtooth: 2x 10"} ev/kw cm?

average {middle of sawtooth): 5.6 x 1017 eV/kW cm?®

B, Oif-axis Location of the Resonance Zone

The time evolution of the electron temperature during ECH (RRES
=141.7 em, R, = 135 cm) is shown in Fig. 7. In this case, a rapid
rige (e-folding time ~ 7 msec) was followed by a gradual increase in central
Te but without the generation of any MHD activity. The fall time in Te(o)

after the heating pulse was, as for the case of on-axis heating, much greater

than the rise ¢€ime.

13 3

The figure of merit for off-axis heating is ~ 5.5 x 10°° eV/ki~cm” (¥, =

10'3 ea™3, Pap = 80 kW). This compares very favorably with vwhat is observed 9
with neutral beam heating and ICRE on PLT, 2.5-4 X 1013 eV/kW—cma.

A comparison between the TVTES temperature profile and the ECE profile i3
shewn in Fig. B8 for off-axis heating. Once again, the gcod agreement betweern
the two diagnostica indicates that bulk heating is obtained and production of

nonthermal electrons is very small.

C. Post Heating Changes in the Electron Temperature Profile

The 3low decay of the central electron temperature after on-axis or off-

axig heating (Figs., 3 and 7) remains difficult to explain. At first it seemed




as if the rapid rise in line average density after ECH - 50% in 150 msec (Fig.
9) - might cauge this slow decay¥. In another experiment in which line average
density was better controlled, this density rise and the slow Ty, decay ware
abgent. However, results from a computer simulation (Section 4 and Fig. 12)
indicate that this density rise cannot cause such an effect., Thus, this point
remains unclear and hopefully will be invegtigated in a future sories of

experiments.

D, ECH in Very Low Density Regime

It is well known that ECH power in the X-mode, first harmenic, incident
from the high field side of the tokamak can preferentially increase the

perpendicular energy of the high energy tail of the electron distribudon.m

In the very low denaity regime (Hx= 0.13 x 10'3 cm-a), (Fig. 10) the optical
depth at the firat harmonic O-mode isg: To,1 = 0.2 (Te = 2 keV¥]. Almoat 80%
of the incident O-moda power i3 available to be converted to X-mode in a
poorly focused beam for additional heating (Power Transmitted/Power Incident =
e 7). This situation is ideal for the production of nonthermal and@ runaway
electrons.

From Fig. 10 it can be seen that the emission from the outer portion of
the plasma increased much more than the emisaion 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 diacharge ran
away.

secauge 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 nanthermal electrons in the discharge. Thus, the large relative

increase in emission during heating measured by the channel labeled ® = 155 cm

is a clear indication of the buildup of the superthermal population.



In face, for this low density discharge, ¢, the ratio of the mean drife
velocity to the random thermal velocity, is of order one even before the start
of the heating. 1t 1is, therefore, Qifficult to distinquish between the
importance of the ohmic heating electric field and the ECH in creating rune
aways. However, the fact that runaway only occurs 20 milliseconds after the
heating indicates that the interaction between the gsuperthermal population and
the ohmie electric field is not the dominant one during ECH.

An estimate of T.I. (0) of the superthermal population created during ECH
can be made for thig discharge. Since the resonance zone 1s located at the
plasma center (R = 136 cm), the superthermal populaticn should be localized in
this region. The emission observed on the channel labeled R = 155 cm {f =
104.3 GHz) for thermal electrons actually origirates at the plasma center:
because of the relativistic mass increase of the superthermal electrons, their
emission frequency is downshifted from £ = 118.8 GHz (R = 136 cm) to £ =
104.3 GHz, The relativistic mass increase is given by mO[f(IBG em}/£{155 cm],
where M is the vrest mass of the electron. This indicates that

o
TJ.(O) 4 70 keV. The equipartition time for such electrons with the

-3

background plasma [T,(0) = 2 XV, N,{0) = 1.8 x 10 = om™>, Z.. = 2] is
approximately 22 masec. Thus, these energetic electrons are decoupled from the

bulk electron distribution.

A more sensitive test for the creation of superthermal electrons during
electron cyclotron heating is the gimultanecus measurement of second harmonic
emission on the high- and low-field side of a tokamak'' in a discharge where 13
is much less than 1. In the present experiment, one has a clear indication
that ECH can indeed create a superthermal population and modify tie electron
velocity diseribution substantially, but a more thorough study remains to be

done.

|
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4. RESULTS FRM THE COMPUTER SIMULATION

Since the power deposition prufile during electron cyclotron heating is
undergtoecd, it is possible to study electron energy transport using ECH. This
ia of fundamental impertance, as the major energy loas channel in a tokamak
plasma is via anocmalous electron heat conductivity. Global electron a.ergy
trangport 13 much larger than what is predicted by neaclassical tieory, even
though ion energy transport i3 of the same order as that given by this theory.
To investigate transp-rt, BALDUR, 12 a one-dimensional transport code, has
been coupled ks a ray tracing code which computes ray paths and associated
power deposition in the plasma. The line average density and the loop voltage
and current are vsed as inputs in the BALDUR coda. Tha transport coafficlents
are modelled such that the saimulation temperature and density profiles arc
consistent with the TVIS prefiles obtained during an ohmic discharge. The
location of the plasma center was determined from an MHD equilikrium solution
to the Grad-Shafranov equation.

The transport model used for the PALDUR ECH simulatior is summarized an
Table II. Other assumptions are that impurity radiacion for these low density
diverted discharges 1s neqligible, and that the density is controlled by
adjusting a gas puffing rate to produce the desired line average density.

Results of the simulation for the case of off-axis heating (r = 4 cm)} are
shown in Flg. 11. Good agreement is obtained between the simulation and TVIS
and second harmonic BCE measurements with a single transport model used in
both the CH and ECH rphasges, In addition, the same y, (electron thermal

conductivity) model which fits the data with the resonance located off-axis

algo fits the data for the on-axis heating case.



The observed evolution of Te(o) for the case of on-axis heating is
compared to that calculated by the computer simulation in Fig. 12. WNote 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)y The time evolution of ﬂe {line average density) used in the simulazeion is

. shown in the insert in Fig. 12A. Therefore, the slow TE(O) 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 N, was better
controlled is shown in Fig. 12B. Here ﬂa decreased duxing heating but then
only rose to its preheating value {insert, Fig. 128). This 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 Vcentral
electron temperature. Yet the reason for this remains unclear. It 13 hoped
this can be resolved in a future experiment.

In these experiments, the auxiliary heating power (< 80 kW) was much less
than the total ohmic heating power (~ 250 kwW). However, locally the ECH power
was equal to or greater than ochmic 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 1is wvery encouraging hut not
unexpected, since the discharge is not really changed very much globaily.
Still, substantial changes could be made in the discharge with the resonance
zone located near its center; profile control was clearly demonatrated in
these experiments. These experiments will have to be repeated at power levels
of the order of the ochuic heating power before any definitive conclusions
about global transport can be drawn.

5. CENTRAL FOWER DEPOSITION
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Ray tracing caleulations indicate that almost all of the ECH power is
deposited inside the sawtooth inversion radius. These calculatiocns can be
checked roughly by using the measured rate of rise of Te(O) during a sawtooth

ag folilows

P, =—f-§-ég). 160« 2. ampl.a.
Here P, is deposited power from aohmic heating as well as electron cyclotron
heating, a is a constant which depends on the shape of the Ta profile inaide
the inversiocn radius b, Ro ig the plasma major radius, and Ne(O) ia the
electron density inside the inversion radius. For the peaked profiles
obtained from on-axis heating, we have taker a = 0.5 (triangular profile).
From other grating instrument T, measurements, the inversion radius for the
sawtooth i3 located at R = 145 + 1 cm; » = B cm. With R, = 137 cm and
dT,(0)/dt = 900 eV/d4 x 10'35ec, we have P, = 70 kM. This is ir quite

reagonable agreement with calculations which indicate that about 80 kW total

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

6. DISCUSSION

It is evident that the grating f{nstrument is able to follow electron
temperature profile evolution during electron cyclotron heating experiments.
Interference from the high power heating pulse on the sensltive broadband
detectors in the instrument has been eliminated. The well-behaved emission
obgerved near the plasma edge, where lower optical depth enharces sensitivity
to superthermals, as well as the good agreement between TVIS Ty, profiles and
ECE El'e profiles, indicates that only bulk elaction heating is cohserved at

higher densities (NE(O) » 1 x 1013 cm'3). In very low density discharges'
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there is a clear indication that superthermal electrons are created during
ECH,

The intense MHD activity induced in the plasma during on-axigs BCH was
somevhat surprising, This has not been previously observed”'” in other ECH
experiments. As noted in Table I, the ECH antenna gpot size was approximately
10 cm in diameter (10 4B points} at R = 140 cm. This is smaller than the
diameter of the g = 1 region (~ 16 cmj, as defined by the location of the
inversion radius when sawteeth were present, Thud, for PDX, it is in fact
reasonable that large amplitude sawteeth could be generated for on-axis
heating. What i3 less comprehensible is that a displacement of the resonance
zone of only 4 cm, which would mean that most of the ECH power is still
deposfited inside what should be the q = i surface, resulted in heating without
any MHD activity.

Computer studies of these experiments using che =zame tranaport godel ot
both on-axis and off-axis heating predicted the onset of sawtccthing for on-
axis heating and the absence of sawtoothing Ffor off-axis Theating. Sawtooth
behavior was a sgensitive function ©f the plasma center - resonance =zone
geparation for the Xe model used in the gimulation. Unfortunately, this
limited set of data cannot be used to make more general statements about
electron thermal conductivity, A more extenzive gtudy is needed and is
planned to be done on PLY {Princeton Large Torus} in the near future.

The efficliency of electron cyclotron heating compares well with that
observed with other heating methods. It is clear, however, that the intense
WHD activity observed during on-axis heating must be taken into conaideration
in any calculation of heating efficiency. 1In contrast to these other heating
methods, the MHD activity in the center of the discharge can be controlled

simply by shifting the location of the resonance zone.
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TABLE I

Summary of Experimental Conditicona for the ECH Experiment

Plasma: 0.26 x 10'3 en”™3 < N (o) < 2.5 x 10'3 o3

Te(O) = 1.3 keVv

Pgy = 250 kW

—
5]

= 12 m3ec

Elertron-Electron Collision Time

, =1.5x 10" o™ T, = 1.5 keV) = 70 psec.

Optical Depth - O-mode, 1st Harmonic

(N, = 10"3 en™3, 7w, = 1.5 kev,) = 1.56 (80% single pass absorption)

RF System: 60 GHz - D-mode - Outside Antenna

Antenna Spot S5ize (R = 140 cm) = 10 cm (10 dB pointsg)

Ppp (gyrotron) = 100 kW

Prp (into plasma) = 75 - BO kW



TABLE II

BALDUR Tranaport Model for ECH Simulation

I’C3
[od —
¥, =¥, (neoclaasical) + El 2" &
e e Ne C3
c2 + (0.5)

Experimental PDX - ECH Data Fit with
_ . 17 - =
C1 =L x 10 C2 = 0,05 C3 = 1.0

Xy = 3x4 (Hinton-Haseltine neoclassical}
D, = Dy (neoclassical) + 2.7 x 10 16/Ne

Boundary Conditions:
To(a) = T {a) = 40 eV
N (a} = 4 x 10'2 cn~?
Here: Ne = @lectron density
Té,i = eslectron, ion temperature
r/a = normalized plasma radius

Xe,i = electron/ion thermal conductivity

Dy = particle diffusivity

In addition:
Ohmic heating is determined using Spitzer Resistivity.
The model includes the Ware Pinch.

90% particle recycling is assumed.
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Fig. 1
Fig. 2

Figs. 3

- Fig. 4

Fig. 5

Fig. 6

Plg. 7

Fig. 8

FIGURE CAPTIONS

Schematic of the 10 channel Grating Polychromator.

The PDX 1light transport dyatem.

Electron temperature vs time at four radil for on-axia heating.
The rapid rise of Te(r x -3 ¢cm) at the atart of the ECH heating at
400 msec, the sawtooth activity in the central region of the plagma
and the slow post-heating fall of T, are seen most clearly in
the insert. The full sawtooth amplitude is not shown here. The
plasma/heating conditions for Fiqe. 3, 5, and 6 are N (0) = 1.2 x
10" o™, 1)+ 260 KA, By = 75 KA, Rggg = 135.5 om, Ty =
250 kW, tE =« 12 msec.

MHD activity during on-axis ECH. Prom TVTS, full sawtooth
amplitude is 900 eV, AT /T = 0.4%.

TVTS-T, profile compared with ECE T, profile at the top of an ECH
gawtooth, HNote that the grating instrument was not set ko observe
the peak temperature of the sawooth.

Compariscn of TVIS and ECE 'I‘e profiles at 700 j sec after sawtooth
collapse.

Electron temperature vs time ‘or off-axis ECH. The rapid initial
rise, the lack of MHD activity and the unexpectedly slow fall of
the central T, can be seen in the insert, The plasma/heating
parameters for the discharges shown in Figs. 7 and B are: Ip = 250
KA, N (0) = 2.1 x 10'% en™3, Bpo = 80 kW, Rppg = 141.7 em, By = 136
cm.

Off-axis heating; a comparison of TVTS and ECE profiles at 440 msec

(the end of the 40 msec heating pulse).
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Line averaged density, plasma current (Ip). and loop voltage for a
typical ECH experiment.

ECH heatinrg of a low density plasma: Ip = 250 ka, Bep = 70 kN,
Rgps = 135 eme 8 = 0.13 x 10"3 en™3,

A. Te profile before BCH, BALDUR simulation TVTS, and ECE data
compared, t = 400 m3

B, T, profile after ECH, resonance zone 4 cm off-axfis, BALDUR
simulation, TVTS and ECE data compared & = 440 ms.

A. Computer simulation of T,(0) va time. ﬁe evolution shown in
insert.

B. Experimental data T (0} vs time. N, programmed to return ko

1ts preheating value (insert),

R, SIS
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