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ABSTRACT

A series of electron cyclotron heating (ECH) experiments was performed with a 28-GHz gyro-
tron on the Impurity Study Experiment (ISX-B) tokamak at Oak Ridge National Laboratory. Up
to 70 kW of microwave power was injected into ISX-B from the high field side. Bulk heating was
observed with a central temperature rise of ~370 ¢V from a original temperature of ~600 ¢V, as
measured by Thomson scattering. With ECH and under low density conditions, large nonthermal
signals were observed on electron cyclotron emission diagnostics at the first, second, and third har-
monics. These signals sometimes became quite large after the end of the ECH pulse. The effects
observed can be attributed to relatively small changes in the electron distribution function. The
temporal behavior of the enhanced emission is tentatively attributed to the pitch angie scattering of
superthermal electrons.



1. INTRODUCTION

During 1980 and 1981 a series of electron cyclotron heating (ECH) experiments was per-
formed with a 28-GHz Varian gyrotron on the ISX-B tokamak. These experiments were an exten-
sion of earlier bulk heating' and preionization? experiments conducted with a frequency of 35 GHz
at a similar power level. We report the effects observed and offer some preliminary explanations,

The gyrotron, waveguide system, antenna, and associated equipment are described in Sect. 2,
as are the tokamak and its operation. In Sect. 3 the diagnostics are described, with particular
attention to the electron cyclotron emission (ECE) diagnostics, from which a major portion of the
analysis proceeds. Measurements were made with fundamental, second, and third harmonic detec-
tors. Section 4.1 describes the bulk heating results; Sect, 4.2 describes the experiments in which
changes in the electron distribution function were observed by the ECE diagnostics and then gives
some possible explanations for these changes. Section 5 contains a summary and conclusions.

2. DESCRIPTION OF THE EXPERIMENTAL EQUIPMENT

2.1 THE MICROWAVE POWER SOURCE

The microwave power source for these experiments was a gyrotron with a frequency of
28 GHz. The tube was a triple-miter-bend VGA-8000 gyrotron with a rated power output of
170 kW (pulsed). However, at the time of its use the power output was about 130 kW at the
gyrotron output window. The power supply allowed a pulse length of 100 ms frcm a capacitor
bank energy storage system. The output was into an oversize waveguide with a 6.35-cm (2.5-in.)
inside diameter that guided the power to the tokamak. The total waveguide length was about
15.24 m (50 ft). There was one miter bend in the waveguide to change the direction by 90° over
the tokamak. The microwave power passed through a water-cooled microwave window into the
tokamak vacuum chamber, where it was guided by an additional leagth of waveguide to a reflecting
mirror on the high field side at the midplane. The mirror was oriented to reflect the power into the
plasma at an angle of approximately 60° to the field lines. Calorimetric measurements made with
a water load at the end of the waveguide showed that only 70 kW of power was delivered to the
vacuum window at the tokamak out of 100 kW available at the gyrotron.

A Wengenroth® polarizer was used on the mirror to polarize the radiation into the extraordi-
nary mode so that the power would be efficiently absorbed by the plasma in one pass. This polar-
izer was designed for circular electric waveguide modes such as TEy, and TEg,, and the VGA-8000
gyrotron was originally designed to generate power in these modes. However, due to the triple-
miter-bend construction very little of the power was produced in these modes; hence, the Wengen-
roth polarizer was probably ineffective in this caperiment. In the calculations made for the radiated
power, it was assumed that approximately 50% of the power was radiated in the ordinary mode and
50% in the extraordinary mode. A more complete description of the microwave equipment and
power supply was given by Campen et al.*

2.2 TOKAMAK OPERATION

The tokamak (described in Refs. | and 2) was operated under a variety of conditions. How-
ever, for a majority of thc experiments described here, the magnetic field was adjusted for reso-
nance on the axis, that is, 10.0 kG. The plasma density was adjusted by gas feed to a level below
the ordinary mode cutoff density, which is ~1.0 X 10" cm™>. The linc-averaged density as
measured by a 2-mm interferometer was generally below 6.0 X 102 cm™3, in order to keep the
central density below cutoff. The best results were obtained with this density or lower values. The
plasma current was kept low enough to avoid masking any auxiliary heating by Lgh ohmic heating,
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21 THE MICROWAVE POWER SOURCE

The microwave power source for these experiments was a gyrotron with a frequency of
28 GHz. The tube was a triple-miter-bend YGA-8000 gyrotron with a rated power output of
170 kW (pulsed). However, at the time of its use the power output was about 100 kW at the
gyrotron output window. The power supply allowed a pulse length of 100 ms from a capacitor
bank energy storage system. The output was into an oversize waveguide with a 6.35-cm (2.5-in.)
inside diameter that guided the power to the tokamak. The total waveguide length was about
15.24 m (50 ft). There was one miter bend in the waveguide to change the direction by 90° over
the tokamak. The microwave power passed through a water-cooled microwave window into the
tokamak vacuum chamber, where it was guided by an additional length of waveguide to a reflecting
mirror on the high field side at the midplane. The mirior was oriented to reflect the power into the
plasma at an angle of approximately €9° to the ficld lines. Calorimetric measurements made with
a water load at the end of the waveguide showed that only 70 kW of power was delivered to the
vacuum window at the tokamak out of 100 kW available at the gyrotron.

A Wengenroth® polarizer was used on the mirror to polarize the radiation into the extraordi-
nary mode so that the power would be efficiently absorbed by the plasma in one pass. This pclar-
izer was designed for circular electric waveguide modes such as TEy and TEg,, and the VGA-8000
gyrotron was originally designed to generate power in these modes. However, due to the triple-
miter-bend construction very little of the power was produced in these modes; hence, the Wengen-
roth polarizer was probably ineffective in this experiment. In the calculations made for the radiated
power, it was assumed that approximately 50% of the power was radiated in the ordinary mode and
50% in the extraordinary mode. A more complete description of the microwave equipment and
power supply was given by Campen et al.*

2.2 TOKAMAK OPERATION

The tokamak (described in Refs, 1 and 2) was operated under a variety of conditions. How-
ever, for a majority of the experiments described here, the magnetic field was adjusted for reso-
nance on the axis, that is, 10.0 kG. The plasma density was adjusted by gas feed to a level below
the ordinary mode cutoff density, which is ~1.0 X 10'*> cm™3, The line-averaged density as
measured by a 2-mm interferometer was generally below 6.0 X 10!2 cm™3, in order to keep the
central density below cutoff. The best results were obtained with this density or lower values. The
plasma current was kept low enough to avoid masking any auxiliary heating by high ohmic heating,



yet high enough that the electron temperature was adequate for good single-pass absarption. An
initial electron temperature of 600 ¢V was sufficient at these dens.ies, and this was maintained by
plasma currents of 60-140 kA.

3. DIAGNOSTICS

Diagnostics used in this experiment include a Thomson scattering system for electron density
and temperature measurements, MHD loops, an array of soft x-ray pin diode detectors, and a
radiometer array. The ECE diagnostics specific to this experiment are described in Sects. 3.1 and
3.2

3.1 FUNDAMENTAL AND SECOND HARMONIC CYCLOTRON RADIATION DIAGNOSTICS

One of the primary diagnostics of the electron temperature during 28-GHz heating experiments
was ECE. Initial measurements used a 58-GHz millimeter-wave receiver to detect emissions at the
sccond harmonic (2w, ) of the electron cyclotron frequency. In an effort to obtain a measurement
that was less sensitive to nonthermal electron populations, a second detector was added to cover the
frequency range of 29-40 GHz, which coincides with the fundamental of the electron cyclotron fre-
quency.

The 58-GHz detector, which had previously heen used for 35-GHz ECIH experiments,! was
modified to improve its characteristics. A block diagram of the receiver is shown in Fig. 1. The
modified system includes a balanced mixer-preamplifier with an isolated input. In addition, a cut-
off waveguide high pass filter was added to reduce interference at 56 GHz, the second harmonic of
the heating frequency. Such a second harmonic signal might originate either in the gyrotron itself
or from nonlinear plasma processes. This filter provides more than 70-dB isolation at 56 GHz with
minimal insertion loss above 58 GHz,
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Fig. 1. Block diagram of the second harmonic ECE detection system.



Cyclotron radiation {rom the plasma was collected and guided to the receiver with an oversized
X-band waveguide system, which is described in detail in Ref. 5. The plasma was viewed from the
high field side in a direction perpendicular to the toroidal field, and the waveguide was oriented to
detect the X-mode polarization (E L B).

Although second harmonic emission was generally a very useful electron temperature diagnos-
tic for 35-GHz heating experiments, similar measurements for 28-GHz heating are compromised by
significantly increased levels of nonthermal radiation. There are two principal reasons for this dif-
ference. First, 28-GHz heating requires that the plasma density be lower by 35%, due to wave
propagation (cutoff) considerations. Such lower density tokamak operation results in increased
populations of nonthermal electrons. Second, the decreased electron density leads to a reduction in
the optical depth of the resonant layer, resulting in an increased susceptibility to nonthermal radia-
tion. Fidone® has investigated the contribution of nonthermal electron populations to the cyclotron
radiation and concludes that the nonthermal radiation can be largely avoided by simply viewing the
plasma from the low field side. Even so, if the plasma becomes sufficiently transparent (optically
thin), then this geometrical advantage is diminished and the nonthermal radiation becomes evident
irom all viewing angles.

In summary, by comparison with 35-GHz ECH, the decreased electron densities inherent to
28-GHz heating result in substantially increased levels of nonthermal radiation, and the increased
transparency of the resonance layer provides less reabsorption of the nonthermal contributions. For
these reasons, the second harmonic detector that was very valuable for 35-GHz ECH turned out to
be of marginal value for 28-GHz heating.

One approach to improving the utility of cyclotron emission diagnostics is to observe emission
at the fundamental electron cyclotron frequency in addition to the second harmonic. At 2w,,, the
radiation rate of individual electrons is proportional to their energy, so that a relatively small num-
ber of energetic electrons from the tail of a nonthermal energy distribution can dominate the radia-
tion. In contrast, with the proper viewing angle with respect to the toroidal field, the radiation rate
of electrons at the fundamental electron cyclotron frequency is independent of their energy, result-
ing in a more favorable weighting toward the bulk of the energy distribution.

To explore the possibility of using ECE at the fundamental electron cyclotron frequency as an
electron temperature diagnostic, a superheterodyne microwave receiver covering the frequency range
of 26.5-40 GHz was constructed. A block diagram of this system is shown in Fig. 2. The local
oscillator was a backward wave oscillator (BWO) tube, which was electronically tunable over a fre-
quency range of 26.5-40 GHz. The intermediate frequency (IF) was 160 MHz with an IF
bandwidth of 100 MHz, so the double sideband receiver was sensitive to radiation in two 100-MHz
bands located 160 MHz to either side of (above and below) the local oscillator frequency. To
avoid possible interference from the high levels of 28-GHz heating power, a cutoff waveguide high
pass filter was constructed to provide at least 70-dB isolation at 28 GHz with minimum insertion
loss above 29 GHz. In addition, a low pass harmonic filter with a stop band of 47-120 GHz was
added to preclude the detection of nonthermal radiation at higher harmonics of the electron cyclo-
tron frequency. Radiation from the plasma was collected by a horn viewing from the high field side
at an angle of 60° with respect to the toroidal field. The horn was oriented to receive the X-mode

polarization, and the radiation was guided to the receiver using a standar¢ size (WR-28)
waveguide,

3.2 THE THIRD HARMONIC DIAGNOSTIC

in determining the design requirements of the superheterodyne receiver used to observe the
third harmonic emissions on ISX-B, it was nccessary to estimate the ECE intensity in the third har-
monic. The third harmonic emissions were measured with a detector bank.
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Fig. 2. Block diagram of the fundamental ECE detection system.

The detector bank was designed with five channels, each consisting of a narrow band-pass fil-
ter, an E&H tuner, and a Schottky barricr diode detector. The filters were single-pole devices
designed and built at Princeton Plasma Physics Laboratory (PPPL). When the corresponding E&H
tuner and detector were properly adjusted, the resulting band of frequencies was very narrow., A
typical filter had a 3-dB half-bandwidth of ~100 MHz with a center frequency of 88.9 GHz,
while the damping at Af > 200 MHz was over —30 dB. The final sensitivity to a signal at the
entrance to the system was greater than — 100 dBm/MHz.

This system shared the waveguide and antenna structure of the second harmonic detector and
was connected via a 3-dB directional coupler. Toroidal and poloidal views of the anterina system
installed on ISX-B are shown in Figs. 3 and 4, respectively. The results of these measurements’
clearly showed that for a normal ohmically heated plasma the emission level was below the sensitiv-
ity of the system. However, it was noted that in shots with large numbers of runaway clectrons
there was a signal at the very minimum level required for detection. As a result, the necessary sen-
sitivity of the superheterodyne receiver was estimated to be greater than —110 dBm/MHz.

The heterodyne system, shown in Fig. 4, was designed to provide information about the third
harmonic emission, concentrating on the region close to the third harmonic of the 28-GHz heating
frequency. A Tektronics 7L12 spectrum analyzer (SA) with a frequency range of 0.1-1.8 GHz was
used for the IF detector. The rest of the components in the receiver also needed to have this TF
range. Although this is not a standard IF bandwidth, a Hughes single-ended mixer with the requi-
site characteristics was available. A Gunn diode, chosen for its stability and simple implementation
requirements, was used for the local oscillator.

A wide band IF amplifier was chosen to amplify the signal from the mixer before it reached
the SA. Furthermore, the SA was located immediately adjacent to the mixer in order to minimize
cable losses at the higher frequencies. A high pass filter was used to separate the upper and lower
silebands, with approximately 10-dB attenuation over the lower sideband. The final sensitivity of
this system allowed the detection of a —120-dBm signal over the frequency range of 83.5-85.1
GHz, with a 3-MHz IF bandwidth as dectermined by the SA. This system is shown in Fig. 4.
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The system was attached to ISX-B in the same manner as the detector bank. On the final day
of operation, a semiflexible, low loss cable was run from the machine platform to the diagnostic
racks to allow the SA to be moved to a position where its operational mode could be adjusted more
readily. The signals from the existing SA and from another one that became available were fed to
the ORNL computer system for a permanent record. This was accomplished through a fast digi-
tizer, allowing a frequency resolution in the upper sideband of approximately 3 MHz.

4. ANALYSIS AND RESULTS

4.1 BULK HEATING EXPERIMENTS

In this series of experiments it proved very difficult to measure the electron temperature by
Thomson scattering due to the low power and low density. The operating window was found to be
very narrow. The magnetic field was set for a cyclotron resonance very close to the axis (10.2 kG).
The plasma current had to be kept low enough to avoid masking the ECH effect, yet high enough
to provide an electron temperature T, adequate for good single pass absorption. An initial 7, of
600 eV was sufficient, and the measured temperature rise was 370 * 110 eV. The plasma den-
sity had to be kept low (=6 X 10'2 cm™) to avoid cutoff (i.e., to provide accessibility) for the
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ordinary mode to keep the total number of particles small. Due to this low density, only a central
temperature 7,(0) could be measured by Thomson scattering.

During the experiment the loop voltage was observed to drop =30% (see Fig. 5), in rough
agreement with the temperature rise. The density also dropped, as it did on ISX-B in previous
experiments at 35 GHz,' on the JFT-2 experiment at 28 GHz? and on T-10 at 85 GHz. Fig-
ure 6 shows the density drop with ECH (dotted line) compared with the normal density with no
ECH (solid line). There is still no satisfactory understanding of this density drop, which was
observed on both the laser measurement and the 2-mm interferometer.

Without a full profile, only a rough energy balance could be made. If it is assumed that
70 kW entercd the plasma, then between 35% and 70% of this power was deposited in the plasma.

No heating effect was observed for off-axis (B # 10.2 kG) heating, and there was no evi-
dence of profile broadening or instability suppression. However, due to the low power, these effects
would not be easily observed.

4.2 ECE MEASUREMENTS

This section is divided as follows: first, the general form of the detected signals is given for all
three harmonics. Second, the most salient points to be noted in the entire collection of data are
briefly described. We discuss only the major features of these signals and leave more detailed and
complete discussions for a later publication.
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4.2.1 Experimental Results

Figures 7-9 show the fundamental, second harmonic, and third harmonic signals for represent-
ative shots. The line-averaged density for typical operating paramecters is shown in Fig. 10. The
dotted line indicates the signal for the case of no ECH, and the solid line shows the signal when
ECH is applied. The ECH pulse was applied at 130 ms and lasted 40 ms, except for the case in
Fig. 8, for which it was on for 10 ms. Although the three cases have quite major differences, we
first consider the similarities.

In both the fundamental and the second harmonic traces, the signal rises at the beginning of
the discharge and then settles down to a fairly constant value (see Figs. 7-9). When there is no
ECH, the second harmonic signal tracks the temperature of the plasma (as determined by Thomson
scattering and soft x-ray monitors) quite closely, and it is reasonable to assume that it represents
the classical blackbody radiation expected in this frequency range. The fundamental signal
increases by about twice as much as the second harmonic signal (see Fig. 8) and is probably being
affected by a tail on the electron distribution. Such effects have been predicted by Fidone et al.'”
and observed on the Tokamak Fontenay-aux-Xoses (TFR)® and the Princeton Large Torus (PLT).!!
The fundamental and second harmonic signals decrease at the end of the discharge when the den-
sity increases (see Fig. 7), a result of the plasma cutoff for the extraordinary mode and a general
cooling of the plasma. The density increase at the end was for suppression of runaways.

However, when there is ECH, this behavior is often modified. A large signal rises after the
ECH pulse (see Fig. 9) and then decreases before the density increase would be expected to cut off
the signal. This signal does not appear on the soft x-ray spectrum or the Thomson scattering tem-
perature, and it appears to be a large increase in the perpendicular energy of the few electrons in
the tail of the distribution.

A large noisy signal during ECH is seen in all three figures and in all the harmonics, although
it is much weaker in the third harmonic signal. Studies of the 28-GHz gyrotron characteristics
have shown that modes at 29, 30, and 31 GHz can develop during operation. Since these modes
would result in a strong signal in the passband of the fundamental system, it is unlikely that any
other information can be extracted from the signal for this period. Similarly, the second harmonic
signal may be affected by the second harmonic of these gyrotron modes.

On the other hand, the third harmonic signal is close enough to the third harmonic of the pri-
mary gyrotron frequency that higher harmonics of these modes should not affect it. Still, some
large amplitude signals are seen during the period that the gyrotron is on, and it is probable that
these signals are due, at least in part, to noise from the gyrotron. Considering the sensitivity of the
receiver, a gyrotron-produced sideband that was —110 dB from the peak would still saturate the
system. The spectrum of the third harmonic was taken with the SA; a typical trace, averaged over
a number of shots and with background noise and the no-ECH signal removed, is shown in Fig. 11.
The sawtooth waveform at the bottom of the picture is the SA drive, and the upper traces are series
of frequency sweeps from 83.8 to 85.1 GHz with the frequency ramped by the SA drive. The
details of the spectrum during the gyrotron pulse are still being studied, with the hope that peaks
due to gyrotron noise can be eliminated. Special attention is being paid to the possibility of detect-
ing daughter waves of a parametric decay similar to those observed at Massachusetts Institute of
Technology (MIT) on Versator.'?

The third harmonic signal is also different in that frequently there is no signal until the ECH
begins (see, for example, Figs. 7 and 8). The condition for the appearance of a pre-ECH signal is
a very low density during the early part of the discharge. The second harmonic signals are the
same in both cases (i.c., the temperature is the same), and the density change is not enough to
account :‘?r the difference in the third harmonic signal. The optically thin third harmonic radiation
scales as

I xnT?, - ‘ (1)
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where the use of 7, presumes a Maxwellian distribution. Contributions from any tail electrons
would be proportional to their perpendicular velocity raised to the sixth power.'* Since the temper-
ature and density are essentially constant during the rise of this signal, it appears that the third har-
monic signal must be produced by a small tail population of ¢nergetic electrons.

A theoretical study by Gurevich'® of the superthermal tail production in an ohmically heated
plasma gives the scaling of the flux of electrons into the tail as a function of the density, tempera-
ture, and electric field. Gurevich predicts an exponential growth of the runaway flux with an alge-
braic decrease in density. Near the point where these two terms balance one expects that decreases
in the density would lead to increasingly large changes in the runaway flux. Using values typical of
ISX-B in this series of experiments, we find that a 20% decrease in the density will lead to nearly a
doubling of the runaway flux. In the cases of higher-than-average density, in which there was no
increase in the nonthermal emissions, a similar change of density leads to virtually no change in the
runaway flux. Figure 12 shows the third harmonic signal for two cases when the line-averaged
density was 2.5 X 10'> cm™3. Clearly a low density is instrumental in producing a large nonther-
mal signature on the third harmonic emissions,

The post-ECH signal on all three harmonics in Figs. 8 and 9 is quite different from that in
Fig. 7. The large rise in signal is absent and in its place is a signal that quickly approaches the
no-ECH emission levels. There are two major circumstances under which this different behavior
occurs. The first is illustrated in Fig. 13, where the emission characteristics have been plotted in
density and plasma current ({n.)-I,) space. If the emissions in all three systems climbed above
the thermal emissions by at least 50%, the data pcint was plotted with a circle, while if the signals
remained at their thermal levels a triangle was used. It is clear that there is a very sharp density
cutoff to the enhanced emission cases, with line-averaged densities greater than approximately
6 X 10" cm™? preventing their development. A weaker dependence on the plasma current is also
shown; however, within ihe prebable error it is possible that there is no dependence on 1,.
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Fig. 12. The third harmonic signal in a low dessity discharge (1, ~ 10'2 cm™3),
There is a large signal even in the case of no ECH, indicating the sensitivity of this diagnostic
to the supcrthermal tail of the distribution.
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Fig. 13. Plot of density-current space for all the ECH shots. A circle was used if the
third harmonic signal showed an increase after ECH of 50% or greater, while a triangle was
used when the increase was less than 50%.

The second circumstance that will prevent the emergence of the large signal seen after ECH is
shown in Fig. 14, where the rise of the third harmonic signal is plotted against the ECH pulse
length. Most cases were quite repcatable; however, there was one case, in which the ECH was on
for 20 ms and all three systems showed a major increase over their thermal levels, that could not be
repcated. There is a very distinct dependence on the length of the gyrotron pulse. If the pulse
length is less than 30 ms then the maximum signal is about the same as when there is no ECH;
however, if the pulse length is greater than 30 ms, the signal rises to a much greater value. Aiso,
both the lower and upper values for the increase arc essentially independent of the pulse length
within their respective ranges. The hatched area in Fig. 14 r- sresents the transition region between
the two cases.

The post-ECH emissions were insensitive to the location of the resonant surface in the plasma
in the range between 10 cm to the outside and 10 cm to the inside. They were also independent of
the occurrence of bulk electron heating. Since during this post-ECH period there was no detectable
change in the loop voltage (which is altered in order to maintain the plasma current at a constant
level) from the no-ECH cases, it is likely that these signals are the result of a very small population
of electrons.

42.2 Preliminary Interpretations

In order to understand how to increase (for purposes of current drive) or decrease (to prevent
the emergence of runawsys during and after ECH) the tail population of clectrons that appear to
participate in the post-ECH effects, and in order to predict whether similar effects will be observed
when higher gyrotron frequencies allow greater densities, we must ~ome to an understanding of
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exactly what is being observed and what s causing the effects. This section consists of a specula-
tive discussion of exactly these points and our preliminary conclusions. ‘The emphasis is on the
cases where there was a post-ECH rise in the emissions.

The model that this process suggests consists of four stages (shown in Fig. 15): (a) the pre-
ECH stage, (b) the ECH stage, (c) the pitch angle scattering stage, and (d) the energy loss stage.
In the pre-ECH stage the ohmic field pulls out a tail population of electrons. If such a tail is not
pulled out, the ECH will be unable to push the electron group into a region in phase space where
pitch angle scattering can operate faster than the energy damping. From the Gurevich results
(Ref. 15) we see that the emergence of such a tail depends critically on a low density; therefore,
Fig. 13 can be understood to represent exactly this effect. During ECH the superthermal tail is
pushed up to a greater v, value that, in turn, increases the radiation in the harmonics. If the
resulting energy of the tail particles is great enough at this stage, then the scattering processes can
take place at a rate fast enough for the previous analysis to apply. If the energy is too low, then
energy damping will dominate, and the emissions will not increase greatly after the gyrotron is
turned off. Figure 14 may be understood to represent this fact, if the energy gained by the elec-
trons is a function of the length of the pulse. After this occurs, the pitch angle scattering causes
the emissions to increase, with the faster rate of increase being in the higher harmonics. In the
experiment the fundamental signal increases more slowly than the others, as was expected. How-
ever, the second harmonic sometimes increases at a rate comparable with the third. This could be
due to the interaction of the second harmonic radiated energies with the blackbody layer. Finally,
energy loss or particle loss from the resonant regions results in the decay of the signal.

Estimates have been made of the scattering times required to explain the sustained 40-ms rise
seen on some shots, and they show that electrons with temperatures of approximately 100 keV have
the correct collision frequency. In addition, estimates made of the power emitted in the second har-
monic indicate that a population of 10°-10® cm™3 at these energies could account for the observed
signal. Such a population would not show up in the plasma current, Thomson scattering, or soft
x-ray data, therefore agreeing with the lack of signal on these devices.



16

ORNL-DWG 82-2606 FED

Sr—T T T T T T 1

VBER

Fig. 15. Figerative representation of the proposed processes for producing the observed ECE sigmala. (a) During
ohmic heating a superthermal tail of electrons is drawn out of the Maxwellian background plasma; (5) the ECH power
raises the perpendicular energy of the tail particles; (c) after the ECH is turned off pitch angle scattering occurs;
{d) the particles are lost through energy damping or by moving out of the resonance zone.

The existence of the ohmic field complicates this picture by accelerating the superthermal elec-
trons in the vy direction. This may allow lower energies for the clectrons after stage (b). Since
relativistic calculations show that the maximum enecrgy a particle can gain from the ECH wave is
limited,'® this feature may enhance the emission. At the present time this appears to be the most
likely candidate for the process causing the ECE from ISX-B.
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5. CONCLUSIONS AND SUMMARY

Electron cyclotron heating of the plasma in ISX-B has been observed under low density condi-
tions. The electron temperature rises and the loop voltage drops in reasonable agreement with it.
The density also drops, as in previous experiments.

Electron cyclotron emissions at 29 GHz, 58 GHz, and 84 GHz have been observed on ISX-B
during both ohmically heated and ECH discharges. The diagnostics have proven their ability to
detect the existence of small changes in the electron distribution and to locate the approximate posi-
tion in vy-v ; space of these changes. Furthermore, an unexpected rise in the signals after the ECH
pulse ends has been investigated. This rise has been attributed to the effect of pitch angle scatter-
ing on a group of electrons that were superthermal before the ECH and were then heated enough
by the ECH to enable taem to scatter faster than they lose their energy to the background elec-
trons.

Currently under way at PPPL is a theoretical investigation, the goal of which is to elucidate
the details of the scenario presented here. Also under consideration are other proposed explanations
of the behavior of the ECE. However, none appears to be as likely to explain all of the observed
data as this one.
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