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Abstract

Experiments designed to heat electrons by Landau damping of waves
at approximately twice the lower hybrid frequency have been carried out
on Doublet IIA. This objective is in contrast to other lower hybrid
experiments which are designed to heat ions using frequencies
"corresponding to the lower hybrid resonance frequency. Up to 500 kW of
rf power was applied to discharge with approximately 100 kW ohmic input
using parallel wavelengths chosen to optimize the spatial distribution
of the power deposition based on linear or quasi-linear Landau damping.

Coupling of the power to both electrons and ions was observed, but
there was no indication of effective bulk heating of either species.
The desired slow wave propagated into the plasma and efficient coupling
of the wave energy to the plasma occured, but this energy was poorly
confined. Two possible models of the absorption and loss mechanisms
remain unresolved: 1) The power is coupled to energetic electrons via
Landau damping and is lost via 7anomolous electron transport before it
can thermalize. 2) The power is coupled to energetic ions and is lost
by direct particle losses before it can thermalize.

* Present address: Maxwell Labs, San Diego, CA



I. INTRODUCTION

This paper summarizes the results of experiments on Doublet IIA to
évaluate the use of electron Landau damping of lower hybrid waves as an
auxiliary heating metﬁéd for tokamaks. Ample auxiliary power was
available; over 500 kw of fadio ffequency (rf) power at 800 MHz and
915 MHz was appliéd to circular tokamak discharges whereas the plasma
was sustained by approximately 100 kw of ohmic power. The‘lower hybrid
wavelength, characterized by the parallel index of refraction
(ny = ck"/w) was chosen so that that wave-particle resonance occurs in
the tail of the electron distribution. The rf béwer levels are suffi-
cient to expect a quasi-linear plateau in the electfon velocity distri-
bution, and/or non-linear mechanisms such as electron'trapping in the
waves and parametric decays. Furthermore the elec¢tron energy confine-
ment time is sufficient to expect that rf energy deposited in the tail

of the electron diStribﬁtion will be transferred via collisions to the

thermal electrons..

The primary results from this experiment are that the rf power is
coupleh to the plasma and transported into the iﬁterior 6f the plasma
where the wave energy was then transferred to the plasﬁa‘particles.
This energy was ultimately tfanSported to the plasma edge via particle

transport. There was only sporadic evidence of increases in the

central electron bulk temperature.and no heating of the thermal ions.




Despite .the efficient transfer of the wave energy to the charged
particles, rapid loss of this energy prevents its thermalization.
Whether the energy transfer to the plasma edge was by electrons or ions

has not been definitely ascertained.

The expgrimental data is rich in physical phenomena, but the dis-
cussion here will be limited to only those features essential for
understanding the power balance. A paper covering most of the detailed
observations in the experiments is being prepared for publication

(reference 1).

The basic device, plasma parameters, and wave coupling are dis-
cribed briefly in Section II. The experimental observations of the
effect of the rf power on the plasma are discribed in Section III and

the results are summarized in Section 1IV.



II. EXPERIMENTAL ARRANGEMENT

The basic plasma and device parameters are shown in Table 1, and
the reader is referred to ;eferences 1 and 2 for more details of the
Doublet IIA device. .These experiments were carried out on circular
discharges to minimize the ohmic input and simplify the control-of the

discharge.

Due to aécess restrictions and the need for large values of n".'
slow wave structures, each capable of coupling 100 kW to the plasma,
were utilized in theée experiments rather than the more commonly used
phased waveguide arrays. The slow wave structures are pésitioned at
the top and bottom of the plasma cross-section as shown in Figure 1.
The top view of Doublet IIA illustrates the toroidal extent of the
structures. Details of the construction and operation of the slow wave
structure are discussed in reference 3. Most of the structures
(n" = 11, 14,v16, 19,'22, 28) were designed to operate at 800 MHz with
the exception of one set at ny = 16 designed for 915 MHz. In the rest
of this paper the n; = 16, 915 MHz antennas will be labelled n, = 16%
to distiqéuish them from the 800 MHZ antennas. Six slow wave struc—

tures could be accomodated in the machine.



Reference 1 also discusses rf probe measurements inside the plasma
which demonstrated the existence of resonance cones in the plasma at
the loéation predicted theoretically for the launched waves., The wave
phase velocity was also confirmed to be that expected from the design
values of the slow wave structure. Measurements in the vacuum region
showed that power in electromagnetic modes, either directly launched

or parametrically produced, was negligibly small.



III. POWER BALANCE

A key objective of these experiments was to determine the power
 balance during rf heating. In particular, since several times the
ohmic power could be applied to the plasﬁa with no significant increase
in the central electron temperature, an understanding of the power
balance is necessary to assess the potential of this heating scheme.
Despite this lack of increase in the bulk plasma temperatures (or
densities), there was émple evidence of non-thermal effects in both the
ion and electron distributions. Distinctly different macroscopic phe-
nomena were observed at the opposite extremes of the n“-values studied.
Moreover, measurements of ‘the radiated power, the power in rf waves in
the edge region, and absolute power in the charge exchange neutrals

indicated the major power loss was not via these mechanisms.

Strong evidence thét'the rf power was transferred ;o partiéles in
the plasma interior was obtained from measurements of the charged
particle energy lost ﬁo the wall taken with a thefmocouple probe.
Figure 2 shows the temperature increase of the thermocouple probe as a
function of the tOtgl engrgy input, rf and ohmic, for several spatial
locations. The thermocouple probe is, of course, sensitive to incident
particle energy. Particularly noteworthy here is 1ineérity of the
therchouple response to appiied energy, be it ohmic or rf energy. A

slight deviation from the linear behavior is apparent for the highest



rf power levels wheﬁ the probe is inserted 4.4 cm from the limiter.
These results, coupled with the lack of significant power loss measured
in other channels, are evidence that the rf energy was coupled to
plasma particles within the the central 10 cm of the plasma and carried
out by the charged particles. This thermocouple measurement does not
constitute by itself a definitive result since even in the ohmic case
the probe samples only a fraction of the total power to the limiter and
wall; so if the rf energy is carried out by more energetic particles
than typical of the ohmic case a larger temperature increase could be
obtained due to sampling a larger fraction of the rf-related power.
However, the result was the same even when a sﬁield was used to elimi-
nate energetic electrons. Assuming the rf power is deposited in the
central regio; and is losﬁ in a similar manner és the ohmic input
power, then the rf power can be accounted for fully. This measurement
is significant not only becauese it accounts for the rf power, but also
because it eliminates stochastic heating in the electric field in front
of the antenna as the major power drain. If in this model the rf power
is coupled to plasma particles and then carried to the plasma edge
where it is lost, it remains to determine which species, electrons or
ions, is the loss channel. The evidence for both species is presented

below, but insufficient information exists to make a definitive choice.

The behavior of electron transport in tokamaks is poorly under-
stood as evidenced by the lack of fundamental understanding of anoma-

lous electron energy transport (reference 4). The complexity of the



electron response to the application of rf power was apparenf in the
course of these experiments, and understanding the electron behavior
was complicated by the presence of non-thermal effects which prevent
simple interpretation of some of the diagnostics for bulk electron tem—

perature.

The electron.response to the rf power was sensitive to the value
of n, of the launched wave. For the lowest ny, application of rf power
at low density resulted in significant increases in the plasma conduct-
ivity along with evidence of non-thermal electrons from increases in
the second and third harmonic synchrotron emissions and the soft x-ray
PIN diode signals. Yet the Thomson scattering measurements did not show
any significant bulk electron.temperature increase for these low n
cases. At the other extreme, the application of rf power at n, = 28
did not show any macroscopic changes. Central electron bulk tempera-
ture increases were only observed with oy, of 16* and 22. These central
increases were sporadic and could not always be readily reproduced,
athough certain “necessary but not sufficient’ conditions were

identified.

Significant temperature increase in the electron bulk was well
documented on three statistically significant data sets. The three
cases include two at-nIl = 16* and one with n, = 22. The two n, = 16*
cases include an extensive earlier set n = 16*a with only Thomson
scattering measurements of'Teo available and a later set n = 16*b
where the Thomson scattering observations are supported by measurements
made using SXR energy spectrum analysis. For these three cases

3

Ngo = 8 x 1012 cm °, and the central electron temperature without rf



was such that vII/veo = 1.9. All three of the instances of increases in
the central temperature occurred under relatively clean and stable dis-
charge conditions. From both bolometer measurements and spectroscopic

studies, impurity influx upon the application of rf was not signifi-

cant.

The central temperature increase was relatively modest remaining

below

The maximum central temperature increase observed was 0.6 Teo+ The

electron density was not significantly changed in these cases. In the

n, = 22 and ny 16*b cases no measureable change occurred. In the

l6*a case a small (~7%) decrease in electron density occutrred.

ny

Instances of central electron temperature increases with n, = 22
were recorded with Thomson scattering at relatively low initial central
temperature and density (120 eV < T, € 180 eV and

e

6 x 1012 em 3 < n,6 <9 x 1012 cm_3).‘ These temperatures are about as
low as can readily be produced and diagnosed in Doublet IIA. For a
temperature T, , = 150 eV, the ratio of the phase to thermal velocities
is vii/v,, = 1.9. The most complete documentation of central bulk elec-
tron temperature increases'were observed using rf power at n, = 16%,
&ith the Thomson scattering measurements supplemented by the soft x-ray

energy analysis. The temperature on similar shots with no rf power

applied was about 250 eV, so that again v"/veo = 1.9. Spatial scans of
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the electron temperature with the Thomson scattering were not avail-

able.

The conductance change observed at high rf power (PRF/POH > 1
were less than expected from spatially uniform heating &ith Spitzer
conductivity. This seems to indicate the heating is spétially local-
ized, but anisotropic modifications of the electron distribution

function can result in an enhancement of the number of trapped elec-

trons which could limit the conductivity increase.

The time histories of the second harmonic synchrotron emission
near the center of the discharge rise smoothly in ~]1 msec, remain
constant throughout the rf period and fall to the pre-rf level. These
signals might readily be mistakeﬁ as evidence of a thermal electronv

distribution in the absence of additional information.

Spatial scans show only modest increases in the center of the
plasma, and much larger (10 X) increases at frequencies corresponding
to the outside of the plasﬁa. Tﬁese large peaks could be due to
trapped particles. In addition, one muét consider that if thebenergy
of the electrons is sufficiently high, their radiation is mass shifted
to lower frequency, and thus their apparent location moves radially
outward. Evidence of a shift of up to 10 cm, corresponding to 60 keV

electrons, was observed.

Considerable progress was made in understanding the response of
the electrons to the rf power when a soft x-ray energy spectrometer
system was available during the last few months of the experiment,

although these investigations were restricted primarily to ny = 16*, A

\
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typical soft x-ray spectrum is shown in Figure 3A. The méasured dis-
tributions can be characterized by up to three distinct temperatures,
the bulk temperature T, and two tails T, (~4 keV) and T, (~12 keV).
Figure 3B shows the electron temperature as a function of time from
both the Thomson scattering (central) and soft x-ray (vertical chord)
measurements. The soft x-ray measurement averages over a 5 msec time
interval. A surprising feature of this measurement is the continued
increase in central electron temperature after the rf power is turned

off.

The time constants for the central bulk electron temperatﬁre in-
crease can be associated with those observed for the formatioﬁ and
decay of the energetic electron tail component T, observed in the soft
x-ray spectrum. The presence of the tail seemed to be necessary but
not sufficient tokobtain a significant increase in the central bulk
temperature. This componeunt typically had a characteristic tcmperature
" of TZ > 10 keV andcg fractional density of roughly n2/no = 0.001. This
component decayed with é time constant of about 5 msec. The presence
of this component could not be explicitly related to any one variable

within the limited data set available.

The tail cdmponent T, was always present. Its temperature in-
rreases roughly as the équare root of the power for the range of
density available (6-8 x 1012 cm_3), and the energy, nT, in this tail
increases linearly with'power. The fractionai density of the tail was
estimated from the soft-x—réy measuremengs to be nl/n2 = 2 for a power
level of 150 kW, based on the assumptions that the tail is isotropic

and its spatial distribution is identical to that of the bulk. This
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estimate is also subject to errors in the exact calculation of the
coefficients. A limitation of the soft x-ray system for non-thermal
distr;butions arises due to the viewing cone of the detector which does
not see electrons magnetically trapped with high perpendicular ener-
gies; other diagnoétics such as the synchrotron emission at the second

harmonic show evidence of such a component as was discussed above.

The magnitude of the electron tails did'not increase in the pre-
sence of a tail of lesser temperature in the distribution. Evidence
from the decay of the synchrotron emission signal suggests the energy
is in the perpendicular component and is not strongly inflpenced by the

ohmic driving field.

The tail temperature T, was directly measured for ny = 16 and
n, = 14 at 800 MHz in addition to the major body of the data at
n,. = 16* (915 MHz). The tail temperature increases strongly with the

wave velocity (v“—6), and since the calculated fractional density nllno
is essentially constant for these cases, the tail energy likewise in-
creases. The tail temperature, and thus energy, doubles when oy is
decreased from 16 to 14 at 800 MHz. No examples of the presence of a
tail T, were observed in the limited data set at 800 MHz. The tempera-
ture T, increased rapidly with the frequency of the applied wave (f6).
While this dependence is supported qualitatively by other diagnostics,
earlier qualitative data would seem to indicate no frequency depend-

encee.
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There was also no evidence of any significant accumulation of the
tail heating effects when power from the several sources was applied
simultaneously. With a total power of 360 kW was applied (140 kW at
n, = 16*, 100 kW at n, = 14, and 120 kW at n = 16), there was no
additional contribution to the tail components that was measurable

beyond that observed for 140 kW of power at n; = 16* applied alone.

The accumulated data on the electron behavior during rf heating
shows evidence of strong interaction with the lower hybrid waves.
However, attempts to quantify the energy in the electron distribution

does not readily balance with the rf power applied.

The production of a significént hot ion component as determined by
the charge exchange neutral analyzer was an ubiquitous feature of the
application of rf power to the plasma. Parametric decay spectra were

also observed on the limiter floating potential for all cases examined.

Detailed measurements of the ion temperature were made using the
charge exchange diagnostic. For example, the application of 185 kW of
rf power at n, = 16* to a plasma with a bulk ion temperature of 134 eV
before the rf power is applied, fitted temperature is 239 eV with the
rf power applied. The ions sampled could originate anywhere along the
vertical central chord, and the temperatures are inferred from ions
with energies greater than 600 eV. Although the charge exchange
signals appear Maxwellian, other measurements show the temperature in-
crease with rf power is nof thermal and is related to the formation of

an ion tail distribution.

13



The observed rise and fall times of the signals from the indivi-
dual channels of the charge exchange analyzer are very short
(~50 usec). These time constants decrease with energy. There is no
evidence of a significant long lived decay component to indicate the
presence of a bulk increase due to the thermalization of the tail. In
fact, the presence of a measureable bulk increase in the ion tempera-
ture after the rf power was turned off was never detected in any
interval. Because of the rapid rise time and the finite amount of

power available less than 10% of the ions can be involved.

The measured ion tail temperature increased linearly with applied
rf power (Figure 4). The zero power intercept of the extrapolated tem-
perature was found to be equal to the thermal temperature with no rf
power applied. The linear power dependence held for all antennas
tested (n, = 16, 16*, 19) over a wide range of plasma parameters. Thé
extrapolation of the linear power dependence to the central thermal
temperature without rf power applied would seem to indicate that the
‘heating occurs in the central region. However, since this diagnostic
is sensitive to ions which have a turning points along the central ver-
tical chord, a distortion of the ion velocity distribution function

even near the edge could produce the measured charge exchange signals.

The rate of increase of the ion tail temperature observed with rf
power applied vgried widely amongst the antennas studied, but was rela-
tively constant from shot to shot for the various antennas. The
antenna efficiency cannot be systematically related to the value of oy,
in fact the widest variation occurred between two mechanically identi-

cal antennas installed symmetrically above and below the discharge
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column. The relative efficiency of these two antennas reversed with
the toroidal field direction. The asymmetry was not simply related to
gradient B drifts since the antennas at the other toroidal azimuths
exhibited the opposite dependence on toroidal field direction. There
is no corresponding asymmetry in the interaction of these antennas with

the electrons.

The intercepts of the charge exchange data indicate the product of
the neutral and ion densities decreases by approximately a factor of
two with the rf power on. Since the available power is only sufficient
to heat 10 percent of the bulk ions to the measured temperature, this
is evidence that either the hot ion distribution is not isotropic but
heated selectively in the transverse plane or the hot ions are réla—
tively near the edge of the plasma so that the neutral density is in-
creased, or both. The thermocouple probe measurements discussed
earlier and the linear extrapolation of the hot ion temperature with
power to the central ibn temperature at low power indilcate the heated

ions if they account for significant power loss are not near the edge.
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IV. CONCLUSION

The evidence accumulated during the course of the Doublet IIA
experiments indicates the energy in lower hybrid waves is efficiently
coupled to the plasma and propagated to the central region of the dis~
charge. The only evidence of non-linear coupling or propagation is the
existence of parametric decay spectra at the plasma edge. The
absorption of wave energy, however, appears to be strongly influenced
by non-linear mechanisms; pérpendicular electron tails with energy much
larger than expected from quasi-linear Landau damping theory are
observed as well as ion tails. The lack of spatial information and
quantitative measurements of the energy in these tail components
prevents a definitive modeling of the heating, but bulk heating of
either ions or electrons is prevented by the loss of the heated species
before thermalization can occur. Evidence exists for both electrons
and ions as the major loss channel, but unresolved questions remain for

either interpretation.

The power balance might easily be satisfied by the ions. As
indicated, less than 107 of the ions in the tail can account for all of
the power. The thermocouple probe evidence that most of the energy is
deposited in the central 10 cm of the plasma woﬁld require, according
to accepted theory, that the energy be transmitted to the central
region by parametric decay waves with lower n, since under some

conditions where the ion tails were observed the launched waves should
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be sfrongly Landau damped on the electrons. The most likely loss
process for the ions is direct particle loss to the limiters due to
large banana orbits. For the energies observed with the charge
exchange spectrometer the maximum orbit is about 7 cm, and the bounce
time for these ions is in reasonable agreement with the observed loss
time. The absolute power lost through charge exchange is small

(few kW), so this is not a major loss channel. Although the ions could
be the major energy loss channel it is also possible that the observed
effects are due.to only a small fraction of the ions since the charge
exchange analyzer is sensitive to.only a small portion of ion velocity
space. The observed asymmetry in antenna efficiency indicated

spatially localized effects which supports this view.

The energy accounting in ;he electron ch#nnel aoes not readily
balance the applied rf power. Eétimates from thé soft X-ray measure-
'  menls accouut for lessAthan 25% of the applied power, but good
correléﬁion was documented between central bulk electron témperature
increases and the decay of the most energetic electron tail (T2).
Also, the energy in the lower temperature electron tail Ty, increased
linearly with rf power. The central bulk electron temperature inrease
was only observed in plasmas with low impurity levels and when the
ratio of the Landau velocity to the central thermal velocity was about
1.9. This approximately velocity ratio is appfoximately that expected
if quasi-linear Landau damping is the operative mechanism. - However,
these conditions appear nedessary but not sdfficieﬁt for the'heating.

A major uncertainty in the power balance arises due to the limited
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viewing cone of the soft x-ray detector, since the synchrotron emission
shows evidence of even more energetic electrons but quantitative infor-
mation is lacking. Interpretation of the synchrotron emission due to
non—thermél particles is very complicated and has not been done, but
roqgh estimates indicate a substantial fraction of the thermal energy
could be stored in the 60 keV magnetically trapped electrons. If sig-
nif icant energy is stored in the energetic electrons rela;ive té that
stored in the plasma, thenAradial column shifts are expected which are
not observed. Consequently, to account for the rf power in energetic
electrons, their confinement must be considerably worse than the bulk
electrons. However, the measured decay time of thé synchrotron
emission signals for the 60 keV coﬁponent~is approximately 1 msec which

is comparable to the bulk decay times.

The loss of energetic electrons is consistent with recent theore-
tiéal understanding‘of Alcator A transport data (reference 5) and could
represent a serious impediment for utilization of Landau damping of
blower hybrid waves by electrons as a tokamak heating technique.
Expériments in higher density plasmas may impede the tail formation,
and should also allow better thermalization with the bulk eleétrons due

both to more rapid thermalization and the better bulk electron confine-

ment.

We acknowledge useful discussions with Professor Abe Bers of
Massachusetts Institute of Technology on the'interpretatiOh of these

experiments. Also, we are indebted to Doug Remsen for the trouble-free
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operation of the rf power systems, to Earl Heckman for data acquisition
assistance, to Randy Hager and his staff for antenna fabrication, and

especially to the operating staff of Doublet IIA.
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TABLE 1
_DOUBLET IIA OPERATING PARAMETERS

‘Major radius R (cm)

Minor radius. a (cm)

Toroidal magnetic field B, (kG)
Operating gas

Plasma current Ip (kA)

Ohmic power (kW)

4 Cen;ral electron temﬁerature Teo 13 5
Average electron density ne (x 1077 en ™)

Zogs

H,, D
20-40

66
15
7.8

2

50-120

© 150-350

0.5-1.5
1-5
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Figure Captions:

Figure 1. Top and cross-section views of Doublet IIA showing slow-
wave structures. '

Figure 2. Thermocouple probe signal versus total applied energy
(RF plus ohmic) with 1 cm, 2.5 cm, and 4. 4 cm from the
limiter 1ocation.

. Figure 3a. Typical soft x-ray energy spectrum (observed along a
vertical chord) with rf power applied. (140 kW n, = 16%)

- Figure 3b. Time dependence of the electron temperature as measured
by Thomson scattering and soft x-ray energy analysis with
140 kW of rf power at n = 16*.

Figure 4. Ion tail temperature as a function of applied rf power
for various n, values and antenna locations. The
upper solid line demonstrates that the efficiency of the
top n = 16* antenna for this toroidal field direction
(see text) is about 10% relative to the bottom antenna.
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