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ABSTRACT 

We report on initial results from lower hybrid wave heating experiments 
carried out on the MIT Alcator C and Versator II tokamaks. In the Alcator C 
experiments a 4 waveguide array, with internally brazed c~ramic windows has 
been used to inject 160 kW of microwave power at 4.6 GHz into the plasma 
with n

0 
~ 1 X 1015 em-~, and B

0 
~ 12 T. An RF power density of 8 kW/cm2 has· 

been transmitted into the plasma without RF breakdown. RF coupling studies 
show optimal coupling (R ~ 10%) when the local density at the waveguide mouth 
is 25-50 times overdense. Initial heating experiments show an ion tail form­
ation in hydrogen discharge peaking at a density of ii ~ 2.7 X 1014 cm~3 at· 
B = 8.9 T, and bulk ion heating at a density of ii ~ 1.5 X 1014 cm-3 at B~ 11 T. 
Evidence of RF current enhancement· has been observed at a density of n ~ 3 X 
1013 cm-3. 

In the Versator II tokamak initial ion heating studies have been carried 
out using an 800 MHz, 140 kW klystron. With 50 kW of net RF power injected 
through a 4 waveguide grill at R = 1.3 T and ii = 2.5 X 1013 cm-3, Doppler 
broadening of the OVII and NV! lines shows a ~Ti = 50 eV rise in th~ bulk ion 
temperature. A significant RF produced ion tail is also observed by charge 
exchange analysis. 

We have succeeded in combining a toroidal ray-tracing code and a 1-D 
transport code to study the heating density bands and heating efficiencies. 
Results related to the foregoing experiments are presented. ·We find that 
collisional absorption of rays in the outer cold plasma regions may signifi­
cantly affect the lower hyb~id wave heating efficiency. 



ALCATOR C EXPERIMENTS 

1. RF Power System and Antenna 

We have begun a series of lower hybrid heating and current drive experi­
ments in the MIT Alcator C tokamak [1]. The operating frequency of the 
Varian built cw klystrons is 4.6 GH~, and the pulse length (determined by 
power supply capabilities) is 0.5 sec at the full power rating of 250 kW per 
klystron. The complete system will consist of 16 klystrons, for a tota1 
power of 4.0 MW at the source. The system is divided into four subsystems, 
each consisting of a power supply-modulator unit which powers four klystrons. 
The relative phase of each klystron is electronically adjustable, and each 
klystron feeds one column of a 4 X 4 array of waveguides. The waveguides 
have internally brazed ceramic (BeO) vacuum windows located 10-12 em from the 
.plasma end. The fabrication of the first of these units has just been com­
pleted by Varian Associates and delivered to MIT. 

In the present paper we summarize initial RF coupling and heating re­
sults obtained by a 1 X 4 waveguide array which served as a prototype for the 
antenna development program. The dimensions of the 304-L stain·less steel 
waveguides are 0.9 X 5.75 em, with 0.2 em wall separation. This waveguide 
array produces a Brambilla spectrum which peaks at N11 ::::: 3, and it extends 
from N11 = 2 to 4, when the relative phasing of adjacent waveguides is 
(O,rr,O,rr) radians. In this coupier the ceramic windows were placed approxi-
mately 16 em fro~ the waveguide mouth at the plasma end. The waveguide array 
is movable by a bellows assembly so that the RF coupling to the plasma could 
be optimized. After proper cleaning and thermal cycling a small leak de­
veloped in one of· the waveguides (near the window).· In order to reduce nitro­
gen leakage into the vacuum chamber, a back-up mica window was installed in 
each waveguide and the space between the mica and ceramic windows was evacua­
ted. Eight to ten seconds prior to RF injection into the plasma a nitrogen 
gas pulse ·at a fill pressure of p - 250 torr was injected into the waveguides 

·between the windows. Under optimal conditions such techniques allowed us to 
inject up to 8 kW/cm2 RF power density into the plasma (or a total maximum 
power of P - 160 kW) for 50 msec without evidence of RF breakdown or plasma 
formation in the waveguides. In vacuum RF powers in excess of 200 kW·were 
transmitted through the array. 

On top of the waveguide array an RF and/or Langmuir probe array (two 
probes) was installed which could be moved in front of the waveguides. Thus 
the local plasma conditions (density and temperature) as well as the RF fields 
(pump wave and parametric decay spectra) could be monitored during these 
experiments. 

2. RF Coupling Experiments 

Before starting the high power experiments, by moving the waveguide array 
radially we studied the RF coupling between the array and the plasma at low 
power. In Fig. 1 we display the reflection coefficient R as a function of 
density at the waveguide mouth. In these data the relative waveguide phasing 
was (O,rr,O,rr), and an optimum coupling position of r = 17.8 em was obtained. 
These experiments were carried out at low RF power (P ::::: 1 Watt) so as to stay 
within the limits of linear theory. We see that the minimum reflection co­
efficient of R ::::: 5-10% is obtained when the density at the waveguide mouth is 
highly overdense (nWGD/n 't = 25-50) where n 't ~ 2.6 X 1011 cm-3. In the cr1 cr1 
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Fig. 2. Global waveguide array reflec­
tivity R vs. ne at the waveguide mouth 
for all waveguide positions and for 
relative phasings of 0 and n/2. The 
curves are the theoretical predictions 
for the same conditions. 

same figure we also show the theoretically calculated reflection coefficients 
using a modified Brambilla code which assumes a step density at the waveguide 
mouth [2,3]. Here we used three different values of the density gradient at 
the waveguide mouth, L, which covers the range of values measured in these ex­
periments with a Langmuir probe. We see that whilequal.itative similarities 
exist, quantitative agreement between experiment and theory is not possible. 
This is especially true when the four waveguides were in phase or only 90° out 
of phase, as shown in Fig. 2. The cause of this disagree:ment at present is 
not understood. It is interesting to note from Fig. 1 that the straight-line 
behavior of R versus nwGD• the density at the waveguide mouth is independent 
of density gradients. . 

We have also carried ~ut high power (P/A = 8 kW/cm2) coupling experiments. 
Using the a = 16.5 em Alcator C plasma column, we found no significant differ­
ences from the low power experiments. This may be understood by noting that 
even at these high power experiments E~/8nnT - 0.1 at the waveguide mouth 
(where nwGD ~ 1013 cm-3, Twcn ~ 3 eV, and Ez ~ 3 kV I em) and thus ponderomotive 
forces are not expected to play a significant role here. 

3. Heating Experiments 

Because Alcator C operates in a wide variety of modes, we can_consider 
13 several heating regimes. In particular, at the lowest densities," n ~ 5 X 10 

cm-3, we may expect to see current drive, and at intermediate densities n ~ 
(1-2) X 1014 cm-3, we expect to see electron heating (and bulk ion heating by 
collisional equilibration). At higher densities (n ~ (2.5-4) X lol4 cm-3 in 
H2 at B ;:: 8 T and/ or n ~ 8 X 1014_1. 5 X 1015 cm-3 in n2 at B ;:: 12 T) we ex­
pect to see ion heating in front of the linear mode-conversion layer .. These 
estimates assume that the initial ohmic heating produces Te .~ Ti ? 1 keV at 
the higher densities, Te ~ '2 keV at the intermediate densities, and that a 
non-Maxwellian tail develops at the 10\.) density current drive regime. We 
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believe we have observed experimentally all three regimes. The exact density 
bands may well be modified by toroidal effects[4]. 

Because Alcator C was operating in the past five months with two differ­
ent limiter sizes, namely a 16.5 em limiter and a 10 em limiter, and since 
the RF/ohmic heating power balance is better with the 10 em limiter, we shall 
present here heating results obtained only with the 10 em limiter plasma. We 
note that at the higher densities the 10 em limiter plasma is more preferable 
for RF heating e~eriments since the density profile is more peaked (n0 /n ~ 
1.5), than the 16.5 em plasma (n0 /n ~ 1.3). However,. for the low density 
current drive experiments we used the 16.5 em plasma. 

A. Ion Tail Formation 

When we operate in a hydrogen plasma at a density of ii ~ (3-4) X 1.014cm-3 
at B ~ 8 T, according to quasi-linear theory, we expect to see ion tail form­
ation., and concomitant bulk ion heating due to thermalization of this ion tail 
if it is well confined~ In Fig. 3 we show charge exchange spectra obtained in 
this density range with and without RF power. The spectrum with RF shows the 
formation of an ion tail extending out to at least 10 keV. 

In Fig. 4 we show the variation of the 10 keV charge exchange flux as a 
function of density. We see that the ion tail production peaks at a density 
of n ~ 2.7 X 1014 cm-3, and it exists in a range n ~ (2.2-3.5) X 1014 cm-3. 
The ion tail is believed to. originate near the central region of the plasma 
column. This was ascertained by a vertical scan with the charge exchange de­
tector, which showed that the RF induced enhancement of neutral flux de­
creased as the detector scanned downward below the plasma center. At the 
present RF power levels we cannot determine the exact amount of power deposit­
ed into this ion tail, or if there is significant bulk ion heating due to this 
tail. On the 16.5 em radius plasma at similar densities this ion tail was not 
observed. 



We have also carried out experiments by injecting 5% n2 gas so as to 
observe neutron production in case a deuterium tail formed. We found no ob­
servable enhancement of neutron production from the minority deuterons. We 

.conclude that the ion tail consisted of protons only. This is in agreement 
with recent calculations of lower hybrid quasi-linear ion tail production in 
a multiple species plasma where it was found that all the power was absorbed 
by the lighter species in such a plasma [5]. Finally, we note ~hat the ion 
tail was formed only when the relative waveguide phasing was 180° or 90°, but 
not when it was 0°. 

The observation of the fast hydrogen ion tail is consistent with strong 
damping .of lower hybrid waves ?aving N,. ::: 4 in the plasma core. Linear damp­
ing theory predicts the lack of absorption of waves having N,. ::: 3 at these 
P.lasma parameters. Since waveguide plasma coupling theory shows. that the wave 
power spectrum emitted by the waveguide grill is peaked at N,. = 3, it would 
seem that a inild upshift in N,. of the lower hybrid waves as they penetrate the 
plasma would be required to explain the ion tail. Figure 5 shows the pre­
diction of quasi-linear theory [6] for the fast ion distribution function for 
t.he experimental conditions of ion tail formation (neo = 1. 6 ne == 4. 8 X 1014 
cm-3, BT = 8.9 T, Ti = 750 eV). Curve 1 shows f(E) for a spectrum of waves 
with N,. = 3.75 ± 0.25 and E = 2.2 kV/cm. Eighty ptrcent of the RF power in­
ci4ent on the central plasma core (r = 3 em) would be absorbed. Curve 2 graphs 
f(E ) for a spectrum in the range N,. = 3 ± 0.25. Here there is no significant 
ion.Ltail or absorption. Curve 3 ·graphs f (E) for a wave spectrum comprised 
of N,. components from 2 to 4, with the peak~eing at ·N .. = 3 (similar to that 
launched by the Alcator C waveguide array). Strong absorption and fast ion 
tail formation reappear, as the higher values of N11 kick up ions to energies 
where they continue to damp on the lower N11 's. Thus the inclusion of quasi­
linear theory only requires the presence of some wave power at N,. (: 3.5 (which 
is consistent with our waveguide spectrum). Furthermore, toroidal effects 
could also upshift our spectrum, which could also account for the observed ion 

. tail formation (and possibly bulk ion he.ating) in these experiments. 

B. Electron Heating Regime 

These experiments were carried out in the regime of n ~ (1-2) X 1014 cm-3 
in 10 em radius deuterium plasma at a magnetic field of B ~ 11 T. Typical 
ohmic heating powers were 400 kW (I = 200 kAmp, VL ~ 2 Volt) which produced 
Te ~ 1. 7 keV, Ti ~ 1.1 keV. Evidence of electron heating was observed through­
out this regime for a net transmitted RF power in the range of PRF ~ 70-llOkW. 
Higher powers were not ·easy to transmit since the curvature of the waveguide 
array was designed for a 17 em plasma and in the 10 em plasma the density de­
creased vertically in front of the lower half of the waveguide array to non­
optimal values. Nevertheless, the RF·to ohmic power balance was still better 
in this plasma than in the 16.5 em plasma. 

Evidence of electron heating was observed on the soft X-ray .emission and 
on the 2wr.e emission. Unfortunately, both of these diagnostics are sensitive 
to electron tail formation, and the exact bulk electron temperature increase 
was not ascertained. (The Thomson scattering apparatus was not operating 
during these experiments.) Hence, we deduced the occurence of bulk electron 
heating from the increase in ion temperature caused by collisional eqilibra­
tion between electrons and ions. Such effects are not sensitive to the 
existence of an electron tail (which slows down by collisions on bulk 
electrons). Furthermore, a density ot fi ~ 1.5 X 1014 cm-3 irt deuterium at 
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B = 11 T is an or.der of magnitude lower than that required for mode-conversion, 
so direct ion heating is ruled out. We also note that there is a time lag be­
tween the initiation of the RF pulse and the rise of the ion temperature which 
is consistent with the electron ion equilibration time. Thus, we believe that 
ion heating in this regime is possi·ble only by collisional equilibration from 
bulk electrons [7]. 

In Fig. 6 we show evidence of enhanced charge exchange signals during RF 
injec.tion on various energy channels in the 1.3-10.0 keV range. When analyzed, 
we find bulk ion temperature increases of the order of ~Ti ~ 35-50 eV. We also 
find that the decay time of the medium to lower energy signals is slow, of the 
order of 5-10 msec, which is of the order of the bulk ion energy confinement 
time. In Fig. 7 we show.the time variation of the bulk ion temperature rise 
obtained from the slope of the CX spectrum, averaged over several shots at a 
density of n ~ 1.7 X 1014 cm-3. The charge exchange spectrum showed no evi­
dence of any ion tail in this case. In Fig. 7 a net rise in the ion tempera­
ture of 35-40 eV is observed. 

Additionally~ a temperature rise of the same magnitude was inferred by an 
increase in the neutron deduced ion temperature. Evidence of this is presented 
in Fig. 8 where we see a 20% rise in the neutron flux during RF injection, in­
dicating a 4% rise in the ion temperature (i.e., LTi ~ 40 eV). Furthermore, we 
see that the decay time of the neutron signal is of the order of 15 msec, which 
is of the order of the ion energy confinement time. r: ~he neutrons had been 
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produced by an ion tail, the neutron decay time should be or the order of a 
few milli-seconds (not more than 3 msec), as determined by collisional relaxa­
tion on ions (Ei <50 keV) and on electrons (Ei ~50 keV) [5]. Thus, the 
present data clearly indicates bulk ion heating. 

These results have been modeled by a combined toroidal ray-tracing 1-D 
transport code which is described in some detail in Section C in this paper. 
In Fig. 9 we show the results of such a code fo+ the present parameters. We 
see that at a density of fi = 1.7 X 1014 cm-3, D ions and for 100 kW net RF pow­
er, the ion temperature ris~s by ~Ti = 60 eV, and the electron temperature 
rises by ~Te = 300 .eV. Since in t.he present experiments the typical average 
injected power wasP~ 70-kW, we would expect ~Ti ~ 40 eV and ~Te ~ 200 eV. 
Thus, the ion tempel;"ature rise is in good agreement with th.e observed value. As 
shown in Fig. 10, the efficiency needed to get such temperature rises is of the 
order of 80-90%, and the RF power is deposited in the center of the plasma 
column by electron (quasi-linear) Landau damping. Collisional absorption near 
the edge accounts at most for 10% of the incident power. Although we do not 



-> 
Q) -

2000 

1600 

I- 800 

400 

2 4 6 
r (em) 

8 10 

Fig. 9. Transport code modeling of the 
lOcm radius Alcator C deuterium plasm~ 
B = 10 T, I= 200 kA, n = 1.7 X 1014 
cm-3, PRF = 100 kW. 

LL 
o..rr. 1.0 

"0 0.8 
Q) 

..0 
~ 

(a) _____ ..,-- -, 
" I I 

s I I 
..0 0.4 <{ I 1 ELECTRON 

: ~ ION >-- 0.2 
(.) 
Q) 0 .... 

I I · 

i:5 0 10 60 

I I I I I I I I 

(b) 
LANDAU COLLISION~L 

.l; 10-c-
"0 
~· 
~ 

0 en ..0. 
·c::x: 

-ll 
10 r-

DAMPING 

Fig. 10. Transport code modeling·of 
the lOcm radius Alcator C plasma. 
Parameters as given in Fig. 9. (a) 
RF power absorbed directly by elec­
trons and ions vs. time; (b) PRF 
absorbed by electrons vs. r. 

-

-

have direct meas~rements of the electron temperature rise, since the ion temp­
erature rise is about the same in the experiment as in the computer code, we 
expect similar overall efficiency. Finally, we note that these results again 
depended on waveguide phasing. In particular, we saw evidence of increased 
wave-electron tail interaction when the waveguides were phased relatively by 
90° so that the waves were launched in the direction of ohmic electron drift 
(as evidenced by increased 2wce emission and reduced ion heating efficiency). 

C. Current Drive Experiments 

Generation of toroidal currents by means of injecting RF power preferen...: 
tially in a given toroidal direction has been investigated actively both in 
theory and in experiment [8-12]. Lower hybrid wave injection, in particular, 
shows promise as an efficient means of adding parallel momentum to electrons, 
thereby efficiently generating toroidal currents. With the exception of 
Alcator C, RF current generation in the lower hybrid range of frequencies has 
been restricted to very low densities, namely n < 1013 cm-3. On the other .. 
hand, in Alcator C we reported observation of LHRF enhanced toroidal currents 
~nd associated drop in loop voltage at densities fi ~ 3 X 1013 cm-3 [3]. In 
Fig. 11 we present observations of RF induced "current maintenance". These 
discharges were unlike normal Alcator C discharges in that the plasma current 
was allowed to decay inductively after the initial current rise. In particu­
lar, in Fig. ll(b) we see that the ohmic heating current begins to inductively 
d~cay after t = 120 msec into the discharge and then terminates after 240 msec. 
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Fig. 12. Ti vs. time deduced from Doppler 
broadening o~ the OVII impurity lines 
(open circles) and the CV line (open tri­
angles). The solid circles denote the 
OVII lines without RF. ne = 2.6 X 1013 
cm-3, B0 = 1.35 T, PRF (NET) = 50 kW. 

In contrast, as shown in Fig. ll(a) a similar discharge with RF injection re­
sults in an increase in the plasma duration by about 100 msec when an 80 msec 
long RF pulse with PRF ~ 50 kW is injected into the device. The waves were 
launched in the direction of the ohmic electron drift (relative adjacent wave­
guide phasing of+ 90°). In the present case the current enhancement is ~I~ 
50 k.Amp at times t ~. 200 msec into the discharge. The loop voltage at the 
plasma edge sharply decreases duri.ng RF injection to a value of less than 0. 3 
Volt whereas in the case without RF it is typically 1 Volt at t = 150 msec. 
The density during ~he application of the RF power was n ~ (2-3) X 1013 cm-3, 
but then decayed to lower values as the current was dying away beyond 300 msec 
into the discharge. These discharges were molybdenum dominated (limiter · 
material) and are characterized by high Zeff values and strong non-thermal 
2Wce emission and X-ray spectra, character1stic of the "slide-away" regime [13). 
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VERSATOR II EXPERIMENTS 

1. RF Power and Antenna System 

Lower hybrid heating studies at 800 MHz are being carried out on the 
Versator II.research tokamak (R = 40 em, aL = 13 em~ Br ~ 1.5 T) [14,15]. A 
four waveguide grill (height 24 em, guide width 2.5 em) is used in this experi­
ment. For a phase difference ll4>= 180° between adjacent waveguides, the calcu­
lated. Brambilla p_ower spectrum is peaked at N11 = 5. 5 and has a full width 
liN"~ 3 at half maximum. RF power, provided by a single 150 kW klystron is· 
divided equally be waveguide splitters and fed into ·coaxial lines, each of 
which contains a phase shifter, directional coupler, and a ceramic vacuum win­
dow. The power is then coupled into the evacuated waveguide grill structure . 
which extends ·approximately 1 .. 5 m radially outward f~om the tokamak.outer wall. 

Prior to installation of the antenna on the tokamak the all-stainless steel 
grill. was vacuum-baked. ·at 350°C to outgas the waveguide surface so as to re- · 
duce the duration of the RF conditioning period required for high power opera­
tion. For the same reason, the grill is heated in situ to 150°C when not in · 
use. Before beginning heating experiments each day, the grill is RF conditioned 
for approximately one hour with 100 kW of RF power. The grill is considered 
to be clean when no changes in the reflected phase and power are observed 
during the RF pulse at the power level to be used in the experiment. In 
addition, cyclotron breakdown in the evacuated waveguides during tokamak opera­
tion is suppressed with the application of an auxiliary vertical magnetic field 
over the grill region (see paper by Knowlton, Porkolab, and Luckhardt at this 
conference). No deleterious effect on plasma confinement has been noted as a 
result of the use of this additional magnetic field. 

2. Experimental Results 

Ion heating experiments to date have been performed with the following 
plasma parameters: toroidal field BT = 1.35 T, plasma current Ip = 50-60 kA, 
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Fig. 15. Perpendicular charge exchange 
neutral spectrum with arid without RF. 
Same parameters as in Fig. 12. 

Fig. 16. Hean ion tail temperature, 
Ti(tail), deduced from.charge exchange 
neutral spectrum vs. fie. B0 = 1.35 T. 

1013 loop voltage VL =· 2-2.5 V, line-averaged electron density ne = .1.4-3 X 
cm-3, central electron and ion temperature Te = 400 eV and Ti = 120-150 eV, 
and effective ion charge Zeff = 2.3. Hydrogen is the working gas. A portion 
of the tokamak wall is gettered prior to experimental runs. Good coupling 
(80-90%) of the RF to the plasma is achi~ved for a relative phase between wave-
guides~~~ 90°. The transmitted power in these experiments ranges from 
50-75 kW. . 

A maximum ion temperature increase of 50 eV for 50 kW transmitted RF power· 
is measured by Doppler broadening of the OVII and NV!. VUV lines at a density 
of ne = 2.6 X 1013 cm-3. Similar temperature rise is observed by perpendicular 
charge exchange measurements. Typical results of VUV spectrometer measurements 
are shown in Fig. 12. No change in the loop voltage is noted during these 
experiments. The density usually decreases by about 10% during the RF pulse; 
during experimental runs, this effect is compensated for by increasing the gas 
puff rate during RF injection so as to keep the density approximately constant. 
In Fig. 13 we show the variation of 6Ti versus relative phasing of adjacent 
waveguides. We see that nearly equal heating is obtained for ~~ = 0° and 90° 
at this density, while the heating efficiency for 6~ = 0° is low, in agreement 
with plasma-waveguide coupling theory. 

The variation of the bulk ion temperature increase with density is shoWn. 
in Fig. 14. At this RF power level, the heating band is narrow (n = (2.5 ± 
0.5) X 1013 cm-3) an.d is centered at a value of f/fLH(o) = 1.15 where f is 
the applied RF frequency of 800 MHz and fLH(o) is the central lower hybrid fr~ 
quency, with the effect of impurities included (we assumed 5% 02). 

A perpendicular ion tail formed during the RF pulse, common to all lower 
hybrid heating experiments, is measured by charge exchange analysis to have a 
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Fig. 17. Transport code modeling of RF 
heating in the Versator II tokamak. 
Tio and Teo are the initial ion and 
.electron temperature profiles. For Til• 
Tel the edge temperatures are 20 eV, 
and for Ti2• Te2 the edge temperatures 
are 30 eV. ffe = 2.6 X 1013, B = 13.5 
kG, I = 55 kA. 

temperature of 0.5-1.5 keV and a lifetime of 100 ~sec or less. Figure 15 shows 
the charge exchange spectrum obtained in these experiments. We have not yet 
made a detailed study of this mean ion tail energy as a function of input 
power. While there is an apparent rise in the bulk temperature also (consis­
tent with spectroscopic measurements) due to the large tail we cannot rely o~ 
this portion of the ex spectrum for accurate determination of the bulk ion 
temperature; 

In Fig. 16 we show the mean ion tail energy ("tail temper~ture") as a 
function of density. We see that the tail "temperature" increases as the den­
sity decreases, and it exists to lower densities than the bulk ion heating 
(measured by the VUV spectrometer). · · 

We have also made preliminary pyroelectric bolometric measurements of 
power lost to the wall. We find a 10-20 kW increase in the power lost to the 
wall during RF injection into t.he plasma. At present we have not yet made a 
detai~ed power b~lance during RF injection. 

The bulk ion heating results obtained to date are not always reproducible. 
RF injection into plasmas with similar parameters during experimental runs on 
different days will not always give the same bulk ion temperature increase. 
Preliminary observations indicate that if the density decreases (~n/n ~ 0.10) 
as a result of RF injection, and if the density is in the proper range, the 
plasma is heated. If the density remains constant or increases when the RF 
power. is injected, the ·ion temperature does not measurably increase. Large 
amounts of titanium-gettering are usually required to produce the density de­
crease during the RF pulse, and thus wall cleanliness and/or edge plasma 
conditions are likely to play a significant role in the RF power deposition 
during RF injection. Occasionally we failed to obtain bulk ion heating even 
when the RF power was injected into a clean gettered tokamak discharge so that 
no increase in impurity lines was noted. The only notable feature of such shots 
was a rise in the plasma density during the RF pulse. 

It has been suggested that t~e electron temperature at the plasma edge 
plays a critical ~ole in determining the heating efficiency [16]. The edge 
electron temperature determines the threshold levels for parametric instabili­
ties which are believed to represent a loss mechanism for the incident RF 
power [17]. In this paper we shall suggest an alternate explanation, namely 
collisional damping of the lower hybrid waves at the plasma edge when toroidal 
ray propagation is also taken into account. Ray tracing and transport.calcu­
lations for Versator II parameters indicate that effi~ient heating should 



occur only if the electron temperature at the plasma edge (limiter) is at 
least 25~30 eV. For a 10 eV edge temperature the heating efficie~cy is de­
graded so that no bulk heating is expected to take place. These computer 
code predictions are shown in Fig. 17. Numerical code studies of the radial 
deposition profiles shown that electron absorption is due to collisional damp­
ing (outer half radius) and electron Landau damping (inner half radius) 
associated with toroidal ray propagation (which produces multi-pass absorp­
tion). The ion heating occurs in front of the lower hybrid mode conversion 
layer and is radially half-way out due to toroidal ray propagation effects. 

. Measurements made by a Langmuir probe located· several mm behind the 
limiter. indicate an electron temperature of 22-27 eV whether ion heating was 
observed or not. However, there may be differences in the temperature and 
density profiles inside the limiter, where heating is observed. Since the 
collisional damping rate varies as (n/Te)3/2, radial profile effects may be 
important. At present, we do not have a more definitive explanation for this 
irreproducibility of ion heating other than to note its relation to the be­
havior of the density during the RF pulse. Further attention will be paid to 
impurity behavior with regard to this problem. Parametric instabilities have 
also been observed in. our experiment·s, but at present we do not have suf­
ficient. data to draw definitive conclusions regarding their effects upon the 
ion. heating efficiency. · 

In summary, the ion temperature increases by up to 50 eV upon application 
of 50 kW RF power coupled to the.plasma. The heating is observed over a nar­
row range of densities, and is dependent on the grill phasing.· To date, 
heating has only been observed if the plasma density decreases slightly during 
the RF pulse. The power will be raised to the 100 kW level in the near future. 

COMPUTATIONAL MODELING OF LHH OF TOKAMAKS 

We have developed a computer model for lower hybrid heating of a tokamak 
plasma which incorporates a 1-D radial transport code and a toroidal ray 
tracing code. The details of this code are given in the paper by Luckhardt, 
et al. at this conference. The results of this cod~, as applied to the Alcator 
C and the Versator II regimes, were presented in Figs. 10, 11 and 17. 
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