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Lower hybrid waves with a narrow, high-velocity wave spectrum have been used to achieve high cen-
tral electron temperatures in a tokamak plasma. Waves with a frequency of 2.45 GHz launched by a
sixteen-waveguide grill at a power level less than 600 kW were used to increase the central electron tem-
perature of the PLT plasma from 2.2 to 5 keV. Associated with this temperature increase was an ap-
parent reduction in the central electron thermal diffusivity. The magnitude of the temperature increase
depends strongly on the phase difference between waveguides and on the direction of the launched wave.

PACS numbers: 52.50.Gj, 52.35.Hr, 52.55.Fa, 52.55.Pi

Lower hybrid (LH) waves have been applied to high-
temperature tokamak plasmas demonstrating effects of
current drive,! current start-up,?™ suppression of saw-
tooth oscillations,”® and both electron and ion heat-
ing.>"!* The experimental results presented here show
that high central electron temperatures can be achieved
with a modest power level under conditions that are also
the most suitable for good current drive. Higher velocity
waves with narrower wave spectra provide more efficient
current drive,'® and produce a larger increase in the cen-
tral electron temperature, which decouples from the
current profile. '4

The experiment was carried out in the PLT tokamak
which has a major radius R=132 cm, a minor radius
a =39 cm, and a magnetic field B7=3.1 T. LH waves
were launched with a sixteen-element grill with a narrow
power spectrum (An; =0.45 FWHM, where ny=ck /o).
By adjustment of the relative phasing between adjacent
waveguide elements, the peak value of n; was tuned be-
tween njo=1.4 and 3.6, and the wave could be launched
in the direction of the electron drift velocity (favoring
current drive) or in the opposite direction (opposing the
current). Ray-tracing calculations indicate that an up-
ward shift in n of = 10% occurs on the first pass of the
wave as it penetrates to the plasma center. The target
plasmas had a line-averaged electron density A, =10"3
cm 3, and the plasma current, I,, was held constant (by
adjustment of the current ramp rate in the Ohmic pri-
mary) during the application of 500-600 kW of LH
power. The effective ionic charge of the plasma, Z.g,
was 3.4 (from Spitzer resistivity).

Electron temperature profiles for several phase dif-
ferences, as measured along a vertical chord by a mul-
tipoint Thomson scattering system,'> are compared in
Fig. 1 to a profile before the application of rf power.
(Each profile is the average of three consecutive plasma
shots; for the Ohmic profile, six plasma shots with mea-
surement times distributed throughout the phase of the
sawtooth were used to give an average profile.) As the
phase difference, A®, was varied from —180° to —90°
(waves in the direction of the electron drift), the profile
became more peaked, reaching a central electron tem-

perature, T.(0), of nearly 5 keV. [In other PLT experi-
ments with similar conditions, 7.(0)’s above 6 keV were
obtained.] Although there was a large change in the
central temperature, the outer portion (r/a > 0.5) of the
profiles in all of these cases was similar. The inversion
radius of sawteeth, as measured by electron cyclotron
emission along the (horizontal) major radius, was riny
=~ * 8 cm about the plasma center for the Ohmic plas-
mas.

Figure 2 shows several plasma parameters during a
shot with the waveguide grill phased for current drive
(A®=—90°, njp=1.8) with a launched power P =585
kW. The loop voltage, V¥, drops nearly to zero during
the rf pulse. There was no increase in 71, during the LH
pulse, and the signal from the visible bremsstrahlung
(Torem=n2Z 5T~ /2)) indicated no significant change in
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FIG. 1. T. profiles measured at 600 ms by Thomson scatter-
ing comparing plasmas with no rf (open symbols) with the
application of 500-600 kW of lower hybrid power at sever-
al waveguide phases. The phase differences —90°, —105°,
—120°, and —180° correspond to nio’s of 1.8, 2.1, 2.4, and
3.6, respectively.
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FIG. 2. Time history of some plasma parameters for wave-
guide phasing of A® = —90°.

the effective charge (Z.g) of the plasma. (Since Iyrem
was a line-integrated signal, the T, !> dependence ac-
counts for at most a 12% change in Z.g for constant
Ibrem.) The rapid increase in the plasma equilibrium
measurement of A=pgg+/;/2 at the beginning of the rf
pulse was due primarily to an increase in Bo, '® due to a
high-energy superthermal tail created by the LH waves.
Any change in /; occurred on a slower time scale during
the rf pulse.

The increase in T,(0) during the rf pulse over that of
the Ohmic value can be seen in Fig. 3 as a function of
A®D [AT.(0)=T.(0);— T.(0)onmic]. [Here T.(0) is the
average electron temperature = 3.5 cm around the plas-
ma center.] The solid data points have peak values of n
ranging between njo=1.4 (A®d=—67.5°) and njp=3.6
(A®=—180°). A symmetric spectrum was produced by
phasing adjacent waveguides 00zz ... 00nz such that
the launched power was evenly divided between positive
and negative lobes (nmjo==*1.8); the representation
A® = *+90° will be used for this spectrum (open points
in Fig. 3). The rf power input was 500-600 kW, while
the Ohmic power input was decreasing with decreasing
ny. The symmetrically launched wave (A® = +90°) re-
sults in a much lower T, increase than one launched en-
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FIG. 3. Plot of AT.(0) and superthermal current vs wave-
guide phase difference. Solid symbols are for waves launched
to drive current. Cross indicates waves launched to oppose
current. Open symbols are for symmetrically launched waves.

tirely in the current-drive direction (A®=—90°). In
another experiment, with a wave launched in the reverse
(anticurrent) direction (A®=+90°) with similar power
and plasma density, the temperature increase was also
much lower (cross in Fig. 3) than that seen with waves
launched in the current-drive direction.

The superthermal current generated by the waves was
estimated, by a method similar to that of Chu et al.,!’
on the assumption that the Zg of the plasma did not
change during the application of rf power. The voltage
on axis, Vaxis, was calculated from external circuits
(Ohmic primary and vertical field) taking into account
the change in LI,,2/2. (Bs was not directly measured and
was assumed to be constant during the rf after the initial
rapid rise of A.) The resistivity, R q, of the thermal plas-
ma was calculated from the T, profile during the rf pulse
with the value of Zg prior to the application of rf power.
With the assumption of a uniform electric field, the
estimated superthermal current (see Fig. 3) is then
I4«=I,—V/Rg, where V is between V; and Vai. The
error bars in Fig. 3 reflect the range of values of V.

The overall trend of increasing central temperature
with lower n correlates with the amount of superthermal
current being driven. This is in contrast to what one
would expect for the coupling between the superthermals
and the bulk, ie., the higher-n; (lower energy) waves
damp on lower-energy tail electrons which have a more
efficient power transfer to the bulk. This might imply
that the higher-n, waves are damping at a larger radius
and not penetrating to the plasma center, or that under
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the conditions of strong current drive (and/or reduced
electric field) there is an improvement in plasma condi-
tions in the center as the superthermal current increases.
The much higher AT, for A®= —90° as compared with
A®=190°, +90° for which the damping should be
similar also suggests that there is an improvement in
central plasma confinement for waves launched to drive
current. LH waves have been seen to suppress the
sawteeth and to stabilize the m =1 mode'® and to reduce
density fluctuations near the plasma center® during
current drive, all of which may lead to reducing anoma-
lous transport.

There is a peak in AT, at A®=—90°. The faster
wave spectra (A®=—75° and —67.5°) have an in-
creasing fraction of power inaccessible to the plasma
center at this plasma density; the accessibility of the
wave diminishes as ny decreases. Approximately 5% of
the A® = —75° spectrum and 20% of the A® = —67.5°
spectrum were not accessible inside r =a/2. Also, faster
wave spectra drive tail electrons to higher energy with
slowing-down times approaching the tail confinement
time resulting in decreased coupling to the bulk electrons
(estimated to be a = 10% effect). Together, these two
effects may be responsible for the reduced AT, for A®
> —90°.

Sawteeth were present in these discharges before the
LH power was applied. Sawteeth were suppressed in
those discharges with —135° < A® < —67.5°, but were
present in the reverse-current case (A®=+90°) and the
symmetric cases (A®=+90°, —180°). With only half
the rf power of the A®=190° case, LH waves with
AD=—90° (P,;=285 kW) did suppress sawteeth. This
asymmetry in the ability of the LH waves to suppress
sawteeth has been observed previously. !2

If the LH waves were heating by directly coupling to
the bulk, better heating would be seen with slower waves
(higher n;), provided that the slower waves penetrated
into the plasma. Presumably, the LH wave deposits its
power by damping on the superthermal tail electrons,
which heat the bulk plasma by collisions with thermal
electrons. The power deposition profile to the bulk elec-
trons from the tail should be given approximately by the
hard-x-ray profile, which was measured by an array of
detectors along seven vertical chords (Av> 35 keV).
Figure 4(a) compares the T profile of the Ohmic case
with the Abel-inverted hard-x-ray profile on the
current-driven plasma (A® = —90°). The power deposi-
tion profile could be narrower than that inferred from
the hard-x-ray profile, since the x-ray emission is weight-
ed by higher-energy electrons while power deposition is
weighted towards lower energy.

A one-dimensional analysis was performed in order to
examine the change in the electron thermal diffusivity,
Xe, during LH current drive. The T, and n, profiles used
were symmetrized and fitted with a smoothing cubic
spline. It was assumed that all of the rf power was even-
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FIG. 4. (a) T2”* profile for Ohmic discharge compared to
Abel-inverted hard-x-ray profile during the lower hybrid pulse.
(b) Calculated .(r) for the Ohmic plasma, Ohmic corrected
for sawtooth transport, and during lower hybrid. The approxi-
mate position of the sawtooth inversion radius for the Ohmic
plasma is 8 cm.

tually deposited in the bulk electrons, and the Abel-
inverted-hard x-ray profile was used for the deposition
profile. In this low-density discharge, energy losses by
electrons to ions are negligible as are radiation losses
from the central region of the plasma. In the Ohmic
case, sawteeth were present, and so a simple model of the
losses due to sawtooth transport was used to give an
effective x, averaged over a sawtooth period. The energy
change inside ripy (r=8 cm) during the rise of the
sawtooth was estimated from the sawtooth amplitude
measured by electron cyclotron emission (= 0.26 keV in
the Ohmic plasma). Dividing this energy by the saw-
tooth period (== 5.3 ms) gave the average power needed
to change the internal plasma kinetic energy. This
power was equivalent to the average power expelled from
the interior by sawteeth (= 40% of the power deposited
inside riny).

Figure 4(b) compares the calculated %, profiles for the
Ohmic case (white), the Ohmic case corrected for saw-
tooth transport (black), and A®= —90° LH case (shad-
ed) shown in Fig. 1. The central value of %, in the LH
case (xI*) has decreased from the corrected Ohmic case
(xO"mic)  The major source of uncertainty in %, indicat-
ed in Fig. 4 is due primarily to the determination of
dT/dr from the T, profile. Also included are the uncer-
tainties of the measured values of n, and x-ray intensity
and the uncertainty due to the inversion of the x-ray
data. The use of the trapped-particle correction for the
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Ohmic power deposition would give a more peaked
power deposition than T2/? thereby increasing ¥O"™c,
and if the absorption efficiency of rf is less than unity or
if there are direct losses from the superthermal tail, X!
would decrease.

Alternatively, if one assumes that x1H =x0hmic then
the power deposition for rf must be 30% narrower than
that used above for Ad=—90° (low n;); the power
deposition must also broaden substantially as n; in-
creases or changes sign to be consistent with the AT,’s of
Fig. 3 (higher n)’s and A®=+90° all have higher total
input power and lower AT,’s). With no direct measure-
ment of the power deposition to the bulk, the possibility
of a power-deposition profile that is 30% narrower than
that used to determine X, cannot be ruled out; however,
it is difficult to reconcile such a narrow power-deposition
profile with the broader current profile expected with LH
current drive. '

In conclusion, high central electron temperatures were
achieved with a narrow n; spectrum of lower hybrid
waves with low n; launched in the direction of the elec-
tron drift velocity. Waves launched to drive current pro-
duced much better electron heating than identical spec-
tra launched symmetrically or in the anticurrent direc-
tion at a given ny, suggesting that the presence of a large
superthermal current was necessary for electron heating.
The elimination of sawteeth alone does not explain the
large temperature rise since a large variation in central
temperatures was observed even while no sawteeth exist-
ed, though the suppression of other activity (such as the
m =1 mode) with increasing superthermal current is a
possible explanation. With use of the hard x rays to esti-
mate a power deposition profile, a decrease in the central
value of X, from the Ohmic value was obtained for a
lower hybrid plasma with a large superthermal current.
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FIG. 4. (a) T2” profile for Ohmic discharge compared to
Abel-inverted hard-x-ray profile during the lower hybrid pulse.
(b) Calculated 2.(r) for the Ohmic plasma, Ohmic corrected
for sawtooth transport, and during lower hybrid. The approxi-

mate position of the sawtooth inversion radius for the Ohmic
plasma is 8 cm.



