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Steady-State Currents Driven by Collisionally Damped Lower-Hybrid %'aves

R. McWilliams, E. J. Valeo, R. W. Motley, W. M. Hooke, and L. Glson
Plasma Physics Laboratory, Princeton University, Princeton, Negro Jersey 08544

(B,eceived 24 August 1979)

Low-power (& 50 W) lower-hybrid waves excited in a linear plasma were observed to
drive electron currents (a few miOiamperes per watt) in the direction of the wave
momentum when the waves were collisionally damped. An approximate solution of an
electron kinetic equation with a Lorentz collision operator predicts an electron current
in this experimental regime (&~~vq/&-~l~«1).

The attractiveness of the tokamak as a thermo-
nuclear reactor would be considerably enhanced
if it were possible to provide a steady-state to-
roidal current in place of the pulsed Ohmic-heat-
ing current. Fisch" and Hers' have proposed
driving steady-state toroidal currents by the use
of nearly electrostatic lower-hybrid waves' (also
called electron plasma waves for the plasma pa-
rameters we studied) which transfer momentum
to the plasma via electron Landau damping. Con-
version of wave momentum into current has been
demonstrated experimentally using electromag-
netic waves "and ion cyclotron waves" and the-
oretical aspects have been discussed by others. "- "
Decker" and more recently Wong" have per-
formed experiments showing that electrostatic
waves can couple via collisionless absorption to
electron currents in beam-supported plasmas.
In this paper we describe experiments showing
the transfer of momentum from lower-hybrid
waves to electrons in an isotropic plasma via col-
lisional absorption. Also, the theory of current
generation by lower-hybrid waves has been ex-
tended here to include collisional wave damping.

Consider a cylindrical plasma of 1.ength I in a
straight magnetic field Bp:Bpz with cold ions and
with electron-ion collisions the dominant colli-
sional process. One may describe the electron
motion approximately by an electron kinetic equa-
tion with a Lorentz collision operator:

8f, 8f. e 1 —p 8 8'+v, ' ——E, —+p, —f,
~Z ppg 'U 8 p,

(1 2) 8fe
8 Bp, Bp,

where f, is the electron distribution function,

v, = (2kT, /m, )'~', v = 2mn, e~ inA/m, 'v, ,

and p. = cos9 with 0 the angle of v with respect to
the confining magnetic field.

The experimental conditions were such that

k ii
V g/(d V/(d =—5 (( 1

~

where k~~ is the wave number parallel to B, of
the lower-hybrid wave and cu is the frequency.
Assuming that end effects in the machine are
negligible (i.e. , there is no net potential drop
along the plasma column), decomposing the fields
and distribution function into high- and low-fre-
quency components, and expanding the low-fre-
quency distribution function in a Legendre series
allows one (when the high-frequency distribution
function is calculated to second order in 5) to cal-
culate a current density:

A solution with one component of 6v in phase and

one out of phase with E [i.e. , 5v =y sin(k(z) —cot)
+ P cos(k(z) —cot)] can be found and then integrat-
ed to yield 5z. The equation for (v) can now be
solved, (v) =ke'E'/(2m cu ) thus yielding (j)
= -e~~, 'kE'/(Bmm~') which is the same answer
as (3), aside from a numerical factor.

For a lower-hybrid wave, obeying the approxi-
mate dispersion relation k ~~/k = m /m~„ launched
from a cylindrically symmetric antenna and ab-
sorbed in a length less than L, the resultant cur-
rent in the plasma is found to be approximately

(Ej= —10.4(e/m )(P 7', /Lf X ~~), (4)

where P is the power input to the lower-hybrid

~pe
10m m, L» &u

3 9

where ( ) denotes a time average over the wave
period 2m/&u, ~~ is the electron plasma frequen-
cy, and tE~ is the magnitude of the z component
of the applied rf field. From a single-particle
point of view, one may consider an electron ex-
periencing a force m, dv/dt = eE sin(k-Z —~t)
-m, yg. Writing v =(v)+5v, z =(z) +5z where ()
again denotes a time average over the wave peri-
od and using the reasonable assumption that 5z

~E, one can derive

m, d(5v)/dt = —eE [sin(k(z) —(ut)

+knez cos(k(z) —~t)] -m, v6v.
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wave, xii=2w~&ii~ ~a=3 5
—1.15lnn+3. 451nT, (see Ref. 21, T, in eV), and

2nf = ~. The minus sign in (4) indicates that elec-
trons are being driven in the direction of the
wave propagation parallel to the magnetic field.
The numerical factor in (4) results from inte-
grals over the velocity distribution and from geo-
metric factors.

The experiment was performed on the linear
H- 1 device, utilizing a helium, neon, or argon
plasma approximately 10 cm in diameter and 200
cm long. The confining magnetic field was typ-
ically 5-10 kG. The plasma was generated by a
pulsed 155-Mhz rf discharge. Measurements
were made at different times in the afterglow
plasma created by the discharge, during which
the electron density varied from 5& 10"a n,
Z 2&& 10' cm ' and the electron temperature de-
cayed from a maximum of approximately 6 eV,
depending on the filling gas. Over most of the
afterglow, the ion temperature is thought to be
held just above the background gas temperature
by charge-exchange cooling. The electron-ion
collision frequency was typically 10' times the
electron-neutral collision frequency, so that elec-
tron-neutral collisions could be neglected.

Plasma density was inferred from the phase
shift of an 8.6-mm microwave interferometer
and from the angle of propagation, 8 = ~ /~ ~, of
the resonance cone of the lower-hybrid wave with
respect to B,. Electron temperature was in-
ferred from a Langmuir probe and the blackbody
radiation near the electron cyclotron frequency.
The radial wavelengths at low densities (n, s 10"
cm '), the resonance-cane width, and the group
velocity" along the field lines were measured
and found to be consistent with the dispersion re-
lation. Current was measured by four Be loops,
two on each side of the antenna, and by an elec-
trode at the end of the plasma column.

The electrostatic waves were excited by 0.2-
5.0-@sec bursts of 60-70-Mhz fields applied to
eight phased loops'4 mounted (typically 2.5 cm
apart) on the outside of a 9.4-cm-diam fused
quartz tube. The waves were excited by phasing
adjacent loops on the antenna 90 apart. Shield-
ing by the quartz was a crucial element in the
design of the experiment. Unshielded loops, as
well as metal end electrodes (in some cases),
were found to act as electron sinks during rf ex-
citation, producing a pattern of divergent current
flow. Shielded loops always drove electron cur-
rents in the direction of the flow of the wave
fields.
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FIG. 1. Temperature, density, and wave-generated
current vs delay time in neon afterglow plasma. Solid
and open dots represent waves launched parallel or
antiparallel to Bo, respectively. 70-MHz pulse duration
of 2 @sec.

Appropriate phasing of the loops allowed the
lower-hybrid wave to be launched with controlled
directionality. Figure 1 shows currents gener-
ated by waves 1aunched parallel and antiparallel

.to the magnetic field. The figure shows the cur-
rent produced by the waves at various delay times
in the afterglow plasma. At small delay times
where T, was several eV the current was re-
duced. This suggests incomplete damping of the
wave before it reached the end of the plasma col-
umn allowing only a fraction of available wave
momentum to be transferred to the electrons.
Such a conclusion is consistent with the meas-
ured and calculated wave-damping distances. Al-
so displayed in the figure is the dependence of
the current on the wave directionality. Waves
launched parallel (antiparallel) to B, drive an
electron current parallel (antiparallel) to B,.

The spatial distribution of the current was de-
termined with the aid of movable Be loops. The
current was found to be localized radially, see
Fig. 2, to the radial range over which the lower-
hybrid wave existed and was found to be essential-
ly uniform in the z direction.

The current was studied as a function of input
power and at low power (s 5 W) was found to be
proportional to the input power (as was the spa-
tially averaged signal level, jp'dA, of the lower-
hybrid wave taken over a plasma cross section).
The current was roughly half that predicted by
the theory. This difference might be explained
as follows. We note that the current-measuring
probes were calibrated using a cylindrically sym-
metric source, while the observed resonance
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FIG. 3. Current vs input power at two different ~II in
argon afterglow plasma. Solid lines are quadratic
least-squares fits.

FIG. 2. Resonance cones at different axial distances
from antenna (located radially at r = 4.7 em) and dis-
tribution of current vs radius. f = 70 MHz, ~II = 10 cm.

cones were not always cylindrically symmetric.
Also, the power measured in the experiment was
the power radiated by the phased-loop antenna.
The fraction of this power carried via lower-hy-
brid waves is difficult to determine. A tendency
for the current to saturate was evident for power
levels ~ 5 W. It appears that the plasma cannot
sustain current densities much in excess of j,
= ne(kT, /m, )'" which would violate plasma charge
neutrality. This sort of limitation should not
arise in a toroidal device. The important factor
to notice here is that lower-hybrid waves can
generate current densities of the order of j,
which is of the order of the toroidal currents re-
quired in tokamaks. At powers exceeding a few
watts we observe that the current substantially
terminates within 500 nsec of startup.

The theory, Etl. (4), predicts that the current
should be a function of X II. We varied this pa-
rameter by changing the phasing of the antenna
loops. The results are shown in Fig. 3. At low
power levels one sees that doubling the wave-
length approximately halves the current, as pre
dieted by (4). In the region of saturation the sen-
sitivity to wavelength is reduced.

For a linear device one should consider end
effects. Heating of electrons towards one end

may cause a change in the end sheath potentials,
which would also generate a current. A self-con-
sistent calculation suggests that such an effect,
for the parameters of Fig. 2, would not generate
more than 1 mA/W, which is much smaller than
the observed currents.
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Effect of Finite Beta on Drift-Wave Turbulence and Particle Confinement
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This Letter predicts, on the basis of the structure of mode-coupling equations, that
if the plasma P exceeds the square of the inverse aspect ratio, (a/R)2, the cross-mag-
netic-field diffusion is greatly enhanced by the appearance of convective cells even in
the presence of magnetic shear.

The purpose of this Letter is to show that under
a reasonable scaling for a toroidal plasma with
magnetic shear, (1) the electric potential obeys
the two-dimensional convective cell equation'

(8/Bt) V y —(Vp XZ/Bo) ~ V(V cp) = 0, (1)

if P)(a/R)', while if )3«(a/R)' it obeys the mode-
coupling equation for the electrostatic drift-wave
turbulence obtained by Hasegawa and Mima, '

plasma density, Bp is the flux density of the ambi-
ent magnetic field, and u„(=eBo/m, ) is the ion
cyclotron frequency.

Let us first derive mode-coupling equations for
a finite P plasma with magnetic shear. We intro-
duce the following ordering:

~t Bp~„T,
~ v(

' —Inn, )=0, (2)

and (2) this difference produces a greatly en-
hanced diffusion in a plasma as p increases over
(a/R)'. Here P is the ratio of plasma to magnetic
field pressure, a and g are minor and major
radii of the torus, z is the unit vector in the di-
rection of the ambient magnetic field, V'~ is the
gradient operator perpendicular to z, n, (x) is the

(3)

p, 8/8z ~ 0(s()/q) . (4)

Here, «„(=
~
Vlnn,

~ ) is the measure of the density
gradient, p, [=(T,/m, .)' '/u„] is the effective ion
Larmor radius, T, is the electron temperature,
y and g are the Kadomtsev potentials defined by
E~=-V~y and E,= —Bji/sz, 5 (=a/R) is the in-
verse aspect ratio, and q is the safety factor.
The e ordering is justified by the saturated am-
plitude of drift-wave turbulence, ' while 5 ordering
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