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A slow-wave structure was used to launch electron plasma waves traveling preferentially
in one direction. The current generated by the waves was observed. The magnitude of the
current can be estimated from momentum conservation in the wave-particle interaction

process.

Plasma currents driven by traveling waves
were first observed by Thonemann, Cowhig, and
Davenport! in 1952, and the experiment was later
repeated; see Bozunov ef a/.? and Demirkhanov
et dl.,? also Fukuda.* In principle, any wave with
a net momentum can generate a current via any
damping mechanism caused by the charged par-
ticles in the plasma. Ion cyclotron waves have
been used to produce a current in the Princeton
Model-C stellarator,® and current generation by
whistler waves® has been reported recently. The
application of rf-driven current to steady-state
tokamak reactors has been considered by a num-
ber of authors.””° If the current is carried by
the main-body electrons, the rf power becomes
too large to be practical.,”"!® Recently it was pro-
posed to generate a current carried by the elec-
trons in the tail of the distribution function'® via
Landau damping of lower-hybrid waves.!**!? This
idea relies upon the momentum transferred from
the waves to the tail electrons and therefore re-
quires unidirectional waves which can be gener-
ated by 90° phased metal plates or wave-guide
arrays,'® In this paper I report the first ex-
perimental observation of current generation by
the unidirectional electron plasma waves via
wave-particle interaction. Electron plasma waves
are called lower-hybrid waves when the wave fre-
quency is near the lower hybrid frequency. These
waves are attractive to magnetic fusion research
due to the desirable features of the launching
structure (phased wave-guide arrays) and the
readily available technology to produce the neces-
sary rf power corresponding to the tokamak re-
actor parameters.
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Consider the electron plasma wave which obeys
the following dispersion relation:
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where &, is the wave number along the magnetic
field; 2 is the total wave number; w, wg, and
w, are the wave frequency, the electron plasma
frequency, and the electron cyclotron frequency,
respectively. Let E, be the electric field ampli-
tude of the wave and let € be the plasma dielec-
tric function. The parallel component of the
wave momentum density is
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If the wave momentum is absorbed by the elec-
trons, it will generate a current density
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where e/m is the electron-charge—~to—mass ratio.
In a toroidal plasma, the resonant electrons mov-
ing parallel to the magnetic field are confined.
The wave-generated current will increase as long
as there is a nonzero slope in the electron veloc-
ity distribution function for Landau damping until
electron-ion collision transfers the electron mo-
mentum into the ions. In linear machines, the
resonant electrons leave the plasma through the
end of the machine before electron-ion collisions
occur. Consider a pulsed wave packet of power
P, and pulse length 7. If the wave is completely
damped by electrons, the total charge that leaves
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FIG. 1. Schematic of experimental setup. The plas-
ma column is about 260 cm long. The slow-wave struc-
ture is about 145 cm from the end plate.

the plasma because of end loss is
Q=IT=(e/m)P,7(k,/w)?,

where I is the current generated by the waves.
The loss of electrons will create an ambipolar
potential in the plasma which tends to transfer
the electron momentum into the ions. Fortunate-
ly, the hot-filament plasma source can provide
electrons to replace those forced out by the waves.
If the distance L between the antenna and the end
of the machine is not much shorter than the col-
lisional mean free path L, for the resonant elec-
trons, then, the wave-generated current meas-
ured at the end of the machine can be estimated
by

I=(e/m)P,(k,/w)?expl - (L-3L,)/L.],

where L; <L~ L, is the damping length of the
wave.

The experiment was performed in the Prince-
ton L -3 device with the following parameters:
Magnetic field B~ 1.3 kG, plasma density n~ (1-4)
X10' ¢m™3, electron temperature 7,~ 3 eV, and
ion temperature 7;<0.1 eV. The neutral pressure
was about 2X10°* Torr, and the argon plasma
was produced by a hot multifilament source. The
slow waves were launched by a 14-cm-long slow-
wave structure'! consisting of eight rings driven
by an rf oscillator. The rf power divider impos-
es a 90° phase difference between adjacent rings
so that the waves propagate preferentially in one
direction. Figure 1 shows a schematic of the ex-
perimental setup. To identify the waves excited
by the antenna, a boxcar integrator was used to
measure the wave electric field at a sequence of
times by a sampling technique.!* The data shown
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FIG. 2. (a) Wave electric field at a sequence of times
measured by the sampling technique with density n ~ 101
cm™®, parallel wavelength A,= T cm, wave frequency f
~50 MHz, magnetic field B =~1.3 kG. (b) Wave ampli-
tude profile (E,? vs #) on the two sides of the antenna,
the solid line is for the wave at the preferred direction.
(c) Calculated spectrum for the slow-wave structure.

in Fig. 2(a) clearly indicate that the waves obey
the dispersion relation given in Eq. (1). It is ap-
parent that the phase velocity of the waves is
propagating radially outward while the wave ener-
gy propagates inward. This is because it is a
backward wave in the radial direction which is a
characteristic of electron plasma waves. Figure
2(b) shows the amplitude profile of the waves on
the two sides of the antenna. It is apparent that
about 85% of the power (P, « E2) propagates in
one direction which agrees with the calculated
spectrum shown in Fig. 2(c). The net power P
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transmitted by the antenna can be precisely meas-
ured by a calibrated dual directional coupler, but
the fraction that goes inte the electron plasma
waves cannot be accurately determined. A dou-
ble-tip probe was used to measure the wave elec-
tric field in the plasma. The sensitivity of the
probe was calibrated in an electric field between
two parallel metal plates driven by an oscillator
at the same frequency as the electron plasma
waves. Based on probe measurements, we esti-
mate that p,,~ (0.3-0.9)P,;. The wave is damped
as it propagates along the resonance cone [see
Fig. 3(a)l. A ferrite-core current monitor** (20-
ns rise time, 1.0-V/A sensitivity, 0.06%/usec
droop) was used to measure the wave-generated
current collected by the end plate which was con-
nected to ground through a 40-MF capacitor held
at the plasma potential V,, The capacitance is
large enough so that the charge collected by the
end plate does not change the plate potential sig-
nificantly, Three metal mesh grid (No. 1, No.

2, and No. 3 shown in Fig. 1) were put in front

of the end plate with transparencies of 50%, 50%,
and 90%, respectively. For various combination
of grids, the current collected by the end plate

is reduced by the amount that corresponds to the
grid transparency. By biasing the grids as an
electrostatic energy analyzer, the current carry-
ing electrons were found to be in the same energy
range of the resonant electrons (10-80 eV) of the
launched electron plasma waves. At high rf pow-
er levels (= 100 W), the plasma potential may
change by a few volts and eject low-energy (a

few eV) electrons towards the end plate, In this
experiment, the rf power was kept below 20 W

to minimize this effect. In addition, the grids
were biased to reject electrons below 10 eV so
that the collected current was carried by the reso-
nant electrons. A Rogowski loop calibrated with
a known 400-ns current pulse was used to double
check the current monitor measurement. They
usually agree within 20%. Since the Rogowski
loop has slow response time (~ 0.4 ps), all the
data presented here are based on the current mon-
itor measurements. Figure 3 shows the wave
damping along the resonance cone and the current
generated by a short (400 ns) rf pulse. The arri-
val time of the current peak approximately cor-
responds to the time of flight of the resonant
electrons (V,~3.5X10% cm/s ~ 3V ;). This has
been verified for various antenna locations and

it is consistent with the results from previous in-
vestigation'? of Landau damping of electron plas-
ma waves in this device (L.-3). At such a low
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FIG. 3. (a) Wave amplitude profiles (E,’ vs #) at vari-
ous axial locations with A, =7 cm, f~50 MHz, p ;=20
W, andn ~2x101 ecm™3, (b) The top trace shows the
400-ns rf pulse, the middle trace shows the Rogowski
loop signal, and the bottom trace shows the current
monitor signal.

velocity, the electron-neutral collisional mean
free path becomes comparable to the distance be-
tween the antenna and the end plate so that col-
lisional attenuation should be taken into account.
The total charge @ collected by the end plate can
be obtained by integrating the current signal. The
wave-generated current (I=¢Q/7) was found to be
proportional to the power level of the rf pulse as
shown in Fig, 4. If one assumes P, =0.35P, the
current predicted by Eq. (5) agrees very well with
the experimental data. As expected, the current
drops rapidly with increasing neutral pressure
and it is independent of the plasma density as
long as the waves are totally damped before they
reach the end plate.

In conclusion, we have observed experimentally
that currents can be generated via damping of
unidirectional slow waves and the magnitude of
the current can be estimated from momentum
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FIG. 4. Total current generated by the waves as a
function of rf power with A =7 em, f=50 MHz, 7=400
ns, and n~2x10' cm~3. The solid line represents
the current calculated from Eq. (5) with the assumption
that P, =0.35P, .

conservation in the wave-particle interaction. In
order to generate a steady-state current for to-
roidal plasma confinement, one has to rely upon
electron collisions to maintain a nonzero slope
in the electron distribution function which is nec-
essary for Landau damping. The feasibility of
employing this mechanism to operate a steady-
state tokamak remains to be proved in toroidal
plasma experiments.
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FIG. 3. (a) Wave amplitude profiles (E;* vs #) at vari-
ous axial locations with A, ~7 em, f=50 MHz, p (=20
W, and n=2x10' em™%, (b) The top trace shows the
400-ns rf pulse, the middle trace shows the Rogowski
loop signal, and the bottom trace shows the current
monitor signal.



