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Plasma sources based on rf excitation of helicon wayes have been shown to be unusually
efficient (Boswell et al., 1984, 1987). Chen (1985, 1989) l’xas proposed that Landau damping
causes efficient transfer of wave energy to the primary electrons. We give here experimental evi-
dence for this hypothesis.

Helicon waves are bounded whistler waves in the frequency range well below the electron
gyrofrequency but well above the lower hybrid frequency. Electron gyro-motions can then be
neglected, together with all ion motions. The E X B motion of the electrons carries all the per-
pendicular current. In a bounded cylinder, the waves are not purely electromagnetic but have an
important electrostatic component. For either an insulated or a conducting cylinder filled with
uniform plasma of density n, in a uniform magnetic field B,, waves of the form
exp i(m0 + kz —wt) follow the dispersion relation (Chen, 1989)

Boake
where
o? = T2+K% . (2)
The boundary condition is
ma ), (Ta) + kal, (Ta) = 0 (3)

which reduces to J;(Ta) = 0 for the m=0 mode. Here ]/ (Ta) is the r-derivative of the
Bessel function J, (Tr) evaluated at r=a. With o from Eq. (2), Eq. (3) can be iterated to give
T for each value of k. Eq. (1) then gives the value of B/n (in units of kG/10% cm™3) which is
resonant with the wave (®,k) for m=0 and 1. Fig. 1 shows B/n plotted against
W = Yam(w/k)?, an electron energy corresponding to the phase velocity, for a frequency of 31.2
MHz. Also shown is the computed damping length Ly due to both Landau and resistive damp-
ing.

Fig. 2 shows the apparatus. The quartz vacuum chamber is 1 cm in radius and 90 cm long.
The magnetic field (0— 1 k G) can be swept from B, to 0 inlong (1 sec) pulses with a simple
capacitor discharge circuit and is made uniform to 5% to the end of the last coil by adjusting
its current separately. The discharge is grounded at the midplane port, which houses a Langmuir
probe. At the ends, almost all the field lines flare out to end on the quartz wall rather than on the
end flanges, unless intercepted by an endplate. Various types of probes and endplates are inserted
from the end opposite the antenna. The rf amplifier, with a maximum output of 1 kW at 31.2
MHz, is coupled to the antenna through a low-loss, folded coaxial line with double-stub tuning.
The reflected power is less than 1%. The antenna itself is a half-wavelength, m =1 structure
whose important elements are the two horizontal legs with oppositely phased currents. The



following measurements were made under these fixed conditions: antenna length, 12 cm; fre-
quency, 31.2 MHz; gas, Argon; pressure, 4 mTorr; rf power, 800W; termination, floating tan-
talum endplate covering the entire cross section.

The helicon resonance is shown in Fig. 3, where the density on axis, measured with the
midplane probe, is plotted against magnetic field. The density is limited by the available rf
power, which has to supply the radial losses (Chen, 1989). This maximum density, about
8% 1012 ¢cm™3, is reached at about 100 Gauss. The linear part of the curve gives a constant value
of B/n in agreement with Eq. (1), but the line does not go through the origin. There is apparently
additional density due to non-resonant heating. At fields higher than 100G, the values of k
excited by the antenna cannot satisfy Eq. (1), and the density falls in spite of the improving radial
confinement. At very high fields, the discharge undergoes violent relaxation oscillations between
resonant and non-resonant rf heating (Chen, 1989). At the lowest magnetic fields, the density
i i 2o e S hance with-amother-wavewhich-is-beyond.the-scope-of thi —
rises again because of resonance with-gnother-wave k,ﬂgc%lam ud-the-560pe w%m lrim

Radial profiles of density and floating potential at the optimum field are shown in Fig. 4.
For these dc measurements, rf fluctuations were filtered out with a choke located inside the probe
shaft near the plasma.

From data such as shown in Fig. 3, we can compute the value of B/n, taking <n> = Y2np,y,
according to the n(r) shown in Fig. 4. For the highest n and B point, we obtain B/n=2.5 (the
data point shown in Fig. 1), corresponding to W = 50 eV. This energy is at the peak of the argon
ionization cross section.

Evidence of electron acceleration is seen in Fig. 5, showing the floating potential V¢ of an
endplate covering the entire diameter and located at the end of the uniform B-field region, 41 cm
from the antenna. The endplate is charged negatively to <—-200 V when T is only a few eV,
indicating the presence of fast electrons. The magnitude of Vy is consistent with a distribution
of fast electrons around 50 eV. Moreover, since the density falls from the midplane to the end-
plate, B/n increases and k decreases (Eq. 1) as the waves propagate down the tube. Electrons
trapped near the midplane can be accelerated to energies higher than 50 eV by the time they reach
the endplate.

At B =20 G, independent of the starting field By, there is a jump in Vi toa less nega-
tive value. We believe that this is due to the scrape-off of those fast electrons which have
acquired a large perpendicular velocity, since the Larmor radius of 50-eV electrons at 20G is
equal to the tube radius. An idea of the acceleration length can be obtained by plotting the max-
imum | V¢| vs. axial position (Fig. 6). The e-folding length is 15 cm, which lies in the range of
damping lengths (1-50 cm) predicted by Fig. 1 for the measured range of B/n values.

Measurements with a small (8mm diam) end collector on axis showed the importance of
discharge physics on helicon sources. The Vi of this collector was only a few volts negative, not
100-250V. We found two reasons for this. First, this collector intercepts field-aligned primaries
from only a small tube of force near the axis, but this charge is cancelled by ions attracted from
the entire tube cross section. Second, the presence of the grounded tube supporting the probe
greatly changed the nature of the discharge. With a large, floating endplate the plasma was dim
near the end, since many of the fast electrons could not overcome the repelling potential of the
endplate. With a grounded shaft, however, a large radial electric field develops, since the B-lines
near the axis terminate at O potential, while those on the outside terminate at large negative Vg,
This radial E-field can trap primaries in large, axis-encircling orbits and allow them to go all the
way to the end of the tube.



Though a complete understanding of the discharge physics is not yet in hand, we believe
that we have shown helicon acceleration of electrons to energies near the maximum of the ioniza-
tion cross section, thus explaining the efficient absorption of rf power in such discharges.

This work was supported by the National Science Foundation, Grant EC 89-02149.
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Helicon Waves at 31.2 MHz
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