VOLUME 82, NUMBER 13 PHYSICAL REVIEW LETTERS 29 MRcH 1999

Upper Limit to Landau Damping in Helicon Discharges
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The uncommonly high rf absorption efficiency of helicon discharges has been thought to be caused
by Landau damping of helicon waves and the concomitant acceleration of primary electrons. By
constructing an energy analyzer that accounts for rf fluctuations in plasma potential, it is shown that
Landau-accelerated electrons are too sparse to explain the ionization efficiency. Instead, rf absorption
and ionization are found to be consistent with the mechanism of mode coupling to Trivelpiece-Gould
modes at the plasma boundary. [S0031-9007(99)08827-4]

PACS numbers: 52.50.Dg, 52.35.Hr, 52.75.Rx

Ever since Boswell [1] reported the high densities pro- Proving that Landau damping is essential to rf absorp-
duced by helicon discharges, the reason for the efficiencifon and ionization in helicon discharges requires two
of these discharges in converting rf power into plasmaseparate conditions: (1) A large enough number of phased
density has been a conundrum. In 1991, Chen [2] profast electrons exists to account for most of the ionization,
posed the Landau damping hypothesis, in which electronand (2) Landau damping accounts for most of the rf load-
are accelerated by “surfing” on the helicon waves, whiching of the antenna. In this Letter, we disprove (1) with
have the proper phase velocity to bring electrons to th@ew experimental data and disprove (2) by interpreting
peak of the ionization cross section. Since that time, nueld data in the light of new theory.
merous papers have appeared, including three Letters [3—In contrast to all previous measurements 6#), which
5], purporting to have verified this hypothesis either bywere time averaged, Molvilet al.[4,11] constructed a
direct measurement of the fast electrons [3—12] or by ingridded analyzer with sufficient frequency response to
ferring their existence from the wave phase velocity omresolve the rf phase to within 1&nd measured the current
other artifacts [13—19]. However, ten years of experimenof electrons with enough energy to overcome the sheath
tation in our own laboratory have not yielded a single di-drop of =15 eV at the grounded first grid. This current
rect observation of non-Maxwellian electron distributions.was found to be modulated at the rf frequency, occurring

The grounds for dispute arise from the difficulty in during one-third of the rf cycle, and was interpreted as
eliminating the effects of fluctuations in plasma potentialevidence of Landau acceleration. However, oscillations
at the rf driving frequency, which are known [20] to in plasma potentialV, could also lead to a modulated
distort probe characteristics and give spurious electroanalyzer current, thus this diagnostic suffers from the same
distribution functions f(v). On the other hand, we deficiency as a noncompensated Langmuir probe. The
have shown [21] that probes with good rf compensatiorauthors gave qualitative arguments that ¥Yheoscillations
[22] would be blind to rf-phased pulses of electrons,were unimportant, but no data were shown. Furthermore,
since the floating potential also shifts synchronouslythe modulated current was found to have a sharp peak
Uncompensated probes can detect the presence and meenthe dc fieldB, was varied, a feature not reflected in
energy of fast electrons [5] but cannot accurately givehe plasma density. The fraction of electrons in the 15—
their density orf (v). A fewfast electrons can be expected 25 eV range in a 3 eV plasma atx 10'> cm™3 density
to be found in almost any rf discharge, if it is given thewas given as5 X 107°. Since the ratio of ionization
scrutiny accorded to helicon discharges; indeed, it haprobability at K7, = 20 eV is only =20 times that at
been pointed out [9] that these could arise during the8 eV, it is clear that the measured fast component does
initial stages of a pulsed discharge. The most convincingiot contribute significantly to the total ionization.
evidence of Landau acceleration was given by Ellingboe An experiment was performed to account fdy fluc-
et al. [10] who observed the pulsed Aright excited by tuations, which cannot only modulate the analyzer cur-
these electrons in synchronism with the rf phase. Thisent, but also couple capacitively to the measuring device.
diagnostic was insensitive to rf potential fluctuations evenThe discharge [Fig. 1(a)] was operated in a 10 cm diam
though it was used in the near field of the antenna. LineaPyrex tube 108 cm long at400 G in <2 mTorr of ar-
Landau damping was too weak to explain the observedon, driven by a 20-cm-long Nagoya type Il antenna
damping, and Ellingboe and co-workers [10,17,18] haveat 13.56 MHz withP,; = 2 kW. These conditions were
attempted to explain the damping by a nonlinear trapping@bove the threshold for helicon excitation, as verified by
theory. However, the density of the fast electrons wasvave phase measurement with a magnetic probe. Af-
not published. More quantitative measurements of phasewr careful optimization, an energy analyzer with only
fast electrons were made by Molvit al.[4,11] with a  two electrodes [Fig. 1(b)] was chosen. The absence of
gridded energy analyzer; this will be discussed below. a grounded front grid reduces the large dc sheath drop
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FIG. 1. Diagram of the apparatus: (a) discharge tubegi|lations in V,, which follow the anode potential. Thus,
(b) gridded analyzer; (c) electron gun. f(v) is sampled by the oscillating sheath drop. To check
the frequency response of the analyzerJdn character-
and allows further probing into the bulk electron dis-istic is taken in vacuum, 5 cm away from the gun, as the
tribution, and no suppressor is necessary when collecdc grid voltageV, is swept and/. is recorded at vari-
ing electrons. The 1.27 cm diam front grid (tungsten,ous phases of thg; oscillation by boxcar averaging. The
2000 lines per inch, 40% transparency) is the discriminathick curves in Fig. 2(b) are suchV traces taken at the
tor, henceforth called “grid,” and the tantalum plate (“col- maximum (Va0 and minimum(Vy,,) of the V; oscilla-
lector”) 3 mm behind it is biased at300 V to collect all  tion. The thinner curves are dc beam characteristics taken
electrons reaching it. The 2.54 cm housing is groundedyith the anode fixed aVhax and Vi,in. The two sets of
and the two electrodes are rf bypassed to ground teurves are found to agree quite well, showind @afluc-
avoid coupling to oscillations in sheath capacitance. Theuation of about 20 V but no significant distortion of the
electrodes are connected tol@ samplegsec 250 MHz  curves taken under rf conditions. Similar agreement was
digital oscilloscope via cables whose lengths and groundsbtained with a beam-generated plasma.
ing scheme were chosen to minimize pickup and maxi- A 1.2 X 10'> cm™® density helicon discharge was
mize frequency response. To calibrate the latter, athen created in 2 mTorr of argon withf = 1 kW and
electron gun [“‘gun,” Fig. 1(c)] was used to produce aB; = 360 G. With the electron gun off, phase-resolved
beam that could be rf modulated with a mesh anodenalyzer/-V curves were taken 20 cm downstream from
(*anode”). With the grid floating dc-wise but grounded the antenna, as shown in Fig. 3(a) for rf phases°180
rf-wise, and with the anode modulated at 13.56 MHz un-apart. After removing the digital noise, these curves are
der emission-limited gun operation, the electron curfent plotted logarithmically in Fig. 3(b) with one curve shifted
at the collector appears as shown in Fig. 2(a) for a beamhorizontally to get both on the same graph. It is seen
created plasma of10!'' cm™3 density at 400 G. The that f(v) fits pure Maxwellians of 3 and 3.35 eV over
nonlinear fluctuations in current are cased entirely by osabout 2.5 orders of magnitude. The leveling off at low
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120 ® distribution is more than enough to account for the
a observed densities.
90 | Collisional damping of helicon waves is too weak to

account for the resistive loading of the antenna [1,5],
— and we have no evidence of strong Landau damping.
360 i Fortunately, Shamrai and Taranov [25] suggested another
- mechanism: mode coupling to Trivelpiece-Gould (TG)
0 | waves at the radial boundary. Being nearly electrostatic
and of short radial wavelength, these waves are strongly
absorbed as they propagate inward. Helicon waves deposit
0 ‘ ) ' their energy into the plasma by coupling their energy to TG
-10 0 10 20 30 40 5  waves, which are then rapidly absorbed. Figure 4 shows
Volts the plasma resistand®, measured by Miljak and Chen
1000.0 [26] in a helicon discharge driven by a half-wavelength,
right-helical, bifilar antenna as the phase between the two
windings, separated by 90n azimuth, is varied. The
peak at 90 (Rmay results mainly from the excitation of
m = +1 helicon waves and the circuit lossgs,.. The
minimum R, at —90° represents loading by the < 0
modes, as well as parasitic effects such as capacitive
and nonresonant inductive coupling. The computational
procedure of Arnush and Chen [27] can be used to compute
the theoretical loading due to Shamrai’'s mechanism for the
exact parameters of the experiment, including the radial
density profile. The computed loadimy, (for the m =
+1 mode alone) is also shown in Fig. 4. Itis seen that the
wave loading is about 2.8, in reasonable agreement with
FIG. 3. (a) Time-resolved analyzef-V curves taken at the measured value nax — Ryac = 2.2 Q, considering
E)Xérgg?:, %gmngrfgrmr?%E%agggghe(n?al?e same curves onge idealizationsf of the theqry. Landau damping i_s not
needed to explain the magnitude of the plasma loading.
It appears that both antenna loading and plasma ioniza-
I. indicates the detection limit; leveling off at high is  tion can be explained quantitatively with classical, colli-
due to the depletion of Maxwellian electrons along thesional theory, in agreement with our negative result on fast
field lines intersecting the analyzer. Note that the phaselectrons. We have shown that linear Landau damping in
is relative to the global fluctuation in plasma potential, notthe downstream region plays a negligible role in helicon
to the phase of the wave. Different wave phases can bdischarges, at least at densities above, $ay,10'? cm3,
sampled by moving the analyzer axially. No high energyat which the efficiency of helicon discharges is problem-
tail was detected at any phase. atical. Fast electrons detected by others, we believe, are
Even if a population of 50 eV electrons existed at
the detection limit, its density would be only about
1/(10%\/50/3) = 2.4 X 107* of the bulk density, an 3
upper limit consistent with the estimate of Molvét al.
[11]. Though{ovj,,) is 413 times larger at 50 eV than
at 3 eV, the fast electrons would produce only 10% of the
ionization. Thus, there are too few Landau electrons (if
any) to account for the major part of the ionization. 1}
The fact that Landau electrons are not needed for |
producing the observed densities was shown by Sudit and .~
Chen [23]. By measuringi(z) and K7.(z) in a long 0 :
discharge and integrating overto obtain the total rate 180 %0 Amemaphafing (degrees) %0 180
of ionization by thermal electrons, they found that this
exceeded the loss rate by an order of magnitude. T&IG. 4. Plasma loading resistance as measured (circles) and

obtain agreement, they had to assume that the neutral g%ﬂguﬁﬁug’gﬁqgf;ggg rﬁl?slui C{'gghgrf]gg’ Sggk%elr{sgitl;w at

Was depleted du_ring the diSfCharge pulse. This effe9t ha\§1filar (m = +1), 10 cm long, half-helical antenna. The theory
since been confirmed by direct measurement by Gillanghcludes them = +1 mode only and assumes a plasma-on
et al.[24]. Thus, ionization by a purely Maxwellian pressure of 5 mTorr.
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