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In recent times, the radio frequency (RF) sheath has been intensively studied under a
variety of conditions. Models have been developed to formulate an understanding of power
flow into capacitive and inductive discharges [1], to model sputtering from Faraday antenna
screens in high power applications, and to explain fast swept probe characteristics in strongly
magnetized plasmas. The aim of the work presented here is to extend the RF sheath analysis
to a different regime where ion heating is possible, and to deal with the conditions where the
electrode voltage is very positive with respect to the adjacent bulk plasma potential. This
work has been motivated by the results and experimental arrangement found on the H-l
device. H-l exhibits unexpectedly high bulk ion temperatures (50-100eV) in both argon and
helium plasmas. The high ion temperature for each gas species is non-resonant, occurring over
a wide range of magnetic field strength, but is generally observed during quiescent H-mode
phases of the discharge. The high temperatures are unusual since the RF driving frequency
(7MHz) corresponds to the excitation of helicon waves, which do not significantly couple to
ion motions. Several ion heating mechanisms have been explored, including the coupling
of lower hybrid slow waves. However, observations suggest the absence of such propagating
modes in H-l. Here the special case of ion interaction with a largely evanescent field is treated
theoretically, with the evanescence modulated over an RF period. Sheath electric fields may
be large enough to provide significant effects on the ion dynamics. The model in its present
form is not self consistent, but aims to show the underlying features that may well occur in
a self consistent treatment. Because the sheath electric field is arbitrarily imposed in this
model all results are decoupled from the density and the field is generally inconsistent with
Poisson's equation. Nevertheless, the model can for instance describe strong transit time
effects by suitable choice of frequency and sheath width. This is equivalent to describing
conditions where u> « ujpi for a real plasma.

In H-l all power (total 80kW) is coupled to the plasma by a pair of saddle coil antennas
positioned at the top and bottom of the plasma. Each antenna is made of unshielded solid
copper bar of 12.5mm diameter, with approximate loop dimension of 400mmx200mm. The
antennas make direct contact with the plasma near the last closed flux surface, or under certain
circumstances, define a scrape off layer themselves. One side of each antenna is connected
directly to machine earth, thus precluding the possibility of DC self biasing. The antenna
voltage can therefore swing very positive with respect to the plasma potential. Typical
measurements reveal an antenna RF peak voltage of 6-7kV (DC voltage is zero) and an
antenna sheath current of 20-30A peak. Since the bulk (RF and DC) plasma potential near
the edge downstream from the antenna are measured to be near zero potential, a transition
must occur between high positive antenna voltages and the low bulk potential. The results
show that if the scale length for an evanescent transition is of the order of a few centimetres
then ion heating effects may occur for the antenna voltages and conditions found on H-l.

In this analysis, collisions are ignored in the sheath region and particles are assumed to
be unmagnetized. The model is one dimensional, with the energized electrode constituting
a wall at x = 0. Any particles reaching the electrode are assumed to be fully absorbed,
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with no secondary emission occurring. The major conceptual component of the model is
the existence of a layer separated a distance x = smax from the antenna in the bulk plasma
where the electrode voltage is screened completely from the plasma. At this layer a 1-D
Maxwellian ion (or electron) distribution /g, stationary in time, is directed towards the
electrode. A functional form for the electric field E(x, t) (to be discussed below) is imposed
non-self, consistently throughout the sheath between x = 0 and x = smax-

Thejdistribution function f(x, v, t) is obtained at an arbitrary point (x, t) inside the sheath
by establishing a grid of velocities {v,-} for particles at the point (x,i), which determine a
set of initial conditions {x, Vi,t} for subsequent integrations through phase space. Particle
trajectories are integrated numerically backwards in time, starting from these initial condi-
tions, according to the equation of motion, d?x/dt2 = (q/m)E(x,t), where q/m is the particle
charge to mass ratio. The trajectories are traced until one of three things happen:

(i) the particle reaches the layer x = Smaz with velocity Vf, whereupon f(x,Vi,t) is as-
signed the value /s(v/).

(ii) The particle reaches the layer x = 0 (electrode). This case corresponds to (disallowed)
particles that must have emanated from the electrode earlier in time, and f(x,V{,t) = 0.

(iii) The time spent in the sheath is too long to be accurately traced. Trajectories are
calculated in double precision but the final conditions may not be accurate after many integra-
tion steps. "Trapped" particles in the sheath for too many steps are removed from the model,
and f(x,Vi,t) = 0. This affects only a small fraction (typically <C 0.1%) of all particles.

Once f(x, v, t) is determined on the grid {«,-}, the j th moment Mj of the distribution can
be obtained by integration over {vi},

: Mj{x't)= fZ
where each moment is normalized to the incident distribution. The moments Mj(x,t), j —
0. . .3 , correspond to the normalized particle number density n(x,t), particle flux J(x,t),
energy density W(x, t) and energy flux P(x,i), respectively. Of particular interest, however,
will be the value of PB^) — 1 + -P(s»naz> *)> the energy flux at the sheath boundary associated
with particles reflected in the sheath.

Simplifying assumptions are made in specifying E(x,t). The electrode voltage Vo is as-
sumed to be a pure sinusoid while the boundary voltage is identified with the plasma potential
V̂ ,, which for simplicity is usually assumed to be zero. A parabolic potential profile (linear
electric field) is assumed throughout the sheath. The most difficult component to specify is
the sheath width behaviour s(t) over an RF cycle. In the usual analysis s(t) has its main
component at the fundamental (assuming a sinusoidal applied voltage), a result borne out by
analytic [2] and numerical [3] modelling. In this analysis however, a positive sheath potential
(Vjj, = Vo — Vp) should be accommodated by variations in sheath width. A strong second
harmonic component is therefore expected for the function s(t), which may be parameterized
in the following way;

sn\ _ f max(smin,so[sina;£|) Vsh<0 ^
\ Vsh > 0

The parameter sm,-n is introduced to represent the minimum sheath width obtained for Vsh ~
0, when the sheath is close to collapse (generally in effect for only a small fraction of the RF
cycle). The parameter s0 represents the maximum sheath width for V$h < 0. The parameter
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7 controls the maximum expansion of the sheath, in terms of s0, for Vsh > 0. Large values of
7 provide for possibly large expansions of the sheath into the plasma, with rapid sheath edge
speed. The maximum value of s(t) over all times is identified with the boundary position

Figure l(a) shows the results for the time averaged normalized energy flux {PB) for argon,
displayed as a grey-scale image over the range 2mm< so < 8mm and 0.2 < 7 < 2.5, giving
2mm< smax < 20mm. Here T{ = 50eV Vo — 5k V and u>j2ir = 7MHz. Strong ion heating is
localized around s0 = 5mm and 7 « 1.3, although reasonable levels {{PB) ~ 10) are apparent
for most of the region s0 < 5mm and 7 > 1. A similar scan is also shown in figure l(b) but
with T{ = lOeV. Values of (Pg) are almost an order of magnitude higher than for T{ = 50eV.
This is because similar-energies are imparted to the reflected ions as for the high Tj case,
but the incident energy flux is about 10 times lower, providing an increase in the normalized
energy flux. The main result is that appreciable power transfer to argon ions occurs only if
the electric field is localized over a distance less than a few centimeters.

Figure 2(a) shows PB{t) at 7MHZ for argon with Tj = 50eV, Vo = 5kV, so = 5mm, and
with 7 =0.5, 1, 1.3 and 2. These values of 7 are selected as representatives of different regions
of figure 1. Figure 2(b)-(e) show instantaneous reflected distributions f{vr) corresponding to
the 7 values used in figure 2(a). In each case, f{vr) is calculated at the time t = tmax for
maximum PB over the cycle, as calculated in figure 2(a). Figure 2(f)-(i) show the distributions
for a later time t = t^ji in the cycle when PB has fallen to half the maximum value. Beam- •
like distributions are apparent to a varying extent in all cases, which contribute mostly to
the energy flux. With increasing 7 the trend is for narrower beam generation, with fewer
ions reflected. Each distribution in figure 2 exhibits "noisy" structure. This noise is not a
numerical artifact, but reflects the near-stochastic dynamics possible in this system. The
extreme sensitivity to initial conditions is related to the mode structure of the fields in which
the ions participate. A well known result in plasma dynamics [4] is the onset of stochasticity
when multiple propagating modes have sufficient amplitude so as to cause the overlap of
trapped particle islands in phase space. In this case however, the underlying field structure
is largely evanescent. Presumably, the stochastic behaviour observed here owes its existence
to the decomposition of numerous modes of different spatial and temporal frequency that
must be employed to construct the modulated field evanescence. The reduction in stochastic
behaviour at 7 = 1 may be related to the reduction in the number of modes required to
construct this fairly symmetric case.

Further calculations show that, due to the small antenna area, {PB) is too low by about
an order of magnitude to account for the total H-l ion heating. Furthermore, power flow into
electrons dominates the sheath dissipation, restricting the available power for ions. Both of
these effects may be mitigated if particle flows are restricted to the flux tubes connecting the
antennas. The behaviour of positively charged flux tubes at RF is less well understood than
the DC case, but large localized potential gradients may be set up perpendicular to field lines
over some extended region. If the interaction area or volume is enlarged over the physical
antenna area then sheath effects may explain a significant fraction of the ion heating on H-
1. Other questions relating to the thermalisation or collisionless relaxation of the reflected
distributions are outside the scope of this work, but would need to be appraised in order to
obtain a better understanding of the ion dynamics on H-l.
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Figure 1. (a) Grey-scale image of (PB)
over a portion of the two dimensional
space (so,7), for argon ions, T{ = 50eV,
Vo = 5kV, frequency 7MHz. (b) Same as
(a), but with T{ =
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Figure 2. PB(t) for 7 =0.5, 1,
1.3 and 2, 7MHz, T< = 50eV and
Vo = 5kV. (b)-(e) Distribution func-
tions corresponding to the time of
maximum Pg for each value of 7
in (a), (f)-(i) Distribution functions
corresponding to the time of half-
maximum Pg for each value of 7 in
(a). Each distribution function is
normalized to the maximum value of
the incident distribution, /B(V = 0).
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