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It is proposed that the anomalous loading observed in tokamak ion-Bernstein-wave (IBW) experi-
ments is due to a class of sheath-plasma waves (SPW) which propagate on high-voltage rf sheaths near
the antenna. Particle simulations in one and two dimensions confirm the existence and scalings of the
SPW. Coupling to the SPW modes can dominate coupling to the IBW, and qualitatively yields the ob-
served dependences of antenna loading on parallel wave number, plasma density, and magnetic field.
Antennas which minimize rf sheaths should improve the effectiveness of IBW heating.

PACS numbers: 52.40.Fd, 52.40.Hf, 52.50.Gj, 52.65.+z

A number of recent heating experiments in which ion
Bernstein waves are launched into tokamaks show an
anomalous resistive loading of the rf couplers.!™ The
observed loading is several times larger than that pre-
dicted by standard coupling theory® and has different
scalings with parallel wave number, frequency, magnetic
field, and density. In this Letter we suggest an explana-
tion for the observed anomaly: an additional class of
waves near the antenna, sheath-plasma waves (SPW’s),
which propagate on the high-voltage rf sheaths driven by
the antenna. We propose that the SPW carries away a
portion of the launched power, giving rise to the observed
anomalous loading.

Sheaths are an unavoidable consequence of material
boundaries in all laboratory plasmas. At a sheath, the
equilibrium gradients in the electron and ion densities al-
low a class of electrostatic surface waves, the SPW, to
propagate along the sheath-plasma interface. The main
results for unmagnetized plasmas’® are as follows. A
one-dimensional plasma of length L bounded by static
sheaths of width A/2, treated here as vacuum layers, with
a wave (w,k) propagating along the sheaths has two nor-
mal modes. These have an electrostatic potential ® of
even and odd parity (see Fig. 1). For kA< 1 one finds
that o— w,, (w— 0) for the odd- (even-) parity mode,
where w,, =w,e (A/L) " is the series sheath-plasma reso-
nance frequency identified in experiments by Stenzel®
and wpe =(47n.e?/m,)'2. For kA>1 both modes obey
o— a)pe/\/f, as in the pioneering experiments on plasma
column resonances. ’

We now extend this eigenmode analysis to include the
effect of a uniform magnetic field B=B8b and a tensor
dielectric €’in the plasma region. The geometry is shown
in Fig. 1. Applying the boundary condition ® =0 at the
conducting boundaries and matching ® and the normal
component of electric displacement across the plasma in-
terface yields the electrostatic dispersion relation (valid
when |xi1¢c]|> w,:),

(p]thl _k)(pzth2+k)
(plth2+k)(p2th1 _k)

=exp(2xiL), 1)

where th; =tanh(kA;), thy=tanh(kA;), p;=x;e
+ikesk, j=1,2. Here the components of the Hermitian
tensor ¢ are defined relative to e; and e, (see Fig. 1) and
K1 =—1rr=k(exr/€s5) "2

In the simple case of Fig. 1 with Blle,, Eq. (1) can be
reduced to simpler forms depending on whether €6, >0
(relevant to the high-density limit, ,> Q;=ZeB/
mic) or ey <0 (low-density limit, w, < Q;) where
e1=b-€ b and €, =e,- ¢ e,. The solutions of Eq. (1) in
the high-density limit have been obtained numerically
employing the hot-plasma Bessel-function expression for
€1, and are shown schematically in Fig. 2(a) for the
case O, <w<wn<wp,. Here on=[0}+wki/(
+wpe/02)] 12 is the cold-fluid lower hybrid frequency.
Coexisting with the ion-Bernstein-wave (IBW) modes
(typical kp;~1), we find a branch of the SPW with typi-
cal kAX<1 and even parity. The solutions in the low-
density limit are shown schematically in Fig. 2(b) for the
case Q; Swn<w<wp and kp; < 1. In this limit, the
odd-parity SPW competes with the electron plasma
wave (EPW). (In the conventional theory!® the EPW
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FIG. 1. Model geometry for the sheath-plasma-wave calcu-
lations showing a plasma of length L bounded by sheaths of
width A; and A,. Waves propagate in the ex direction. A
magnetic-field line contacts conducting surfaces at points a and
b. Examples of the even- and odd-parity SPW modes are
sketched.
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FIG. 2. Schematic representation of the dispersion relation
for (a) the high-density and (b) the low-density regimes, show-
ing the homogeneous plasma modes (IBW and EPW) and the
SPW with (a) even parity and (b) odd parity. The m numbers
for the EPW correspond to quantized values of k.

transforms to the IBW as the wave propagates towards
the interior.)

For a given o and density n, at the antenna, the cou-
pling may be to both the desired IBW or EPW and the
undesired SPW. The division of wave power between the
competing modes must be obtained from wave-coupling
calculations, the details of which will not be presented
here. The analysis requires two assumptions: (i) small
dissipation of the waves over a distance 2x/k, and (ii)
outgoing wave conditions (i.e., negligible reflection). For
the SPW, this requires only that the waves propagate
several wavelengths along the sheath-plasma interface.
Qualitatively, one carries out a Laplace-transform
analysis using separation of variables with separation
constant Y, which plays the role of k. Two situations
must be distinguished. (i) In the high-n,, hot-plasma
case, two values of k2 satisfy the dispersion relation for
each Y and w. The amplitudes of the excited IBW and
SPW modes in the short-wavelength limit (1/k, <
characteristic antenna dimension) are found from the
Laplace-transform analysis to be ®jpw =kspw®,/(kspw
—kisw) and ®spw =kipw®,/(kipw —kspw), where @,
is the total amplitude at the antenna. Employing kipw
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> kspw and the Poynting flux scaling for the power P
« k|®?* [see Eq. (3)], the ratio of power coupled into
the two modes is

P(SPW)  kisw
P(IBW) kspw

i.e., the power couples preferentially to the mode whose
wavelength is longest. Therefore, in the high-n, regime
the even-parity SPW will typically carry away most of
the launched power when A>p;. (Detailed analysis
shows that a less restrictive inequality is usually suf-
ficient to ensure kspw < kigw.) (i) In the low-n,, cold-
plasma case, only one value of k? is obtained for each Y
and . In this case, the SPW and the EPW will typical-
ly carry away a comparable amount of energy.

In our model the characteristic time-averaged sheath
width A is that of the rf sheath driven by the applied rf
voltage itself, given!! by the Child-Langmuir law A
=7»De(eV/Te)3/4 where V is the applied rf voltage and
Ape the Debye length. In high-power IBW experiments,
antenna voltages are on the order of 10 keV resulting in
large rf sheaths, A>p;. Then, it follows that the condi-
tion for efficient coupling to the SPW instead of the IBW
is easily met. We argue that the existence of rf sheaths
is a general feature of IBW antennas as for fast-wave an-
tennas.'""!'2 Where such sheaths form will depend on the
particular geometry of the IBW antenna relative to the
equilibrium magnetic-field lines. Possible field line con-
tact points a and b of Fig. 1 are the Faraday screen, an-
tenna side protection tiles, or adjacent plasma limiters.
The geometry of Fig. 1 and the model based on it are too
crude to make reliable quantitative predictions for most
of these sheaths. Nonetheless, their existence will lead to
SPW’s, perhaps different in detail from those discussed
here, but still competing with the IBW and EPW for
wave power. This is the main conceptual point of our
paper.

Because the preceding SPW model is highly idealized
(e.g., sharp-boundary static sheath interface) it is impor-
tant to investigate the robustness of our most important
conclusion: the existence of the SPW branch for rf-
driven sheaths in a magnetized plasma. To this end, we
briefly present some results of fully kinetic 1D and 2D
particle simulations. In fact, it was the unexpected ob-
servation of large SPW oscillations in the simulations
which initially motivated the present work.

The simulation results which follow were obtained
with the new variable-zoning code CELESTE.!3 In the
simulation, two conducting plasma boundaries at x =0
and L were oscillated at voltage V= = Vysin(wt)
xsin(ky), simulating odd-parity drive, where y is the
direction of wave propagation. Figure 3 shows the time
history of the electric-field energy and its power spec-
trum for the parameters L =100, »=0.01, m; =100,
B, =3, and eV/T.=10 (in units where Wpe =€ =m,
=c¢=1). The SPW frequency, which lies between 5w
and 6w for these parameters, is clearly evident.!* A
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FIG. 3. Time history of the electric-field energy and the
power spectrum for a 1D particle simulation of an rf-driven
sheath. The SPW frequency lies between 5 and 6 times the rf
drive frequency.

number of simulations similar to that of Fig. 3, and sum-
marized in Table I, have enabled verification of the
analytically predicted scalings of the SPW frequency
with system length L, applied voltage V, and wave num-
ber k. Table I shows that the sharp-boundary analytical
sheath model presented here adequately describes the
qualitative features of the SPW branch, and positively
identifies the oscillations seen in the simulations.

When the SPW is the dominant wave loading an an-
tenna, it is possible to obtain an estimate of the expected
loading resistance and its scalings under the same
assumptions discussed before Eq. (2). Following the
method of Bers, !® the launched power may then be relat-
ed to the wave potential @ by

dA 2 ('] 2
P pp— __(D —_—
167r| |wak(k €1), 3)

where dA is an area element with unit normal in the
direction of ex. For definiteness we consider side-pro-
tection-tile sheaths and take the e; direction to be ra-
dial. In order of magnitude, we employ [dA~A, P
~|®PR/2Z2, where A is the antenna area and Z =|®/
I| is an impedance. For IBW loop couplers the im-
pedance is dominantly inductive and Z~wL, with L,
the inductance of the strap carrying current 1. Making
these substitutions, Eq. (3) implies a scaling for the load-
ing resistance R given by

R~AZ 2a)kspwt,‘_;_/47t . 4)

It is interesting to compare the predicted dependence
of R with the DIII-D data of Ref. 1. We find qualitative
agreement with four features: order of magnitude, phas-
ing dependence, density scaling, and B field dependence.
(i) Order of magnitude: Reasonable choices of 4 (2000
cm?) and rf sheath voltage (2 kV) yield R in the range
1-10 Q, as measured. (ii) Phasing dependence: In the
high- (low-) n, limit, ®spw has even- (odd-) parity and
our model predicts that R will be largest for an antenna
phasing that favors an even- (odd-) parity rf voltage.
This corresponds to odd- (even-) parity antenna current
and high- (low-) k; phasing. The theory predicts that
the parity and phasing for maximum loading change at a

TABLE I. Comparison of particle simulation and theory for
the scaling of the SPW frequency with system L (cases 1, 2,
and 3), driving voltage V (cases 4, 1, and 5), and wave number
k (cases 6 and 7).

Wspw wspw
Case L/\pe eV/T. kApe simulation theory
1 250 10 0 0.10 0.12
2 1000 10 0 0.05 0.06
3 4000 10 0 0.02 0.03
4 250 5 0 0.08 0.09
1 250 10 0 0.10 0.12
5 250 20 0 0.12 0.15
6 1000 10 0 0.05 0.06
7 1000 10 0.05 0.04 0.05%

?Sheath width for this estimate is based on the y-averaged
driving voltage = V/x.

critical density nj, is given by @ =w,. Experimentally, it
has been found that at high (low) density, R is maxi-
mized for high- (low-) ky phasing, referred to here as the
“dominant” phasing. (iii) Density scaling: Measure-
ments' of R vs n, (antenna-plasma separation) for the
dominant phasing show that R is large and increases
with density in the high-n, regime; R is smaller and less
sensitive to density in the low-n, regime. Numerical
solutions show that the theoretical density scaling of
R kgpwe, is qualitatively that of ler| =11 —na/nml
which reproduces both features of the data and suggests
a transition at n, =ny,. (iv) B field dependence: Equa-
tion (4) predicts that R is approximately independent of
B except near w =;. In particular, R shows no reso-
nantlike features at @ =29Q; in contrast with convention-
ally predicted IBW loadings.® Experimentally, the ob-
served dependence on B is weak for w > Q;, with no ob-
servable resonance at w =2Q;. The preceding features,
insofar as they have been measured, typify the observed
anomalous loading in a number of experiments. '~

These results suggest that rf sheaths and associated
sheath waves are the key to understanding anomalous
loading in IBW experiments. If this hypothesis is
verified, there are at least two strategies for improving
the prospects for IBW heating of tokamak plasmas.
First, the relative power drain by the SPW branch is
least severe in the low-density limit, a fact which favors
the EPW launch scheme'® over direct high-density IBW
launch. Second, there is the more general avenue of
designing antennas (or waveguide couplers) which mini-
mize the formation of high-voltage rf sheaths altogether.
These sheaths arise whenever there is rf flux linkage
through a circuit consisting of the launch structure and
magnetic-field lines which intersect its surfaces. Tech-
niques for minimizing this flux linkage, which rely on
geometrical and phasing symmetries and B-field-anten-
na alignment, have already proven their usefulness in re-
ducing impurity production at the Faraday screen of
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fast-wave antennas.'?> Extension of these sheath-control
concepts from the fast-wave to the IBW context will be
an interesting and important area for future experimen-
tal and theoretical investigations.
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