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NSTX uses a high-harmonic fast-wave (HHFW) antenna for plasma heating and current

drive, but a significant amount of the HHFW can be lost along open magnetic fields lines in

the SOL to the divertor regions under certain conditions [1,2]. The underlying cause is related

to fast-wave propagation in the scrape-off layer (SOL), as the heating efficiency is strongly cor-

related with the location of the righthand cutoff. Recent results with the full-wave simulation

AORSA suggest that the RF electric field amplitude grows to large values in the SOL when the

SOL density is large enough that there is no cutoff region in front of the antenna [3]. However,

interpretation of the AORSA results have not been straightforward due to the complicated ves-

sel and magnetic geometry [4]. In this paper, we employ a cylindrical cold-plasma model to

determine which features of the AORSA results can be reproduced in this simplified geometry.

We do indeed find modes that conduct a significant fraction of power in a low density periphery

plasma surrounding the dense core plasma, but more work is needed to quantitatively link these

results to those from experiments and from AORSA.

Figure 1: Loading resistance of m = 0 modes

peaks at a k‖ that depends on na. Plotted for ref-

erence are antenna spectra for π/2 and π phas-

ing.

The cylindrical cold-plasma model, based

on previous work [5], consists of a cylindrical

core plasma of radius rc and density nc sur-

rounded by a lower-density annulus of radius

ra and density na, which is in turn surrounded

by a vacuum region with a perfectly conduct-

ing vessel of radius rw. A uniform axial mag-

netic field is used, which would correspond to

a “zero-pitch” tokamak. For each azimuthal

wavenumber m, the system dispersion (the

system of equations obtained by matching so-

lutions in each region to boundary conditions)

is solved for a set of discrete radial modes, denoted by the index n. Each mode has a single ax-

ial wavenumber k‖ and three corresponding radial wavenumbers k⊥, one for each region. In

the core and annulus, k⊥ is given by the local cold-plasma dispersion, and while both slow
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and fast waves are included in the model, in this paper k⊥ will denote the fast-wave branch,

the slow wave always being cutoff and confined to a very narrow radial region at the core-

annulus and annulus-vacuum interface. In the vacuum region, the modes are always cutoff, with

kvac
⊥ = (k2

‖ −ω2/c2)1/2 ≈ k‖. We typically model the antenna using four current straps situ-

ated at r = rs with arbitrary phasing, an inter-strap distance 0.15 m, and uniform azimuthal

current distribution over an angle of π/2. A Faraday screen at r = rF shorts out the Ez-mode

from the antenna. We chose parameters to mimic the conditions in NSTX: nc = 5×1019 m−3,

f = 30 MHz, B = 0.323 T which gives ω/ωci = 12, rc = 0.515 m, ra = 0.575 m, rF = 0.600

m, rs = 0.650 m, and rw = 0.700 m.

Figure 2: Eθ (r) for peak modes is

large in the annulus and has an

approximate 1/4 or 3/4 wavelength

structure there.

We begin by analyzing azimuthally symmetric

modes (m = 0). The loading resistance for each m = 0

mode is plotted against the mode axial wavenumber in

Fig. 1 for different annulus densities. Loading resis-

tance Rm,n is related to the wave power Pm,n conducted

by each mode via Rm,nI2
ant/2 = Pm,n, with Iant the cur-

rent in the antenna strap. Pm,n is calculated either via

the power output of the antenna

Pm,n =
∫
〈Em,n ·Jant〉dV, (1)

or via the axial Poynting flux integrated over the cross-

section of the cylinder

Pm,n =
∫ r=rw

r=0

∫
θ=2π

θ=0
〈Em,n×Hm,n〉drdθ , (2)

where < .. . > denotes time-averaging of complex

quantities. Both methods for computing the mode

power give the same result. The mode powers are com-

puted for a single-strap antenna, which uniformly ex-

cites all k‖, to get a sense of the mode structure without complication from the particular choice

of an antenna spectrum. For reference, the spectral shapes for π/2 and π phasing of a four-

strap antenna are plotted in Fig. (1). In general, loading resistance decreases with k‖, as the

wave fields become more evanscent in the vacuum region with a cutoff wavenumber kvac
⊥ ≈ k‖.

However, a peak in loading resistance is clearly seen, and the k‖ of the peak increases with the

annulus density. The peak always occurs at a k‖ lower than the righthand cutoff c2k2
‖/ω2 = R.

Figure 2a shows the radial profile of Eθ for the peak m= 0 mode for na = 2.0×1018 m−3 (e.g.

peak of red curve in Fig. (1)). At the core-annulus interface, Eθ ≈ 0, and there is approximately
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one quarter wavelength in the annulus region. In the annulus, Eθ is a linear combination of

J1(k⊥r) and Y1(k⊥r); since k⊥ = 29.2 m−1 in the annulus for this mode, the Bessel functions

Table 1: Wavenumbers for peak mode as annu-

lus density increases.

na[m−3] k‖ [m−1] k⊥ [m−1] k⊥(ra− rc)

1×1018 1.80 33.1 1.99

2×1018 6.43 29.2 1.75

3×1018 9.68 29.8 1.99

4×1018 12.4 30.7 1.84

1×1019 25.3 33.5 2.01

1×1019 11.0 78.5 4.71

are well-approximated by their asymp-

totic forms sin(k⊥r − 3π/4)/(k⊥r)1/2 and

cos(k⊥r− 3π/4)/(k⊥r)1/2, so we can com-

pute the phase difference across the annulus

as k⊥(ra− rc) = 1.754, which is indeed just

above the quarter-wavelength value of π/2 =

1.571. Table 1 shows the values of k‖, k⊥, and

k⊥(ra− rc) for each peak in Fig. 1. While k‖

increases markedly with density, k⊥ remains

relatively constant. Finally, note that fitting

three quarter wavelengths into the annulus would require k⊥ ≈ 79 m−1, which is above the

maximum value that k⊥ can attain for typical SOL densities on NSTX. However, if we raise the

annulus density to very large values, we do indeed observe multiple peaks; at na = 1×1019 m−3

(Fig. 1), the peak mode at k‖ = 11 m−1 has k⊥ = 78.5 m−1 and a radial Eθ profile given by

Fig. 2b.

Figure 3: Wave power conducted in

core/annulus/vacuum. m = 0 and na =

2×1018 m−3.

For a mode to be relevant to the SOL-loss stud-

ies on NSTX, it should conduct a significant frac-

tion of the wave power through the annulus. Fig-

ure 3 partitions the wave power Pm,n (evaluated for

unit antenna current) carried by each m = 0 mode

with na = 2×1018 m−3 (red curve of Fig. (1)) into

power conducted in the core, annulus, and vacuum

region by integrating the axial Poynting flux over

the appropriate cross-section. Most modes conduct

the majority of their power in the core, but the peak

mode carries 54% of its power in the annulus, with the average Poynting flux there being four

times larger than in the core. Further, this mode accounts for 58% of the total wave power, mak-

ing such modes relevant to the NSTX studies in that they conduct a significant fraction of the

total power through the annulus. Since the antenna spectrum favorably weights modes with k‖

that closely match the antenna, one can conceivably explain the SOL loss on NSTX by selecting

SOL parameters such that these peak modes which conduct significant power in the annulus lie

under the antenna spectrum peak.
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Figure 4: a) Loading resistance for various m.

b) Numer of wavelengths in the annulus for var-

ious m. na = 2×1018 m−3.

We extend the analysis to non-axisymmetric

modes in Figure 4a, which plots loading re-

sistance on a linear scale from modes with

m = −3 to m = +3. Modes are weighted by

|cm|2, with cm the azimuthal Fourier compo-

nent for an antenna of π/2 span: |c0|2 = 1/16

and |cm|2 = sin2(mπ/2)/(πm)2 for m 6= 0.

We include the azimuthal spectral weight-

ing but not the axial weighting because the

azimuthal weighting is essentially fixed and

does not change with the choice of antenna

phase. Similar to the m = 0 case of Fig. 1, for

each m loading resistance peaks for a hand-

ful of modes. However, the k‖ of these peak

increase with m. Thus, the condition for max-

imal loading, one-quarter wavelength fitting

in the annulus, holds only very appoximately

for m 6= 0 (Fig. 4b), and this dependence on m

will be the subject of future investigation.

The cylindrical cold-plasma model con-

tains modes that conduct a signficant fraction of power in the lower-density annulus region

and that carry a significant fraction of the total power. Such modes are good candidates for

explaining the SOL losses in NSTX. A clear next step would be to test if the Poynting flux is

field-aligned, as observed in experiments. This requires a rather detailed study, as the Poynting

flux will vary both in z and φ due to interference of modes. Ultimately, this work is part of an

effort to include the proper edge damping into full-wave codes so that they can reproduce the

losses observed in NSTX and predict their importance for ITER.
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