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Abstract
The use of mixed (monopole-dipole) phasing of a set of ICRF antennas is potentially
useful to optimize tokamak performance. However, recent mixed-phasing experiments
on JET, described here, showed undesirable antenna-plasma interactions under certain
circumstances. A possible physical mechanism to explain the experimental results is
discussed, viz. rf-driven dc parallel currents flowing between adjacent antennas with
different phasings can lead to arcing on the antenna with the largest sheath voltage.
Means of controlling the interaction are discussed.
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1. Introduction
The use of mixed-phasings for a set of ion cyclotron range of frequency (ICRF)
antennas is potentially useful to extend the control possibilities of the ICRF for optimizing
tokamak performance. Dipole antennas are routinely employed to heat the core plasma
without perturbing the edge, whereas monopole antennas can be used to modify edge and
scrape-off-layer (SOL) properties by driving edge convection [1]. It has been suggested that
the rf-driven convection can affect H-mode properties, such as the particle confinement time
and the Edge Localized Mode (ELM) repetition rate, and reduce the divertor heat load by
broadening the SOL [1, 2]. The convection may also be a useful tool in basic physics studies,
e.g. by perturbing edge and SOL turbulence. To be successful, it must be possible to operate
in mixed-phasings without deleterious interactions between adjacent antennas and without
seriously degrading the plasma performance.
Mixed-phasing experiments have been carried out recently on JET for L-mode plasmas
using the A2 antennas, and undesirable antenna-plasma interactions were observed under
some conditions. In particular, phasing the four antennas alternately in monopole (0000) and
dipole (0π0π) around the torus produced a heavy interaction with one monopole antenna; the
strong interaction region was connected by magnetic field lines to an adjacent dipole antenna.
A similar interaction was not observed using either pure monopole or pure dipole phasing in
the L-mode shot, nor was it observed with mixed phasing in one H-mode shot. A sheath
analysis described in this paper suggests that the observed interaction in L-mode is due to
arcing [3, 4], induced by a large dc sheath potential difference and resulting current flow [5],
between antennas with mixed phasings. If this is indeed the mechanism responsible for the
observed interactions, our analysis suggests that future mixed-phasing experiments may be
successful in H-mode plasmas, which have lower density near the antenna.
A number of previous papers have considered radiofrequency (rf) sheath effects on
ASDEX[6], JET [1,7-9], TFTR [10,11], and Tore Supra [12,13] including sputtering of
impurities by ions accelerated in rf sheaths [6-10], sheath-induced perpendicular convection
[1,10,13], sheath power dissipation [9] and hot spots [11,12]. These effects are determined
mainly by the local rf sheath potential at a given antenna and are relatively insensitive to the
boundary condition at the opposite end of the field line. The TEXTOR [5,14] and ASDEX
[15-17] groups have also pointed out the importance of non-local sheath effects, such as the
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generation of dc parallel currents [5,14], which depend on the relative sheath potentials and
flux tube surface areas at both ends of the field line. In the present paper, we extend our
previous work to include the generation of parallel currents by asymmetric sheaths, and we
will show that non-local sheath effects are necessary to understand the recent JET mixedphasing results.
The plan of this paper is as follows. The experimental results are summarized in Sec. 2,
and the theoretical model is described in Sec. 3. The model describes the formation of
asymmetric rf sheaths at adjacent antennas, the resulting parallel and perpendicular current
flow, and the arcing threshold. A summary and discussion is given in Sec. 4.

2. Experimental results
An experiment to study the effect of antenna phasing on the ICRF heating efficiency of
plasmas and the effect of rf sheath potentials on SOL properties was carried out during the
2000 EFDA-JET Workprogram (C3 Campaign, November 2000). The four 4-strap A2 ICRF
antennas [18] (called Modules A, B, C, D) were used to heat H minority ions in a D plasma
with various combinations of monopole (0000) and dipole (0π0π) phasings at ω = ωcH = 42
MHz. Here, the notation (0000) implies that the phase difference between the currents in
adjacent straps is 0 for all four straps, whereas (0π0π) implies a phase difference of π. The
target was a standard flux expansion plasma with Ip = 2.6 MA, BT = 2.8 T, ne = 2 × 1019 m-3
(before application of ICRF). The plasma-antenna distance was kept constant at 4 cm. This
experiment yielded interesting data on antenna-plasma interactions in mixed-phasing
operation.
In shot #52673 the phasing was chosen to have toroidally alternating monopole and
dipole antennas with Mod. C (0000) viewed by the CCD camera to monitor possibly
damaging interactions with the first wall structures (poloidal limiters, antenna septum, railings
and Faraday screen). The time sequence of the rf power and relevant core and edge
diagnostics is shown in Figs. 1 and 2. The rf power was ramped up to 2 MW in 2 s on all four
antennas (8 MW total) at the same time, followed by 2 s periods of alternated 0000 (Mod. A
and C) and 0π0π (Mod. B and D) with 2 MW per antenna; all modules (8 MW) were on again
for 2 s and then ramped down to zero power. The plasma remained in L-mode for the
duration of this shot.
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Strong interactions with the antenna structure of Mod. C (0000), with release and
acceleration of particulate matter into the plasma, were visually observed from the torus CCD
camera at several times in the discharge when mixed phasings were present. Figure 2 shows
the corresponding data from edge plasma diagnostics. When the first interaction started (at
17.8 – 18.04 s), sudden increases of edge density (measured at R = 3.75 m with the high
temporal resolution FIR interferometer) and Dα line intensity were observed, and these
coincided with a very localized (spatially and temporally) increase in edge Te (as seen by the
heterodyne radiometer). The increase in edge Te rapidly decreased with decreasing R and was
not present for R < 3.80 m. (The separatrix position, from the Te profile, is Rsep ≅ 3.83 m.)
Following the ne, Te spikes there was a release of oxygen, carbon and (to a lesser degree)
nickel in the plasma. The analysis of this data suggests that intense localized heating released
first wall material, giving rise to a local increase of density and high Z impurities, during the
high-power ramp-up with mixed-phasings. The central line-averaged density also increased
during the antenna interaction, as shown in Fig. 1.
No interactions were observed during the periods of exclusively monopole or dipole
phasing. In the second period with mixed-phasings, another interaction was visually observed,
but no spikes in either ne, Te or high Z material line intensities were present, with the possible
exception of a small increase in the CIV line. The reduced severity of the second interaction
was probably due to the unsteady power delivered by Mod. D during this time segment.
The camera showed the interaction area on Mod. C to be roughly ½ of the antenna, and
this region is connected to Mod. D by the field line mapping. The reciprocating probe data
indicated the presence of strong sheath rectification. At the time when the first interaction on
Mod. C occurred, the rf power showed evidence of generator tripping [see Fig. 1] and the
traces of C, O, and Ni impurities [see Fig. 2] and line-averaged Zeff [not shown] showed
sudden peaks, all of which are consistent with the presence of arcing.
There is some preliminary evidence (from a single shot) that the observed antenna
interaction does not occur in H-mode plasmas. In shot #52678, 6 MW of ICRF power in
dipole phasing and 2 MW of NBI power were injected into the same target plasma (as in the
earlier shot) to obtain an ELMy H-mode. Subsequently 1.5 MW of ICRF heating was applied
using the Mod. C antenna in monopole phasing. During the use of mixed phasings in this Hmode shot, no interaction with the Mod. C was observed with the CCD camera, although the
intensity of the CIII and CIV lines did increase in coincidence with it. If this result is
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confirmed in future experiments, it suggests that the lower edge density of H-mode plasmas
may turn off the interaction mechanism. We will show that this hypothesis is consistent with
the theoretical model.
More experiments will be needed to confirm whether the antenna-plasma interactions
are reduced in H-mode, and whether a useful “window” exists in which the monopole rf
power is small enough to avoid these interactions but large enough to affect the H-mode.

3. Theoretical model
A brief summary of our model is as follows. In mixed-phasing ICRF antenna operation,
the magnitude of the rf sheath potential is much larger at the antenna with monopole (0000)
phasing than at the one with dipole (0π0π) phasing. This asymmetry can drive significant
currents on field lines which connect the antennas, with the monopole antenna serving as the
cathode on which the arc forms. The simplest picture is to regard the two antennas as probes
or capacitor plates biased to different rf voltages and directly connected by magnetic field
lines. The actual picture is more complicated, because the antennas are separated by poloidal
limiters and the current must flow radially around the limiters. The radial part of the current
path is supplied by rf-driven convection (which explains why the effect requires that both
antennas be powered). If the parallel current to the monopole antenna exceeds a threshold
condition, an arc can be triggered, causing damage to the antenna surface. In the following
sub-sections, we give a brief overview of rf sheath physics and then describe the elements of
the model in more detail.
3.1 RF sheath physics
As background for the following analysis, we begin this section with a brief overview of
rf sheath physics. The formation of rf sheaths is induced by the action of an rf field with a
substantial component E|| parallel to B. In the vicinity of a material boundary, electrons are
accelerated out of the plasma by E|| faster than the heavier ions, and a confining dc
("rectified") sheath potential Φ develops to confine electrons and restore equilibrium
quasineutrality [6,14,19,20], leaving narrow sheaths of positive space charge and intense
electric fields near the contact points. Outside the sheaths, the potential Φ is nearly constant
along the equilibrium magnetic field but varies rapidly across it, because the field line contact
points with material surfaces change rapidly with perpendicular coordinates x and y. The
spatial variation of Φ(x,y) in the plane perpendicular to B drives rapid E×B convection
5

[1,10,13] which increases the flux of plasma density and current to the antenna and thereby
enhances the strength of the antenna-plasma interactions. During high power operation the
induced sheath potential is large (eΦ >> 3Te) and the energy ZeΦ of ions accelerated in the rf
sheaths can be in the range 0.5 - 2 keV where the sputtering yield of metal impurities peaks,
leading to greatly enhanced impurity influxes from the antennas, limiters or other nearby
surfaces [6-10]. The energetic ion flux out of the plasma also produces a parasitic power loss
(“sheath power dissipation”) [25], which under extreme conditions can significantly reduce
the heating efficiency [9] and cause overheating of the antenna structure [11,12]. These
effects are determined mainly by the local rf sheath potential at a given antenna and are
relatively insensitive to the boundary condition at the opposite end of the field line. Another
sheath effect which plays an important role in the present analysis is the generation of dc
parallel currents, as first observed on TEXTOR [5,14]. The sheath-generated currents are a
non-local effect because they depend on the relative sheath potentials and flux tube surface
areas at both ends of the field line.
For fast wave antennas, the E|| field component arises because of a mismatch between
the orientations of the equilibrium magnetic field and the antenna structure [7,11,19] and
because of feeder effects [11]. In carrying out a sheath analysis, it is useful to introduce the
sheath driving voltage V = ∫ds E||, where the integral is taken along the field line between
contact points with material surfaces. By Faraday’s Law, the sheath voltage on a given field
line segment intersecting the antenna can also be regarded as proportional to the rf magnetic
flux linked by the circuit consisting of the field line and the antenna [7]. Thus, in a multiple
current strap antenna V is sensitive to the cancellation of the E|| fields (or equivalently the rf
magnetic flux) produced by toroidally adjacent current straps, and hence to the phase
difference between straps; the voltage V is largest for a phase difference of 0 (“monopole”
phasing, no cancellation) and smallest for a phase difference of π (“dipole” phasing,
maximum cancellation). It is also useful to define the rectified potential Φ0 obtained from 1D
sheath theory (i.e. ignoring perpendicular motion) by Φ0 = Cr V. If V is defined to be the 0to-peak value and we assume high density (full space charge) and high voltage (eV/Te >> 1),
computer simulations [20] yield a value Cr = 0.6 for the rectification coefficient in a 1D
model with fluid ions and Maxwell-Boltzmann electrons. The 2D rectified potential Φ will
differ from Φ0 due to effects of perpendicular currents, but in practice Φ ≈ Φ0(x,y) is usually
a good order-of-magnitude estimate.
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The computation of V and Φ as a function of phasing for the JET A2 antennas is
discussed in Sec. 3.2. An analytic model to estimate the resulting sheath-driven parallel
current is given in Sec. 3.3, and the rf convection of this current around the antenna limiters is
described in Sec. 3.4. Finally, Sec. 3.5 discusses the effect of the sheath-driven current on
stimulating arcing at the monopole antenna to complete the present model of the JET mixedphasing experiments.
3.2 Rf sheath asymmetry
The first step in the model is to use the results of a numerical sheath analysis to show
that there is a large asymmetry in the rf sheath voltages between the monopole and dipole
phased JET A2 antennas.
In previous work, the rf sheath distribution was analyzed for the flatbed mockup [21] of
a single 4-strap JET A2 antenna using the combined ARGUS [22] and ANSAT [23] codes.
The unpublished results of this study include the rf sheath distribution on the antenna for both
phasings of interest here operating at a frequency of 44 MHz. The ANSAT code calculates the
rf sheath driving voltage V = ∫ds E|| defined in the previous section. In one series of
calculations we compared monopole (0000) and dipole (0π0π) phasings assuming that the
side slots in the frame of the original flatbed mockup were covered by “flux excluders.” This
is the version that most closely resembles the present JET A2 antenna (taking into account the
modifications made in 1996). A magnetic field angle of 15 degrees with respect to the toroidal
direction was assumed for the calculations reported here. One aspect of the mockup antenna
that differs from the actual A2 antennas is that the Faraday screen (FS) bars in the mockup are
horizontal, whereas the FS bars in the A2 antennas are more closely aligned with the magnetic
field. Thus, the contributions of the gap and front face sheath voltages were overestimated in
the numerical simulation (by about a factor of 2) but the antenna-limiter sheaths (which are
independent of FS angle and have the largest voltages) were calculated correctly. The degree
of asymmetry between the monopole and dipole sheaths, which is the main point of interest
here, is also relatively insensitive to the screen angle.
The sheath voltage was calculated for field lines at various radial (x) and poloidal (y)
positions near the antenna. In this discussion, and in Fig. 3, all sheath voltages will be given in
arbitrary code units (a.u.). The conversion to physical units is discussed subsequently. As a
diagnostic, we computed the poloidal distribution of the rf sheath voltage V(y) on field lines
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just in front of the FS tangency surface (see Fig. 3). Taking the maximum value of V(y) as a
rough measure of the strength of the sheaths, we find that Vmax ≈ 6.5 a.u. in monopole
phasing and Vmax ≈ 2.2 a.u. in dipole phasing. By this measure, the ratio of the sheath
voltages at the monopole and dipole antennas is roughly a factor of 2-3. (This is a rough
estimate, because ratio of the sheath voltages at the two contact points for a particular field
line depends sensitively on its poloidal position.) We conclude from this modeling that for
typical field lines there is a large asymmetry between the monopole and dipole sheath
voltages.
In order to convert the code units to physical voltages, we note that the voltage drop
from top to bottom of the current strap, Va = ∫dy Ey, is 14.0 in code units. Here, Ey is the
electric field component along the axis of the current strap and the integral is taken in the
vacuum region just in front of the current strap. Thus, the maximum ratio of Cv ≡ V/Va is
6.5/14 ≈ 0.46 in monopole phasing and 2.2/14 = 0.16 in dipole phasing. For the experiments
of interest here with resonant (¼ wavelength) straps, the “0 to peak” antenna voltage Va(kV)
is related to the rf power Prf(MW) by
Va (kV) = Z 0 (Ω)

2Prf (MW )
N R c (Ω )

,

(1)

where Z0(Ω) is the characteristic impedance of the feed line, Rc(Ω) is the antenna coupling
resistance per strap, and N is the number of straps. Finally, the rectified sheath potential Φ is
defined in terms of the 0-peak antenna voltage by Φ ≡ 0.6 V = 0.6 Cv Va. Here, the factor 0.6
is the sheath rectification factor from the time-averaged quasineutrality condition [20] and Cv
is a factor describing the amount of magnetic flux cancellation among the current straps in a
given antenna module. Using the parameters N = 4, Z0 = 30Ω, the resistance values [24] Rc =
2Ω (dipole) or 5Ω (monopole) and Prf = 2 MW, we obtain the typical sheath voltages in kV
shown in Table 1. As noted above, these voltages are a worst case estimate, because the
mockup antenna does not have FS bars aligned with the local magnetic field. Even if we
reduce the computed voltages by a factor of 2 to take into account this effect heuristically, we
see that both monopole and dipole sheath voltages exceed 1 kV. This fact will be important in
computing the radial current flow in Sec. 3.4.
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Table 1 Summary of rf sheath rectified voltages for two phasings
(at a nominal power level of 2 MW per module)
phasing

Rc(Ω)

Va(kV, 0-peak)

Φ(kV)

0000

5

13

3.7

0π0π

2

21

2.0

3.3 Parallel current flow
The second part of the model is to show that a sheath voltage asymmetry can produce a
parallel current flowing between the antennas. We also need to know its direction and to
estimate its magnitude.
Sheath-driven currents flowing between powered ICRF antennas and the belt limiter
have been observed on TEXTOR [5,14]. If the electron mean free path is sufficiently long
compared to the parallel separation of the two antennas (L|| < λe), we can apply traditional
sheath theory to calculate the current. The simplest model is to represent the two antennas as
two capacitor plates with rf bias voltages Vrfj (j = 1, 2) connected by field lines immersed in a
plasma. For simplicity, the plates are assumed to have equal areas (= A) projected normal to
the field lines, and the ground potential is taken to be the time-averaged potential of the
plates. (In general, A represents the antenna area projected normal to the field lines.) A
symmetric version of this model with Vrf1 = Vrf and Vrf2 = −Vrf is described in the Appendix
of Ref. [25]. The key simplification in the model that allows an analytic solution for the
plasma potential and current is that only dc and cosωt variations of the plasma quantities are
retained. The small higher harmonic contributions are neglected. In this paper, we generalize
the model to include the case where the rf driving voltages on the two plates are unequal and a
time-averaged current flows between the plates.
The calculation is briefly summarized as follows. In this model the instantaneous plasma
potentials Vpj relative to the two plates (j = 1, 2) and the plasma potential V0 (relative to
ground) are related to the driving voltages by
Vpj = V0 − Vrfj cos ω j t ,
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(2)

where ωj is the rf frequency at the jth plate. (It is not necessary to assume that the two plates
are in phase or oscillating at the same frequency because in this model the dc current will
depend only on time-averaged quantities local to each sheath.) Suppressing the subscript j,
the plasma potential V0 can be expanded as V0 = V00 + V02 cos2ωt + … Note that there is no
cosωt contribution to the plasma potential because of the plasma rectification effect [19, 20,
26]. Here, we neglect the small V02 and higher harmonic terms and let V0 = V00 represent the
time-averaged plasma potential.
We write expressions for the ion, electron, and total current flowing to each plate,
adopting the sign convention that ion current flowing into plate 2 is positive. The requirement
that the time-averaged net current lost from the system must vanish (by quasineutrality)
determines the dc plasma potential V0. Defining x0 = eV0/Te and ξj = eVrfj/Te and using a
Bessel’s function identity to express the exponential dependence of the electron current on the
potentials, we can write the quasineutrality condition in the form
 I (ξ ) + I 0 ( ξ 2 ) 
x 0 = x B + ln 0 1
 ,
2



(3)

where x0 is a measure of the dc plasma potential relative to ground and xB is the usual Bohm
sheath potential, xB = ln(ve/(2π)1/2cs). Eq. (3) recovers the results of Ref. [25] when |ξ1| =
|ξ2|. Another check of Eq. (3) for the case ξ1 = −ξ2 ≡ ξ is obtained by taking the large voltage
(asymptotic) limit ξ→ ∞ of the Bessel’s functions in Eq. (3). This yields the approximate
relation x0 ≈ ξ, which can be rewritten as V0 = Vrf = 0.5 (Vrf1 −Vrf2) ≡ 0.5 V for this case,
where V is the total sheath driving voltage as defined in the previous sections. The sheath
rectification coefficient 0.5 in the analytic model is close to the coefficient 0.6 obtained by
computer simulations of the 1D sheath problem [20].
One can also determine the net throughput current, i.e. the current flowing around the
circuit, from this model. We find that the time-averaged throughput current (which is
probably the relevant quantity for arcing) is given by
I (ξ ) − I 0 (ξ 2 )
I thro = I s 0 1
,
I 0 (ξ1 ) + I 0 (ξ 2 )
where Is = Aenecs is the ion saturation current.
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(4)

Whereas x0, and hence the potential V0, in the quasineutrality relation (3) is relatively
insensitive to the asymmetry between ξ1 and ξ2, the net current 〈Ithro〉 in Eq. (4) vanishes
when |ξ1| = |ξ2|. In our theory, this is the fundamental reason why the mixed-phasing case
differs from the case where all antennas have the same phasing.
We can use Eq. (4) to estimate the requirements for significant current. Taking the
extreme asymmetric limit, ξ1 = ξ, ξ2 = 0 gives
It ≡

I thro
Is

I (ξ) − 1
= 0
~1
I 0 (ξ) + 1

(5)

where the last form is the asymptotic large-ξ limit. Evaluating It(ξ), we find that the
asymptotic limit is attained for modest values of the rf driving voltage (ξ > 5, which for
typical parameters corresponds to a voltage greater than about 100 volts). Returning to the
general case, it is also possible to plot the current vs. the degree of asymmetry. Taking ξ1 =
(1−g)ξ, ξ2 = −gξ, we show in Fig. 4 the normalized current It vs. g. It is seen that only a small
amount of asymmetry is required in the high voltage limit (ξ >> 1) for the current to saturate
(It = 1).
To summarize, this model shows that an asymmetrically driven pair of rf sheaths draws
a time-averaged current. The current flows to the side with the lowest instantaneous plasma
potential Vpj; this occurs at the plate with the largest rf driving voltage (Vrfj) at the point in
the rf cycle when the rf driving voltage tends to cancel with the time-averaged potential. Thus,
excess electrons flow to the high rf-voltage plate. The maximum magnitude of this current is
the ion saturation current, and this value is achieved for modest rf voltages, Vrf > 5Te/e. In
this high voltage limit, only a small amount of asymmetry in the driving voltages is required
to achieve significant currents. For typical temperatures (Te = 50 eV) this requires Vrf > 250
V, a value much smaller than typical sheath driving voltages on the A2 antennas (see Table
1).
3.4 Radial current flow
The next step in developing the theory is to address the difficulty that the JET antennas
are separated by poloidal limiters that extend radially a distance ∆xL = 1.1 cm in front of the
FS tangency surfaces. This means that the simple picture of field lines directly connecting the
two antennas (as in the capacitor plate model) is not applicable. However, the same physics of
sheath-driven currents can be recovered if some means is found to provide a radial current
11

path around the limiters, restoring the complete circuit between the antennas. In fact, radial
currents can be provided by rf-sheath-driven convective cells [1]. For high-power antennas
with large (kV) sheath potentials, it was shown in Ref. [1] that the convective cells could
extend over a significant fraction of SOL width and could carry radial currents.
The physics of rf convection is generic to ICRF antennas. Due to the complicated
structure of the antenna and the Faraday Screen, the rf sheath driving voltage varies from one
field line to another. The dc sheath potential Φ(x,y) resulting from the sheath rectification
process tends to oscillate poloidally with the periodicity of the FS structure and to decay
radially away from the antenna. The corresponding dc electric field pattern drives E×B
convective cells which transport particles and current across the field lines. The convective
cell equation is derived [1] from the field line average of the current equation, 〈∇
∇• J〉 = 0,
where 〈Q〉 = ∫ds Q/L|| and the integral is taken along the field line between two axial
boundaries in the SOL. This yields the vorticity equation
c

2

B

2

nm i

J || + L || / 2
J (Φ − Φ 0 )
d 2
∇ ⊥Φ =
.
≡
dt
L|| − L || / 2
L||

(6)

Here, d/dt = ∂/∂t + v•∇ with v = (c/B) b×∇
∇⊥Φ, Φ is the field-line averaged dc potential and
we have dropped the brackets (e.g. 〈Φ〉 → Φ) for simplicity of notation, L|| is the distance
between the contact points, and J(Φ−Φ0) is the sheath current-voltage relation specifying the
net current flowing out of the system as a function of the potential. For Φ = Φ0 ≡ V0 the net
current vanishes, corresponding to the limit where one-dimensional sheath theory applies. For
Φ − Φ0 >> Te/e the net current equals the ion saturation current, J(Φ−Φ0) → niecs, and the
sheath problem is fully two-dimensional.
The radial current transport can be understood as follows. In the convective cell, the
divergence of the parallel current is balanced by the contribution to ∇•J⊥ from the ion
polarization drift, i.e. the terms on the lhs of Eq. (6). (The E×B drift, which dominates the
particle convection, produces no charge separation and therefore does not contribute to the
radial current.) Thus, the radial current is related to the change in the vorticity, ω = ∇⊥2Φ.
The role of the time-derivative term in driving radial currents has been discussed in the
context of Langmuir probe theory [27, 28] and would be important also for antennas in the
high-Reynold’s number turbulent regime. Here, we focus on the role of the convective term,
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v•∇ω, which plays a role in two-dimensional antenna sheath theory even in the laminar
regime.
Note that ∇• J = 0 implies that Jx/Lx ~ J||/L||, which can be rewritten as Jx/J|| ~ Lx/L|| <<
1. This result implies that the radial current flux is comparable to the parallel current flux over
the distance Lx, which is the radial scale length of Φ. Thus, even a small amount of radial
current is sufficient to maintain the current path between antennas if the radial penetration of
the convection is comparable to the radial protrusion ∆xL of the limiter, i.e.
L x ≈ ∆x L .

(7)

The nonlinear dependence of Lx on the rf sheath voltage can be estimated from Eq. (6). In
making this estimate, we are interested in the two-dimensional case where ∇•J⊥ ≠ 0, implying
that Φ deviates significantly from Φ0 and J ≈ niecs. In contrast to the discussion in Ref. [1],
we focus here on the role of the larger convective cells with poloidal extent Ly comparable to
that of the antenna, so that Lx << Ly. With these approximations, Eq. (6) yields the following
scaling for the penetration length of the radial current
1/ 3

 L|| 
Lx

= 
 Ly 
ρs



 eΦ 


 Te 

2/3

,

(8)

where ρs = cs/Ωi and cs = (Te/mi)1/2.
One must check whether Eq. (7) is satisfied for both monopole and dipole antennas. In
estimating Lx, we use parameters typical of the dipole antenna, which has the weakest sheath
voltage. Using Ly = 20 cm (from Fig. 3), L|| = 300 cm, Te= 50 eV, eΦ = 2000 eV, and B = 3
T, Eq. (8) yields the estimate Lx ≈ 1.0 cm, which is compared with ∆xL = 1.1 cm. We
conclude that Eq. (7) is satisfied, implying that an order unity fraction of the radial current can
extend beyond the limiter tangency surface. In this limit, the convection provides an effective
radial current path around the limiters and restores the connection between adjacent antennas.
It should be emphasized that the convection must operate at both the monopole and
dipole antennas in order for the circuit to be complete. This may explain why the damage to
the monopole antenna is only observed during the time that the dipole antenna is powered
(even though significant asymmetry persists when the dipole antenna is unpowered). For an
unpowered antenna, the magnitude of the Bohm sheath potential (eΦ ≈ 3Te) is too small and
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its poloidal variation is too weak (Ly too large) to drive significant convection, with the result
that the current path between the adjacent antennas is broken by the poloidal limiters.
3.5 Arcing threshold
The final element of the model is to understand how the arcing process [3, 4] depends
on the dc parallel current flow and thus on the antenna phasing. First, it is useful to briefly
summarize the essential results of the parallel current calculation given in Sec. 3.3, which
shows that an asymmetry between the sheaths at the two ends of a field line can drive a
parallel current, emphasizing here the dc behavior of the model. Thus, we consider a dc
sheath model, where for simplicity two plates of equal area A are assumed to have a relative
voltage V between them with the anode potential taken as ground. Here, the relative voltage is
driven by the sheath rectification effects [19, 20, 26] discussed in Sec. 3.3 with Vrf1 = 0 and V
= Cr Vrf2, where Cr ≈ 0.6 is the sheath rectification coefficient [20] defined in Sec. 3.1. The
plasma potential profile Φ(x) between the plates is sketched in Fig. 5 for two cases. For V =
0, the plasma potential is positive with respect to the plates and the potential difference Φ
between the plasma and the cathode is equal to the Bohm potential, eΦ ≈ 3Te. In this
situation, the electron and ion currents to each plate are equal to the ion saturation current, Is =
necs A, and there is no net parallel current flow. For eV >> 3Te, the cathode (ion collecting
plate) is biased negatively with respect to the anode, so that essentially all of the electrons are
reflected by the cathode sheath. In the large-V case, the ion current Ii to each plate is still
equal to Is, but the electron current is asymmetric: Ie = 0 to the cathode and Ie = 2Is to the
anode. Thus, this picture has several elements which are important for understanding arcing:
(1) an applied voltage difference between the plates is required to give a net parallel current;
(2) for large voltages (eV >> 3Te) the magnitude of this current is equal to the ion saturation
current and it flows to the cathode, and (3) the largest voltage difference between plasma and
metal surface occurs at the cathode (here, the monopole antenna). The condition eV >> 3Te is
typically satisfied for powered ICRF antennas.
To increase the current beyond Is requires that the electric field at the cathode surface
becomes so strong locally that it can pull electrons off the surface and into the plasma, thereby
initiating an arc. The characteristic electric field for ionization is so large that it far exceeds
the average sheath electric field, but it can be attained locally at rough spots or protrusions
that amplify the sheath electric field. At such a protrusion the emitting tip is subsequently
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heated by Joule heating and the electron emission is increased by thermal field emission [4].
Also, electrons are emitted at much lower electric fields from contaminated surfaces than
from clean ones [4]. Thus, the arc initiation process is somewhat random in space and
depends sensitively on the surface conditioning. During the burning of the arc, the voltage
required to sustain the arc (15 - 25 V) is much lower than that required to initiate it. Another
requirement to sustain the arc is that the rate of local Ohmic heating by electron currents
passing through the metal lattice exceed the rate at which the thermal conductivity of the
material carries heat away. This condition is also dependent on the surface material and
surface contamination, but for typical materials it leads to a minimum current of Imin = 1 – 10
A to sustain an arc [3].
Combining the sheath and arcing physics, we obtain the following quantitative criterion
for the possibility of rf-sheath-induced arcing:
I s ≡ nec s f A ⊥ > I min .

(9)

where Imin is the minimum current to sustain an arc (discussed above), A⊥ = A sin α is the
projection of the sheath interaction area A normal to B, and α is roughly the indentation angle
of the V-shaped FS. Here, f is the fraction of the parallel current which flows between
adjacent antennas due to the rf convection, completing the current path necessary for the arc
to occur. Thus, f = 0 when one of the two antennas is unpowered (J⊥ → 0) and the current
there is blocked by the radial limiter. The opposite limit, f → 1, is obtained when both
antennas are powered and the rf sheath potential is strong enough that Lx/∆xL > 1 at each
antenna [see Eq. (8)]. One can also regard f A ⊥ as the area of the cathode antenna “wetted” by
the rf convection and receiving the full saturation current. Taking f = 1, n e = 1011 cm−3, Te=
50 eV, and A⊥ ≈ (100 cm)2 sin 3° ≈ 500 cm2, we obtain the estimate Is ≈ 40 A, which is the
right order of magnitude to sustain an arc.

4. Summary and discussion
We conclude that the model described in this paper is a good candidate to explain the
observed antenna interactions with mixed-phasings during the recent JET experiments. The
key elements of the model are: (i) the rf sheath potential is much larger on the monopole
antenna than on the dipole antenna; (ii) this asymmetry drives a parallel current of order the
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ion saturation current; (iii) the complete current path requires a radial current to flow around
the poloidal limiters, and this radial current is provided by the ion polarization current
associated with rf convective cells; (iv) the arcing conditions are met most easily at the
monopole antenna, viz. a large (negative) voltage difference between the material surface and
the plasma, and a net parallel current which is large enough to sustain the arc.
There are several qualitative points of agreement between the model and the recent JET
experiments:
1. the antenna interaction requires an asymmetry in the sheath potentials (and hence
in the antenna phasings);
2. the interaction is observed on the antenna with the largest sheath potential (the
monopole antenna);
3. there is a minimum rf power requirement on both antennas to trigger the effect
(given by the requirement that the radial convection current be sufficiently large
to complete the current path).
4. there is a lag time between the turn on of rf power and the observed interaction
(the arc trigger involves heating the metal surface, which takes a finite time);
5. the model is consistent with generator tripping and release of high-Z material
(due to arc currents).
Note that points 1 and 3 imply that no interaction is expected if either the monopole or dipole
antennas are turned off or if all antennas have the same phasing, which is supported by the
recent experimental observations. Finally, although sheath-driven SOL currents were not
directly observed in these experiments, their existence has been measured on TEXTOR due to
asymmetric field line connections between the rf antennas and the toroidal liner [5,14].
We mention in passing that the present model may also be consistent with older
experiments carried out with the JET 2-strap A1 antennas. In those reversed-toroidal field
experiments, rf-sheath-induced arcing was directly observed with a CCD camera when the A1
antennas were in monopole phasing [9]. By increasing the B field-FS mismatch angle and by
using monopole phasing, these experiments created very large sheath voltages (of order 2 - 3
kV). Arcs were observed parallel to the reversed B field lines, accompanied by a sudden
release of beryllium [9]. In these experiments, the field lines involved in the arcing probably
connected an A1 antenna to a nearby limiter, again giving rise to an asymmetric situation with
rf-driven currents.
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Looking towards future experiments, it is useful to consider several questions in light of
this model: Is there is anything that can be done to eliminate the antenna damage during
mixed-phasing operation in L-mode on JET? Does the model predict similar antenna
interactions in H-mode? Is there a regime in which the antenna interactions can be avoided in
H-mode and yet the monopole antennas are still able to perturb the edge? Can good antennaplasma coupling be maintained in this regime?
Regarding the first question, there are some possible strategies suggested by the model
for reducing antenna interactions in L-mode. One can increase the electric field threshold for
arcing (and hence the rf power threshold) by cleaning the antenna surfaces. Another approach
would be to try to eliminate the radial current path around the limiters, i.e. to achieve Lx/∆xL
<< 1 for the dipole antennas which have the weaker sheath voltages. One could reduce
Lx/∆xL ∝ (eΦ/Te)2/3 [see Eq. (8)] by limiting the antenna power (and hence the sheath
voltage Φ) or by extending the antenna protection limiters (larger ∆xL). However, this
strategy is complicated by the fact that we simultaneously require Lx/∆xL > 1 for the stronger
convective cells at the monopole antennas to be able to perturb the edge. Perhaps the best
strategy is that one could try to ensure that the ion saturation current is below the minimum
current to sustain arcing (Is < 1 A) by reducing the density in the vicinity of the antenna. This
could be accomplished by increasing the antenna-plasma separation and/or by increasing the
radial extent of the antenna limiters. This last point is also relevant to the second question. In
H-mode, the density (and ion saturation current) at the antenna is much lower, and it is
therefore easier to avoid triggering arcs. Taking the upper bound on Imin in Eq. (9), the
estimates in Sec. 3.4 suggest that a reduction in density of 5 −10 near the antenna during the
L-H transition might be sufficient to avoid arcs if the monopole power was applied only
during the H-mode phase. The mixed-phasing H-mode shot described in Sec. 2 did not show
evidence of antenna interactions, consistent with this estimate, but more experimental work
needs to be carried out in H-mode before definite conclusions can be drawn.
The need to reduce the density at the antenna to avoid arcing is not inconsistent with the
goal of using the rf convection to perturb the plasma edge. The reason is that the parallel scale
length L||L between the limiters is typically much shorter than the scale length L||G in the
global SOL, so that the large-scale convection can be more important in the global SOL than
in the private SOL of the antenna. To make this idea more precise, we define the parallel
confinement time τ|| = L||/cs and the convective eddy time τc = Lx/vEx, where cs is the sound
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speed, vEx is the radial ExB velocity, and Lx is a typical radial scale length. The regime of
interest for these experiments is given by τ||L << τc < τ||G. When this inequality is satisfied,
the convection does not flatten the density profile between the antenna protection limiters
(allowing reduced density at the antenna), but it can affect the density profile in the global
SOL. Whether this regime can be achieved in practice is a quantitative question that is best
answered by experiment.
Finally, we note that it is possible to simultaneously reduce sheath interactions at the
antenna and to maintain good antenna coupling because the wavelength λ of the fast wave is
typically large compared to the radial extent ∆xL of the antenna protection limiter. Sheath
effects depend on the density na at the antenna (between the antenna protection limiters),
whereas the antenna loading is determined by the average density n = nav over a radial scale
of approximately λ ≈ δi ≡ c/ωpi in front of the antenna. Achieving both reduced sheath
interactions and good antenna coupling requires that the local density na is smaller than both
nav and the fast wave cut-off density [e.g. see the Appendix in Ref. 1]. This is possible when
the inequality τ||L << τc < τ||G is satisfied.
In conclusion, the sheath-driven arcing mechanism described in this paper is consistent
with the mixed-phasing experimental results on JET. It suggests that mixed-phasing
experiments may be possible in H-mode operation, which is the most interesting application
of the idea. Future experiments to investigate the role of monopole rf-driven convection on
spreading the divertor heat load, reducing the particle confinement time, and modifying the
ELM properties would be of great interest, and may lead to new techniques for optimizing Hmode performance [1, 2].
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Figure Captions
Fig. 1 Time history of Dα, radiated power, rf power, line-averaged density and stored energy
for the mixed-phasing shot #52673.
Fig. 2 Time history of Dα, rf power, edge density, edge Te and impurity spectral line
intensities for the mixed-phasing shot #52673.
Fig. 3 Plot of poloidal sheath voltage distribution, V(y), with 0000 and 0π0π phasings for
three radial positions: one field line just in front (solid curve) and two just in back
(dashed curves) of the FS tangency surface. Here, y is measured in meters from the
symmetry plane (y = 0) and the units of V are arbitrary.
Fig. 4 Normalized throughput current It vs. current asymmetry parameter g for fixed
normalized rf voltage, ξ = 10.
Fig. 5 Sketch of the dc plasma potential vs distance between the anode (left end) and cathode
(right end) for the two capacitor plate sheath model. The cases eV = 0 and eV >> 3Te
are shown, where V is the applied potential difference between the plates. The arrows
indicate the direction of current flow Ii and Ie, which is taken to be positive. Note that
a net current flows to the cathode in the large-V case.
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Fig. 1 Time history of Dα, radiated power, rf power, line-averaged density and stored energy
for the mixed-phasing shot #52673.

21

Fig. 2 Time history of Dα , rf power, edge density, edge Te and impurity
spectral line intensities for the mixed-phasing shot #52673.
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Fig. 3 Plot of poloidal sheath voltage distribution, V(y), with 0000 and 0π0π phasings for
three radial positions: one field line just in front (solid curve) and two just in back
(dashed curves) of the FS tangency surface. Here, y is measured in meters from the
symmetry plane (y = 0) and the units of V are arbitrary.
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Fig. 4 Normalized throughput current It vs. current asymmetry parameter g for fixed
normalized rf voltage, ξ = 10.
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Fig. 5 Sketch of the dc plasma potential vs distance between the anode (left end) and cathode
(right end) for the two capacitor plate sheath model. The cases eV = 0 and eV >> 3Te
are shown, where V is the applied potential difference between the plates. The arrows
indicate the direction of current flow Ii and Ie, which is taken to be positive. Note that
a net current flows to the cathode in the large-V case.
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