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I. Motivation.

The emission of Radio-Frequency (RF) waves by cerphtennae and their damping
in the core of magnetized plasmas have been desdcfdr a long time by sophisticated first
principle models in realistic geometry. Compardtiyéhe simulation of anomalous RF power
losses in the plasma edge is still less advanckldough the non-linear wave-plasma
interactions in the plasma edge often set the ¢tpes limits of RF heating systems.
Peripheral lon Cyclotron (IC) wave damping is atited to a DC biasing of the edge plasma
by RF-sheath rectificatiofl]. This non-linear process is usually modelled ialagy with a
double Langmuir probe driven by an oscillating Ritage[2]. This RF voltage is estimated
as the field line integral of RF fields, parallel to the confinement magnetic fiddd, as
computed from antenna codes in the absence ofhsheltis approach, although not self-
consistent, reproduces qualitatively the poloidaiiation of RF-induced SOL modifications
around powered antennf#], [4]. Yet its quantitative validity is questionaljid. Moreover,
contradictions appear with recent measurementstreegadial penetration of the plasma bias
[6] or the non-linear generation of edge DC curreptRbB waveg4], [7], [8]. In view of
ITER, improvement of RF-sheath physics towardd firgiciples is needed.

[1. Outline of the physical mode.

This paper treats self-consistently the slow maggwtic wave penetration and the
edge plasma DC biasing using a two-field fluid &agh, inspired by earlier work on RF
plasma dischargd9-11] and recently applied to tokamalkg, [12]. The simulation domain,
sketched oriigure 1, is a collection of bounded magnetic field lineshe Scrape-Off Layer
(SOL) of magnetized plasma. Inside this domainaaerequation propagates the parallel RF
electric fieldEy, i.e. in first approximation the slow wave. Assamharmonic time variations
as exp(-tt) at the RF pulsationythe RF wave equation takes the form

&b E, +EAE, + 5//€D(% /C)Z E, =0 (1)

Here g, and & are the diagonal elements of the plasma dieletgrisor at pulsation
apy. The whole RF+DC system is excited by imposingapraf E;, at the outer boundary of
the machine from an antenna code. The local DQOv@agotentialVpc is governed by the
continuity equation for DC currents in presencamsotropic DC conductivitydjpc, dmpc).

Tyoclithe + OupclDote =0 ;1 @ =€V /KT, (2)

In this expressiomwpc is the Spitzer parallel conductivity. Rigoroushettransverse
DC conductivity takes the form of a diffusion operagipcAngc only in the case of ion-
neutral collisiong13]. Other processes of transverse effective condtictivere outlined in
the literature, due to ion viscosity, inertia oparalous transpoft.3]. They generally involve
collisions and could be represented phenomenollbgiea a small effective perpendicular
conductivity gpc.

Sheaths at both ends of open flux tubes have actesistic sized extremely small
compared to that of the simulation domadin)( Instead of being resolved spatially they are
described here by RF and DC sheath boundary condit{SBC). With a non-linear |-V
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characteristic, sheaths couple RF and DC fieKls¢c). For RF waves, sheaths behave as
dielectric layers between the main plasma and theducting walls. The RF sheath
capacitance was calculated rigorously for unmagadtplasma processing react®} [10].

No equivalent presently exists with tilt&3, like the Chodura’s model for DC sheaflig].

For walls normal td,, sheaths are unmagnetized and the RF SBC onl\wiesB), [5].

d.E, = _EDAD(CE// lgsh) (3)

In this expressiorgy is the dielectric constant of the sheath, of orted represents
the width of the dielectric layedis of the order of the sheath thickness and thezalepends
on the DC potentialia the Child-Langmuir law, thus providing a first RFEzoupling

o=Agl A= [gokTe/ezn]ll2 electron Debye length (4)

The DC SBCs express the continuity between the D@ent in the plasma and the
DC conduction current of a sheath subject to a D@ mial ¢pc plus an oscillating RF
potential grrcos(wt) whose amplitudexr depends on the local RF electric fi@lgand ond

i"[1-exp(@-¢bc))|=kTeOocUngbe ; @=@+In[lo(|kel)] ; @e=-edg/Enl &rkTe(5)

Here 1,(p)= _[O”exr{(pcos(¢)]d¢/n is the

modified Bessel function of order D.is the
ion saturation current angy is the plasma
potential in absence of RF waves. Equations
(2) and (5) define a standard plasma biasing
problem: although the vessel walls are
Antenna code electrically grounded, the sheath rectification
Figure 1 Sketch of the simulation domain. Outline f @F. acts in praCt.Iqe as an |_nhomogeneous
the model and main notations. C bias at the positive potentigi-¢. In the
absence of volume source term in &).this
second RF-DC coupling uses RF fieljsto drive the DC biasing from field line extremgie
The RF+DC model implicitly assumes negligible rofédnarmonics ot in the rectification.
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[11. Two mechanisms of non-linear DC current generation from RF sheath rectification.

The new approach enforces zero outwards DC cuwaeht on averageover the
vacuum vessel and not every pointof the boundary. This allows DC currents to flolv a
over the simulation domain, reducing earlier indgstency with measurements. Mod®8] is
recovered wheltidjpc,0pc)=(0,0). Two DC current generation mechanisms, gersd any
biasing process and not specific of RF waves, atéed infigures 2 In steady-state regime,
any DC currenjpc injected from one extremity of an open field limaist exit the flux tube.
Joc can flow through the opposite sheath. This firechanism implies breaking the left/right
symmetry of the flux tube, e.g. by unbalanced lgad 5,16] In practice this is produced by
an asymmetric map &, (seefigure 2.9. Taking @pc,0opc)=(,0) yields[16]

ioc /1" = (160D = 1o (e ) 1o (tia) + 102 ] 5 Vr=leftiright (6)

The magnitude ofidc| is limited toi* by the saturated sheath at I0¥izd extremity.
joc flows from the high\[re side to the lowMgg| side of the flux tube, consistently with most
experimental observatiorjd] [7] [8]. Detailed study shows that although no DC trarsver
conductivity is required, transverse RF currenth@xges with neighbouring flux tubems &
are essential to break the left/right symmdtt$]. When both sheaths of a field line are
driven symmetrically, symmetry imposgg to exit across the lateral sides of the flux tube.
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Within this second mechanism, DC current loopseafidm the differential biasing of
adjacent flux tubes connected electricallg a finite DC transverse conductivitypc (see
figure 2.. Assuming toroidal homogeneity (e.g. by takmgc=), eq.(2) yields

Joc=0.9_,0pcAnVpe across both sheathg=flux tube length (7)
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Figure 2 Sketch of the 2 DC current generation schemeskiss is representative of DC potential magnitude.
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To gain insight into the non-linear biasing physeegl to benchmark the numerical
codes, the 1D (radial) biasing problé®)+(5) was solved semi-analytically whenpc~x. A
positive biasg=¢@ was imposed at both extremities of the outer tlubes (radial coordinate
x<0). Figures 3plot the DC plasma potentiahc and the DC currenbc versusx normalized
to a characteristic current diffusion lengkE[L,orpckTo/2ei"]M2 It can be shown that

Fl@c(0)-Flae) 0< % < % (0)

Fac0)-a)-Flae-a) © ac0<pc<a

x= g =|

#c(0)=Inlexdln)-1-In(@) ; Fleo)=[dy/[2ly -1+exp-¢)]"” (9)
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Figure 3:profiles of /@ @) and pc/i* b) versus normalized radial coordinate Xzk/for several values af.

Figures 3show that in the linear sheath regimg<Q) the DC current diffusion
performs a smoothing of the bigs(X) over a characteristic width of ordéK~1 (dx~4;),
where significant DC currents are found. Similaiosthing was observed for RF potentials in
presence of transverse RF conductiyfy For large bias¢g>>1) the region of largenc and
joc gets broadened and becomes spatially asymmetrectal the saturation of the sheaths.
Globaljpc conservation, illustrated digure 3, predicts that a Langmuir probe exploring the
vicinity of an IC antenna should experience bothifpee and negativgc. In order to recover
the probe measurements on Tore Supra (always st [8]) using this mechanism, a
“private SOL” between antenna limiters has to beoked, inaccessible to the probe and
biased to high/pc to draw negativgyrc. Using the flux tube numbering figure 2.bit can be
shown that 0>@:1>@) implies (@ ¢hce he=be=@2). In these conditions positiviec
can appear at the extremities of both flux tubasd 2 that are accessible to the probe.
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Actual DC current flows combine the two basic metsias outlined above. Further
study is needed to quantify which process is dontimarealistic SOL plasmas and geometry.

IV.Numerical implementation and validation: status and prospects, project SSWICH.

Presently the above coupled RF+DC model is beimgamented numerically in two-
dimensional (2D: toroidal/radial) rectangular getrpeboth with finite difference and finite
element methods. Due to the non-linear boundaryditons the DC model is solved
iteratively using a damped Newton method. In indtalone version the RF code has been
successfully compared to analytic expressions oiwSWave and Sheath Plasma Wave
eigenmodes in a homogeneous plasma-filled waveguitiehomogeneous sheath widdh
[17]. It was checked that the numerical errc” 5
of the finite difference scheme scales liketh ., ... >
square of the spatial grid steps. Wheit - -+ Probe reciprocatio
was toroidally homogeneous, the 2L 0.04 RIS S
numerical DC model was also tested again [EEEESEEEEERAEEEEEEEE R RN SRS

non-linear 1D solutiong8)-(9). When used 7 *°° EERRINSSERITEISSSSpN bigs
alone the DC iterative procedure alway ‘;0_02 i
converged to a solution. The RF and D( = (OSSR ~——-—--— EEERE
parts were also coupled self-consistently bt .01 E—G_—G<—GE- Cl
converge only for low amplitudes of the e - ool
driving E;. Both DC current generation 45 0 0.5
mechanisms could be reproduce! z (m)

numerically, including for the first time therigyre 4 Self-consistent RF+DC test simulation with
complex geometry with a private SOL angkivate SOL, RF sheaths on limiters and symmetric
RF sheaths on antenna limiters (8gare 4). drive. 2D mapping ofc. Arrows: DC current flow.

More detailed numerical validation is on-going. Biifted forms of the model can
already be used for RF-sheath estimates arountTEf IC antenna. The formalism allows
improvements towards more realistic edge RF phydgseription: full RF field polarization,
shaped wall, 3D geometry, RF excitation by strag$is scientific program defines project
SSWICH (Self-consistent Sheaths and Waves for keld@on Heating) by CEA and IJL.
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