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Abstract.We investigatetheoretically how sheath radifrequency (RF) oscillations
relate to the spatial structure tife near RF parallel electric field,emitted by lon
Cyclotron (IC) wave launchers We use a simple model of Slow Wae
(SW)evanescenceoupledwith Direct Current(DC)plasma biasinga sheath boundary
conditions in a 3D parallelepipddled with homogeneous cold magnetized
plasmaW LW KL Q D 3ZL éskhptocHdgiviiekvdlid for largeamplitude near RF
fields,the RF part of this simple RF+DC modstcomes linearthe shath oscillating
voltageVgerat open field line boundariean bere-expressed as a linear combination of
individual contributions by evergmitting point in the input field majW evanescence
makes individual contributions all the larger as the wave emission point is located
closer to the sheath walls. The decay\Gf| with the emission point/sheath poloidal
distance involves the transverSW evanescence length and the rgglielrusion depth

of lateral boundariesThe decay of\[re with the emitter/sheath parallel distance is
guantified as a function of the parallel SW evanescence length and the parallel
connection length of open magreetield lines.For realistic geometries and target SOL
plasmas, poloidal decay occurs over a few centimeigyscal parallel decay lengths

for [Vre are found smaller than IC antenna parallel extensistillating sheath
voltages at IC antenna side lienis arethereforemainly sensitive tdg; emission by
active or passive conducting elements near these linaisessiggestd byecent
experimentalobservations Parallel proximity effects could also explain why sheath
oscillations persist with antisymmetrstrap toroidal phasing, despite the parallel-anti
symmetry of the radiated field map. They codildally justify current attempts at
reducing the RF fields induced near antenna boxes to attenuate sheath oscillations in

their vicinity.
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1. CONTEXTAND MOTIVATIONS

In magneticfusion devices, nehnear waveplasma interactions in the Scraé
Layer (SOL) often set operational limits for Radkrequency (RF) heating systeram
impurity production or excessive heat logdisterdaeme1993]JPeripheral lorCyclotron(IC)
power losses are generally attributed to RF sheath rectificiimn.this nonlinear process
depends on tlgerometry and electrical settings of the IC wave launchers remainsylarge
unknown, despitecruciatechnological implications.In low-frequency small capacitive
plasma dischargesheath rectification has beemuccessfullymodeled in analogy with a
double Langmuir pbe driven by an oscillatingoltage![Chabert201]JL In the absence of
more elaborate theoryirealistictokamakgeometryover largescale length, thissimple
formalism was also widely applied near IC antenng, without strong justificatione.g. in
[Perkins1989). Along this line of thought,th&®F fiedparallel to the confinement magnetic
field By, integrated alongsolated open magnetiield lines, !=| &.dl|,hasoften beensed aa
guantitative indicator ofocal RF sheathintensity in the vicinity of IC antennase.g. in
>'q,S SR OL[BLRs2005] [Mendes2010], [Garrett2012]Milanesio2013] [Qin2013],
[Campergue204]. In this exercise one often u&gfelds from full-wave linear
electromagnetic simulationshere the plasma is in direct contact with metallic Wiadis
without sheathg)Milanesio2009]Jacquot201p

In tokamakexperimentsqualitative correlation was noticed betwebe evolution of
I=| &.dl| andthat of heat load intensit\Colas20®],[Campergue2014¢r plasma radiation
[Qin2013] [Colas20@®]. Yet recenttokamakneasuremestchallenge theelevanceof 'as an
indicator of RFsheath intensityFor examplée line integras expected to vanish presence
of a RF field mapantisymmetricalong the parallel direction. This rearlythe case with
antrsymmeric toroidal phasing of the I@oloidal strap arraysAlthough the wavlasma
peripheral interactiorobserved experimentallyviaker withtwo straps phasefD, $ than
with [0,0] phasingColas20@®], [Bobkov2015, it is not suppressedSimilar experimental
results were obtained with more strapkerche2009]Jacquet2011], [Jacquet2013],
[Wukitch2013] The magnetic fielgbitch with respect to the toroidal directionoieninvoked
to interpret the persistencd BF sheaths, together wéhtenna boxes breakirthe anti
symmetry[Colas2005] On ASDEX-Upgrade,closing the bogornerswith metallic triangles
did not suppress thécal impurity productiorjBobkov2010] To mitigate the effect fo
magnetic field pitch, a fieldaligned antenna was desigfimd ALCATOR C-mod In
comparison with a toroidalgligned antena, it was predicted toeduce ]| on open flux
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tubes with large toroidal extension on either sides of thwd@ launcherORQJ ILHOG OLQ!
[Garrett2012] The expected reduction wagynificant with [0000] phasing of the -dtrap
array. Experimental comg@risons onALCATOR C-mod revealed a reducedolybdenum
contamination whenusing the fieldaligned antenna]Wukitch2013]. But the plasma
potentiameasured ommagneticfield lines connected to the antenhardly varied andthe
wave SOL interactionwas not suppressedth [0000] strapphasing

At CEA, a prototype Faraday Screen (FS) was designed to rétumeer SORQJ ILHOG
O L Q biMniterrupting all parallel RF current paths @® front face[Mendes201Q] When
compared to mantenna equipped Wwistandard FS on Tore Supra (TS), the new FS exhibited
similar heat loadspatial distribution, but theneasuredRF waveSOL interaction was more
intense and more extended radigiBolas2013] In a series o S experiments, the lefight
ratio ofstrap votage amplitudes was varie@ver this scan, the antenna side limitearthe
strap with higher voltage heategb, while theremote limitercooled downA similar toroidal
unbalancen ASDEX Upgradeproduced opposite variations of RF currens
amplitudesneasuredat the surface otwo opposite antenna limitef8obkov2015. In this
experiment with [03 phasing, in order to minimize the collected RF current, the RF voltage
imposed on the remote strap wagproximatelytwice higher than the voltage on thieap
near the side limiterThesérendscan hardly be explainedsinga singlephysicalparameter
simultaneouslyrelevantat both extremities of the sanopermagneticfield line, ! or any
other one Besides,in !, all the points alonghe integration pattplay the samerole.
Theexperimental observatiosrather suggest thatthe toroidal distance beween radiating
elements arttie observed wallsnight play a role in theRFsheath excitatiofrom this
paradigmminimizing the local RF electric field amplitudegar the antenna limiters, still
evaluated in the absence of RF sheatvess proposed to mitigate R¥heath generationno
new ASDEXUpgrade antennfBobkov201%. This alternativeheuristic procedure also
deserves justification from first principles.

7TKH XE&R H Sdo&dgyhplicitly assumes that each open magnetic field line
behaves as electrically isolated from its neighbors. This is questionable in highly conductive
plasmas, although the conductivity is far larger alBgghan transverse to iCollectedRF
currents on ASDEX Upgrade also challenge this pictiely attempts at improving the
SGRXBOREH" PR GH O Vhe/exchahbhe blirrédnts Datvedh neighboring Xldubes
decouplethe sheaths at the two extremites of the ame open field
line[Rozhansky1998JNGadjeu2011], [Faudot2013][Jacquot2011] The selfconsistent

spatietemporal description of RF electric fields and RF currentselaxtrodynamicshas
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been long developead the context of IGintennas radiating imagnetizeglasnas,but in the
absence of sheafldilanesio2009,[Jacquot201F[Lu20164. The RF plasma conductivity is
then incorporated in a tirgispersive dielectric tensd6tix1992] Unlike capacive RF
discharges, tokamak field mdeature spatially inhomogeneous RF electric fields in the
guasineutral plasma surrounding the wave laundi@s®s200p [Mendes2010],
[Bobkov2010], [Garret2012] The distance between radiating elements amtbservation
points, parallel and transverse By, canthenplay a rolevia the propagation of RF waves

These experimental and theoretical considerations motivated severakmodpling
RF wave propagation aridirect Current (DC) SOL biasinga RF and DC sheath boundary
conditions applied at the plasmall interfaces >'Y,S SR O L WRyra20@8],
>',SSROLWR, S AR O LIMyRa2010@[Kohno2012], [Kohno2012a],Colas2012],
[Jacquot2014], [Jenkins2015], [Kohno2018]ithin this generaframework,the double probe
analogywas assesseghdspatialproximity effectswereinvestigated Smple situations were
exhibited where sheath oscillations exist on open magnetic field lines for whibh
>',SSROLMhBr sity@tions were studietbr which !overestimates the sheath
voltage>'1, S S R O LInpResenc@ of a localized sourceevbinescenk;, situated halivay
between the two field line extremities, it was noticed that the sheath excitation was reduced
when the connection letly exceedd the ion skin deptljMyra201Q. Inthese simple
situationshe two extremities of the same open magnetic field lines generally liehave
similarly, for symmetry reasonfealisticRFsheathsimulaions of the Tore Supra antenna
environmentlimited to the Slow Wave (SW8xplored toroidally asymmetriRF field maps
and reproducd qualitatively the observed left-right asymmetric heat loadand other
experimental measuremejidtgcquot2014] Similar efforts are underway to interpréte
ASDEX-Upgrade pheomenology. LY V Ni] [Jacquot201bIn simulations of the ITER
antenna, parallel proximity effects were evidenced numericallgut not
interpretefiColas2014]

This paper reformulates one of the aboventioned models of coupled RF wave
propagation and DGOL biasing, called Seltfonsistent Sheath and Waves for lon Cyclotron
Heating = Slow Wave (SSWICKHSW)[Colas2012] [Jacquot201A4Yithin restrictive
assumptions osimulation domain shapeadial profiles,wave amplitude and polarization,
weexplainandquantfy spatial proximity effects and lefightsheathasymmetrie€alculus is
easier inD 3ZLGH V K H Dfev Whickl tHeBMPprbpagation and subsequexcitation of
sheath RF oscillations becomes a linear problem. Within this asymptotic Viatid, for

intense DC biasinghe amplitude of the sheath oscillating voltages caretexpresse@s a
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weightedintegral of E,. This offers an alternative td for assessindqR~sheath excitatian

with stronger theoretical justification. In the integraipxmity effect arise from the spatial
dependenceRI WKH ZHLJKW IXQFWLRQ D *UHHQYVTHXS¥WLRQ |
evanescence between its emission point and the sheath spatial leqgéearso strongly

affect this spatial dependenc€ather parametridependences are also evidendsiter briefly

recalling the SSWICFSWmode| the papetinvestigaHV WKH *UHHQYV IXQFWLRQ)\
three dimensions for a parallelepiped simulattomainfilled with homogeneous plasma and

Bo normal to the lateral wallfhe geometrialproperties R WKH *UHHQ%®e IXQFWI
guantified using characteristic scalengths of theproblem In light of thige-formulated

model we finallyre-interpret the experimental observatiorssimmaried above.Concrete

implicationsof the resultsarediscussegdas well asomelimitations of theapproach

2. COUPLING SLOW WAVE PROPAGATION AND DC PLASMA BIASING BY
RADIO -FREQUENCY (RF) SHEATHS

2.1 0utline of SSWICH-SW model

Our minimal model of coupled RF wave propagation and DC plasma
biasingSSWICHSW was detailed in references[Colas2012]Jacquot2014nd is briefly
summarized here. The simation domain sketchedonFigure 1,featuresa collection of
straight open magnetic flux tubes ia slab idealization of a tokame&OL plasma.Two
versionsof the geometry will beused a three dimensional (3D) model with boundaries
parallel to the poloidal directiofy); as well as a 2D cut into the abo®B model along the
radial direction (X) and parallelto the confinement magnetic fieBy (direction z). Both
simulation domains are filled with cold magnetized plasma homogeneous along diyection
with possibly radial variatiarinner and outer boundaries of the domain are normalidile
material boundariesof the fusion device are either parallel onormal to Bo. Thisallows
versatile geomeies with radial profiles of the plasma parametesiad private SOLssketched
as gray levelsas well asprotruding material objects, e.g. IC antenna side lin{gers
[Jacquot2014)] intercepting the magnetic fetlines and developing sheaths.
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FIGURE 1: 2D (radial/parallel) cut
intoSSWICH general 3Bimulation domain (no
to scale). Main equations and notations usec
the paperThe gray levels are indicative of the
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local plasma density. Light gray rectangles c

boundaries normal B, featurethe presence of
sheaths, treated &sundaryconditions in our

formalism.

In this domain, the simulation process couples 3 stepscedistently.

Step 1: Slow Wave propagation The physical system is excited by B (toroidal
poloidal) map of thecomplexparallel RF electric fieldE,(r o), radiated by an IC antenna and
prescrited at an aperture in the outer radial boundary of the simulation domain.The input RF
field map presently needs to be compudeatiori, generally without sheaths, by an external
antenna codé\o restriction is imposed-priori on the spatial distributioB,(r o) thatcarries
the information about antenna geometry and its electrical setiogsur particular purpose
in this papeiit is necessary to compare several peaked distribution of fields with the same
& .pdibut different parallel locations of the field maximum, at fixed connection lelngth
We would also liketo assess how far the RF field at a given poloidal positiontaftbe
sheaths abther poloidal positiongVe would finally liketo investigateRF field maps that are
asymmetriowith respect to the middle of the open magnetic field lifé®se classes of fel
maps were scarcebonsidered irearlier literature> ' | , 8i®2006], [Myra2010]

From the aperture, aime-harmonic coldSlow magnetesonic Wave (SW) with

pulsation £ propagatescross the whole simulation domaiccording to equatiofStix1992]

lil AE// //1| 1 E// k(? /ﬂ/ﬁ// 0 (1)

With '=w? the parallel Laplace operafok,= Z/c the vacuum wavenumbegnd
( #H H) the diagonal elements of tlexal cold plasma dielectric tensftix1992]

In 3D ' &= W+ W%, While in 2D' &= w-k/’, wherdis a wavevectoin the ignorable
(poloidal) directiony. These transverse derivatives couple adjacent magnetic field lines
XQOLNH WKH VLPSOHYVW. Bq&iochEDitHsubjecRtE Fadialrig Ganddtigns at
the inner radiaboundarymetallic conditionsE,=0 on material boundaries parallel By, and
RF sheath boundary conditions (RF SBCs) at the parallel boun¢{seefsgure ). RF SBCs
first proposed imeference>"'9,S S R O L WillRbe furi@erdiscussed
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Step 2: RF oscillations ofthe sheath voltage When reaching the extremities of the
open magnetic field lines, tHf8W fields E,generateoscillationsVgeof the sheath voltage at
the RF pulsation 4. Vge is a complex quantity incorporating amplitude and phase
information. The definitionE &=’ AVrr at the sheath/plasma interfaceombinedwith the
relation’ .( )=0 valid all over the plasmausing rot /£ =0 for the SW,yield a diffusion
equation for the sheath oscillating voltayés along theboundariesiormal toB, including a
source term due tihe SWColas2012]

/1' AVRF X, y’ ZWaII #//-/WE// X, y’ ZWaII

2
Vie X Y,2,,, Oatboundarextremiti @

Since the quantitygr is only meaningful at sheaths, equati{@y applies only at the
domain boundaries normalBeg (seefigure(1)).

Step 3: Rectification of the sheath oscillations.Due to the nodinear FV
characteristics of the sheath,tiRF oscillationsof the sheath voltage anectified into
enhancedDC biasing of the SOL lpsma. Several Dbiasing models exist in the
literature>"Y,S SR O L WIRa2016) These will not be detailed here, but the D@spha
potential Vpc is anincreasing function of the Roltage amplitudesvke. The DC voltage
drop across the sheaths aftettteir widthviathe Child Langmuir law, and consequently their
RF admittanceand the RF SBCapplied forE; >"'1,S S R O L Therefore@ll stepsdefined
abovegenerally need to bieratd till convergence is react@dcquot2014] However for
sheaths widr than a characteristic value, the RF SBCs were foeartl independent of the
sheath widthE€olas2012[Kohno2012] For By, normal to the wall the asymptotRF BCs
simplify intoE,=0. This wide sheath limit was used as a first guess to start the iterative
resolution of the modeln realistic Tore Suprasimulations with seltonsistent sheath widths
the nearRF fields were intense enoughto approachthis 3ZLGH V Kakiybhptolc
regimgJacquot2014]

2.2 *U H HiQrfgNon reformulation of RF-sheath excitationwith prescribed sheath
widths

Step 3 is intrinsically nofinear, making the whole model ndinear when steps-3
are coupkd selfconsistently as e.g. ifMyra2008], [Myra2010], >'Y1,SSROLWR
>'T, SSROLWR @ > ' {Pa@GoR MU MHaweve@when sheath widthsare
prescribed in a neeelf-consistent wayn every point steps 13 can be run successiveln

particular this exercise can be done using thecseibistent spatial distribution of sheath
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widths once it is knownEquations (1) and (2ardinear, together with theiBCs This
property can be exploitet evidence and quantify spatial proximityfefts inthe RF sheath
excitationThe superposition principlendeedallows re-expressingVre(r) evaluatedat any
sheath boundargoint ras the linear combination of contributions by every emitting patint

positionrin the input RF field map.

Vee ' 3 Gr,ry 1o dry (3)

aperture

Relation (3) formally looks like the integral! &.dl XVHG LQ WKH 3GRXEOH
model| with major differences however. 1%r(r) relates to one sheath, wherehsvas
applied between two electrodes. Depending on the parahainsyry of the input RF field
map, the two extremities of the sam@enfield line can now oscillate differently. 2Rather
than along each open field lin@tegration isnow performed over thaperture, either in 1D
or 2D depending on the considered getm Neighboring open field lines can therefore be
coupled.3°) A weighting factor G(r,ro)is applied toE;ay(ro), depending on thparallel and
transversadistances from the field emission pointo the obsenation pointrat the sheath
walls.

G(r,ro) is the solutiorof equations (1) and (2yith elementary excitatidya ()= @ -
ro), ,e.a *UHHQ TV bXK@QdiwdaRpgoblem wittone point source switched am the
input field mapG(r,ro) only carries information on the geometry of the simulatiomain
and on the SOL plasma parameters, while the input field BExagro) accounts for the
antenna propertied/r<(r) combines the two characteristics. In a rectangularfiied with
homogeneous plasma, the Dirac soueren can be decomposed it@menmodes ofvave
propagationn the box with sinusoidal variation in the parakeld poloidaldirectiors. This
can be done either in the widbeath limit{Colas2012]or when sheath widths asssumed
uniform all over the boxMyra2010] In these simpleasea formal Fourier correspondence
HILVWV EHWZHHQ WKH *UHHQYV IXQFWLRQ DSSURDFK DQG V

The formalsimplicity of relation (3)hides two main difficulties.

-The initial nonlinear problem is apparentlyurned into a linear ration But
computing the seltonsistent sheath widths requires solving the fully coupled problem that is
nonlinear. Howeverinthe wide sheaths limthe RF electric field can be computed without
knowing a-priori the sheth widths spatial distributig@olas2012] Below we will work
within this limit. This imposes restrictions on the wave amplitude, but not on its spatial

distribution, the main topic of this papé&fnlike [Myra2010]we will therefore not attempt at
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self-consistencytheresultingVge is the one obtained after only one turn around our iterative
simulation loop.

-While the Vg re-formulation applies for complex geometries, in presence of radial
density gradients andny spatial distribution of th6e UHVFULEHG VKHDWK ZLGWK
functions are hard to obtainin these very general caseSonsequenyl this approachis
generally less efficient than alternativeys to calculate oscillating voltages,g. spectral
methods[Myra2010], [Colas2012pr finite element§Kohno2012][Jacquot2014]Its main
merit is to characterize explicitthe relation oVgg(r) to the spatial structuref the SW field,
our particular purposén order to geinsight into thes@roperties we treat below simple cases

in parallelepipedyeometry that are tractaldemianalytically.

3. PROXIMITY EFFECTSON THE EXCITATION OF SHEATH RFVOLTAGES
BY EVANESCENT SLOW WAVESIN 2D

We restrictfirstour initial geometryto a 2dimensional (2D) rectangular domain of
dimensions(L, LA in the (parallel, radialdirectiors, filled with cold magnetized plasma
homogeneous in all directioms the ignorable directiog, spatial oscillations as exggy) are
assumed for RF quantities. The geometry is summariziglire 2 The simulation domain is
representative of the private SOL iroiit of an ICRF wave launcher, witha the radial
protrusion of (simplified !) antenna side limiters angdthe parallel distance between their
internal facesEy, is prescribed at antenna aperture plen@. Radiating boundary conditions
for E, are enforced at the inner boundassl », andasymptotic RF sheath BCs at parallel
extremities z=rL,/2. This simplified geometryshares some similarity with the situation
treated in[Myra2010] However in this earlier publicatiok,=0 was assumed and the
simulated domain was unbounded in thedia direction (La: f). In thear detailed
calculations only ongarticular class ofnput field maps was consiled: Gaussian peaks
whose top wa always located halflay between the two sheath walar symmetry reasts,
with this class of field maps the sheaths at both open field line extremities could be
characterized by one single voltageocus wa put on obtaining selfonsistent sheath
voltages, under the following assumptions:

-Self-consistent sheath widths meassumed the same at the two extremities of the
same open magnetic field line

-Sheath widths (and henBxC plasma potentials) diab vary in the radial direction.

-On averagever many RF periods, sheathsrei@ssumed to float in every point
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In oursimplified problenrelation(3) becomes

Ve 2 11,72 137 E, 7 G Xk, #, dz (4)

/
L, /2 /lap

FIGURE 2: Generic 2Dsimulation domain (not

Private SOL plasma (¢,6) B, to scale). Main equations and notations usec
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the presence of sheath boundary condition:

*UHHQTV KR4 ®iRdimensionaland can be obtained fraguationgl)
and (2) at the left boundaryvith excitation E;(x=0,2)=E/.)(2)= @-20) (seeFigure 2). The
sheath properties at the right boundary can be deduced by changing appropriate signs in
(4).Vrefrom relation (4) have the same magnitude at the two extremities of the saere

magnetidield line only if the input field map is symmetric or astimmeric alongBo.
3.1 Characteristic scalelengths

Introducing characteristic squared lengths

2 Ry 2 yeiy @ cyiy (5)

equatior{(1l) can be recasinto a standard formi the normalized space coordinates
X=x/|Lx| andZ=Z/|L,|

sWE, sWE, ssE, O (6)

Wheres, (resp.s,) are the signs df,? (resp.L,?). Four cases need to be distinguished,
corresponding to the four combinations of sigidoth signs are the samegquatiori6) is
elliptic and describes propagati (negative signs) or evanescent wavegositive signs)
gualitatively similar to those in ordinary dielectric materiglise. the anisotropy of the
magnetized plasmia a matter of length stretchindf signs are oppositequatiorié)oecoms
hyperbolic and describes propagating waves with resonant maperties comparable to
Lower Hybrid waves in tokamalstix1992] In practice,s.<0 corresponds to unrealistically
low densities for IC waves ithe SOL oftokamaks for which sheaths havenitedoperational
consequenced-or s>0, sis the sign of A and could possibly change over the S§k0

prevaikin a tenuous plasma thaight exist in an IC antenna bo>0 corresponds to typical
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plasma parametersneasuredin the SOL surrounding IC antennas on Tore Supra
[Jacquot2014jand ASDEXUpgradé. LY V Ni]. Below we study specificallyhis latter
caseand treatlL, and L,as real positive quantitied#=0 corresponds to the Lower Hybrid
resonance and is associated very large L,. Equation (1)implicitly assumes a scale
separation between the SW and the Raawe. Close to the Lower Hybrid resonarhes
separatiomeeds to be revisited to allow a possible mode conversion between the two wave
polarizations. This is however outside the scope of the present paper.

Lateral boundaries at finite distance from #mission points also troduce, as a

characteristic length of the wave propagation mdeetitation finallydeserves normalization

Enad)= @G-20)=L," @&-Z0) @)

A similar dimensional analysisan be made foequatior2)at the left boundaryusing

the normalized coordinatéom(5)

%.Gop kjl-iGzo wLE, (8)

where from(7)L,E;, is nondimensionaEquatior8) introduces the extra scakength
k,* into the problemyia the dimensiodess parametek,/’L,*=[1-ko® #fk,]™". Besides the
bounday conditions involve. 4

In principle, all the geometrical properties®&fp(x,ky,20) can be expressed in terms of
(X, z0) andthe characteristidengths Throughout the paper typical examples will illustrate our
calculations withrealisticgeometricalplasmaand RF parameters used for ASDE)Xgrade
simulations ifi. LY V Ni]. Dielectric propertiesorrespond toa standard D[H] minority
heating scheme at frequerfgy30MHz, with local magnetic field3;=1.44T and L-mode SOL
density ne=8.3x13'm7in the antenna regiorGeometry refers to ASDEXIpgrade 2strap
antennas. Simulation parametersare f£E-74659, H=-24.31, ko=0.63m*,L,=0.66m,
L &=12mmFor this particular ca$g=5.8248nm while L,=0.3228nfor k,=0. For this realistic
example, the paralletvanescence length is thus half the parallel extension of the antenna,
while the transverse evascence length is small fraction of the poloidal height for the

antenna.
3.22D electric field maps

The solution tequaton (6)can be built from welknown results for the 2D Helmholtz
eqguationin isotropiccylindrical geometry usingnodified Bessel functiasof the second kind
K; (j integer[Angot1972). The method of imagg#1F1953jis then appliedo account fothe
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parallel undary conditions at finite distance from the emitting point. Using the normalized
coordinatesX,Z)=(x/Lx,Z/L) the field map writes

f
Eoxzz L' 1F,XxZz 2z, ;z A, 130, @

n f

Where

Foo X,Z LKlR ; R? X% Zz? (10)
R

Here argumenR is the (normalized) distance to the emitting souFggdescribes the
SW evanescence from loundary point source in X,2)=(0,0), in absence of parallel
boundaries. For a fixed andZ>>X>1, F,p decays as ~exg{) along the parallel direction.
F.p is null in X=0, except irZ=0 where the source term creates a singularity

At the left boundarythe RF sheath voltage excitatio(®) depends atte parallel
derivative WE(X,z=-L,/2,75), with

;
wE,, %27 L] : 1wk, X,Z Z,
n f (11)
XZ
wk,, X,Z ?KZ R
Zo=+L;/2corresponds to a sourcgoint near the right parallel badary of the
simulation domainWhenzy=+L,/2 andz=-L,/2, Z>,=Z5p+1, for all p integer insummatioi(9)

whence
weE,, %, L,/2, L,/2 0O (12)

When thesource pointgets very close to the left sheath watl is convenient to
introduce &y=(z+L,/2)/L, the normalized parallel distance from the source psintto the
left boundaryz=-L,/2 (seefigure 2. For sufficiently small &, n=0 andn=-1 become the

dominant terms in the summati®)

2X @,
WE,, X,z L,/2,z |2L7wWF,, X, @&, .R,TLZOKZ R, (13)

Formula(13) shows thatwE,p(x,z=-L,/2,2p) tends to 0, except perhapsxr0, where
Ry vanishes. In the limiR<<1, Ky(R)~2/R[Angot1972]and

4X @&,
£x af

Weo X2 L, /2,7 | (14)
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To shed light into the limit behavio&: X: OHW XV LQWHJUDWH ZLWK U

2 @,

f
3WEy, X2 L,,/2,zOdX|£2k2—z§‘ (19

Integrating once again yields

;26 . @( ¢ 2 arctan ™ .o %% izwhetevex (16)
0 *Ei Xt & \Ei By 2 L

Whence in the limit&: X:

WEn X2 L1227 | 5w IX zgw/x a7

z /
Thelimit @&y>>1,Z,>>Z,is accessible iE,>>L,. Z;>>Z; implies than=0 andn=-1 are
still the dominant terms in the summati(®), so that formula15) applies. In the limit of
large arguments KR)~[ $2R]"%exp(R) [Angot1972] so that

2 X @&, > 5 1/2
WE,, X,z L,/22 | \ngz Zg@exp> x2 @2'* (18

If Go>>X>1, then wE,p(X,z=-L//2,20) decreases as ~expk/L,) as the source point
moves away from the sheath wall. The characteristic lelngttoes not appear explicitly in

expressio(iL8). Indeed this length is related to the boundary conditions.
3.3Geometrical properties of2D * U H HiQrfeNon for the sheathoscillating voltage.

Insertingexpressio(d) into equatiorf2), one deduce&,p(x,ky,zo) as a convolutiorof

WEoo(X-Lif22) ZLWK D *UHHQYV IXQFWLRQ [CR&$2WMKH GLIIXVLRQ HT

sinhk X, sinhk, L, X, dx

La

Gy XK. 7 LﬂlB WE, XE L, /2,7 -
0 k, sinhk L
A

H

(19

WhereXnir=min(x,x§ Dxx&max,x

For the ASDEXUpgrade parametars[ . LY V N i], Figures3plot G,p versusx for
two values ok, andvarious paralletlistances @between the emission point and the left wall
The boundary conditions irquatiori2) impose G, 0,k,,z, Oand G,;, L,k,,z O.
Between these twoadial extremitiesG,p at fixed zy exhibits a radial maximum, whose

position shifts radially inwards with increasing.
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Figures3show that for fixed x G,p decreases with increasingg. This is a first
evidence of parallel proximity effects in resic tokamak conditionsSW evanescence
ensures thahis result is quite general: indeesE>p(x,z=-L,/2,2)) is a decreasing function of
Z. From (19) one deduces thdhis is also the caserG,p. When the source point moves

towards the right waflormula(13)yields
Gp %k, L,/2 0 (20)

The lower curves ofrigure 3reflectthis trend\Whenthe source poingets close to the
left wall the limit behavior isleduced fronformula(17)

sinhk X, sinhk, L, X
sinhk, L ,

max

Gy %k, Ly /2 123" w./xe dx c

y?
y

sinhk, L, x L, sinhk, L, X
: 3" / x ccoshk x @x C .
sinhk L, 0 sinhk,L ,
(21)

ExpressionZ1) corresponds to the dashed linedignres3.

Scan dzy, k, =0 Secan 9z, k, =200m !

FIGURE 3. *UHHQ TV GHQEW)lv&<psradial coordinate for increasing parallel distance
&=(L,/2+2,) from wave emission poirztz, to left parallel boundary=-L,/2. x is Oat apertureand
increases towards leading edge of antenna limiterlai=12mmSimulation with ASDEXUpgrade
parameters used [n LY V Ni]and(a) k=0, (b)k,=200ni".Dashed lines: asymptotéxpressionZ1).
Fromthe two limitexpressions20) and @1), we deduce that @5,p(X,20) csinh(ky(L,-

. . - . ///
X)/sinhLy) dL: Gop is a real positive attenuation factor ands, Xk, | %LIZZ‘E, zk, [dz.
1l

/ap

The ways,p decreases with@depends on the input parametefs quantify these
parallel proximity effects, a first indicatos the efold parallel decay length@x) of

Gap(x,ky,20) at z=0. In a series ohumericalsimulations¢{x)was fitted numericallipr 20
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values ofx from 0 toL  Figure4plots ¢{x) averaged ovex versus L, for various parametric
scans, exhibiting two regime®n the lowlL, branchof the curvesif G>>XwhilezZ;>Z,,
equation (18hows thatwE,p(x,z=-L,/2,2)) decreases as ~exp&/L,) for all x and so does
Gap(x,ky,20). A saturation of @is howeverobserved as, gets of the order of;,. Over the
scans of 4 the saturation levedn this opposite brands found proportional td,. Indeed f
L<<L, @Gp<<1 for all @<Ly, but all terms matte priori in summatioii9). However all the
relevant contributions to this summation can be lineariEggression Z0)then ensures

thaG,p(X,ky,20) decreases linearly as(&/Ly)

Gy %Ky Zy |Gy XKy, 2 L,,/2§L % -
© Lyt
(22)
sinhk, Ly X § &

sinhkL, @ L, i ;

Expression(22) shows that in the limit,<<L, the characteristic lengih, plays no role
in the SSWICHSW problem.From figure 6 and the above estimates, one concludes that
kain(Lz,L//).

FIGURE 4. Parallel efold decay lengthglx) of

10° EIEIES Gan(x,K,,Z0) atzo=0 fitted numerically and
;“",, ’;’ .. averaged over 20 valuesxfversug, from eq.
% 10" 2,’“ *+ o e c,L,—2m || (5), for 6 scans of the main parameters in thi
/\ * — . . - pe
O « ¢4 ko Lyy=am asymptotic modeleach identified by a marker
= # LI L// =2m
i . - .
Y 107 o & a ¢y Ly—2m || type Error bars: dispersion offx) overx.
f. * * o€, L// =0.5m
. f > > L, L/-/ =2m
00 107 107 10° 107

L, [m]

Another quantitative indicator of parallel proximity effects, the parallel gradient length

of Gyp at &=0, is plotted orfigure 5. Below weseekan upper bound on this gradient length.
The parallel gradient db,p is expressed as
H L. sinhk x.. sinhk L, X,
X, K, 3 xeL,/2, - ax-
WG X k2 W, Ep XE L, /2.7 < Sinhk L,
(23)

Where W,,0E(x,-L//2,20) is built from
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X

= RK, R Z?K,R | (24)

VYZFZD X’Z

From (23) andthe above analysisne deduces that fot,<<L,, wGop scales as,”

when all other parameters are kept constant, while forl

WG %K,z | Gpxk,z L,/2/L, ; L, L (25

Fromfigure 3one also anticipates very steep gradientsgets very smallConcretely,
this means that minimizing/4e| nearx=0 gets equivalent to cancellirig,, at the parallel
extremitiesof the input RF field mapconsistent with the optimization criten proposed in

[Bobkov2015] One can show thanupper bound fo6G,p gradient length is given by

¢ g -0
L mineaL L /1 =2 kL .L
zmax E z1 -z @_X y =x H 11 ;}4 (26)
. AL sinhk, L, X
Lokl 28" wE, xz 02O gy
« 1 0 kyLX

Figure Sillustratesnumerically this upper boundver four orders of magnitude, for

variousscans of the main parameters in 8®WICH asymptotic model.

10°] FIGURE 5. Parallelgradient lengttof
£ 1ot Gop(X,ky,20) fitted numerically at&=0, versus
=]
[ 3
T 102 upper bount . from eq.(26). For each
E o °° simulation, 19 points are plotted, fowvalues
=107 ¢ indi
<) " located every 5% df » Marker types indicate
Q P
= 0%l L= . . . .
5107 AA G ly=am simulation series with one parameter scanne
G * *x €, L”:0‘5m
I -5

107 > > L, L,=2m ]

107 107 107 107 10°

Lzmaa:[Tn]

3.3Example: two-peak asymmetric input field map

As a moreconcreteapplication we consider a test case qualitatively similar to the
symmetrybreakingexperiments in [Colas2013], [Bobkov2015].eWomputeVgrusing the
ASDEX-Upgrade parameterand k,=0.for aninput field map composed of two Gaussian

peaks:E,,, z E z E,z with
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8z z7?%
E, z E exp. 5 =1, 2 (27

J 152

© ¢ 1

The parallelhalf-widths at 1k arechosen as z=2cnfor both peaksThe first peak is
centeredat z=-0.2m close to the leftioundary, while the second iszat+0.2m Initially the
field map is toroidally antisymmetric: the two peaks are of opposite signs and equal
magnitude, so that&.,dl=0. Namely V.= &(2)dz=-230V and V>= &(2)dz=+230V.This
initial field map is then progressivelynbalaned, bykeeping the same shape for the peaks
and adding the same voltage 0¥ to V; andV,, such that&,,dl="V.Figure 6 plots the
resultingVge at the left boundary versudor several values ofV.Figure 7 showsVge at both
field line extremitiesersus V for selectedx. For this series ofasymmetricfield mapsthe
amplitudes okheathoscillatingvoltagesare generally differerdait the twoextremitiesof the
same open magnetic field lin€onsistentwithequation (4),liey become equal forv=0, i.e.
for a toroidallyantrsymmetricinput field map$Vv DOUHDG\ QRWLFHG LQ >'7,SSR!
oscillations exist despiteBg.dl being null on every open field lineThe superposition
principle impliesthatvgevaries linearly with'V. The slope of thizariation depends ox and
Vre evolves inoppositewaysat both field line extremitiesver the same variation d,,.dl.

By choosing arappropriatéV it is possible to cancélrr at givenx on the left boundaryFor
that the two peaks must be of opposite signg the magnitude of the righeak should be
roughly 10 to 20 times that of the lefpeak consistent with a parallel proximity effedhe
exactpeakratio depends 0OR, so it is not pasible to cancel the sheath oscillations everywhere
at the same timeor symmetry reasons one should use negdti& reducevge at the right
boundary. Therefore, with the considered field maps, it is not possible to mRBatkeeath
excitation simultaaously at both field line extremitiest is neither possible to cancel
completely Vre at any place when compleXVis applied,i.ewhenthe two peaks are not in

perfect phase opposition.
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100

. Av=0V Figure 6: Sheath oscillating voltage at tr
~—  AV=100V . .
80 . AV=200V left boundary versusadial distance to
== AV=300V .
60 o & AV=400V antenna aperture. Calculations perform
< ' AV=500V .
= A with ASDEX-Upgrade parameters,=0
Tl T andtwo-peak input field mapom
# "-0-...“-.."““.. ......... . .
s equation (2. Five curves are showed, fc
L o LSRR o
¥,
several values of V= .dl over the
. e
0 l_[r‘;m] 810 input field map.
— z=2mm Figure 7: Sheatloscillating voltageat
150
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o~ ¢ =10mm| 4 --~ _ !
& - field mapfrom equation (2). Solid

lines:left boundaryDashed linesight
boundary Calculations performed with
ASDEX-Upgrade parametessick,=0.
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4. EXTENSION TO 3 DIMENSIONS

For more realistic description of the RReath excitationpur geometrycan be
extended to 3parallelepipedimulation domainsThroughout this pathe parallel and radial
dimensionsL;, and L 5 are the samas in 2D, while the poloidal extent of the domain is
infinite. The transverse Laplace operator is redefinetl gsy’+ W, while both E and Vrrare
assumed to vanish for rf. Equatior(3)now consists oa surface integral over a 2D input
RF field mapEady,2)

f /2
Vee X, ¥,2 1L, 12 1 %d% 3 Erap YorZ% Gsp XY Yo, #2, A7, (28)

L
L,/2

TKH ' *UHHQ TVGH&H\WhsRtaE dimension of a wavevector, and is
obtained or the elementary excitatidfy(y,2= ®) @-2). The 3D model exhibits the same
characteristic scallengths as the 2D modekxcept thd=0 is assumed apdloidal
coordinatey will appear in the spatial dependences
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41*UHHQYIV IXQFWLRQ LQ

The D RF field patterisp(X,y,z,20)is obtainedusing the same methas in 2D. Itis
most easily expressed using the normalized quanktigd ,, Y=y/L, andZ=z/L,

(29)

with

(30

Fsp is null in X=0, except iny=2=0 where it exhibits a singularityDecay as expR)

is found for larger.

WE3p(X,Y,2,20) is computedising

XZ3 3R R
F. X,Y,Z exp R 31
Vy 3D 235 p ( )
whence
//7’ f oL
Go X Y% 3 3 WEo xR /22 H xxey yakdy)
(32)
With the 2D solution ofequation (2)given by[Durand1966}p.265
a H H [o]
H xxgy argtanhy sin &/L, sin K¢L, N (33)
cosh§/L, cos&/L,cos&¢L, 1

Figures8mapGsp(Xx,Y,20) versug(x,y) as obtained numericalfpr the ASDEXUpgrade
simulation parameterand treevalues of &.At given ,z)) Gsp is a decreasing function of
the poloidal distancy| from wave emission point to observation point. Over this 3arat
a given altitude involves thEy,, values within less than 1.5cm from this altitufegures
8also illustratehow G3p decreases in magnitudexpands ithe poloidal direction while its
radial maximum moveaway from theaperturewith increasingarallel distance from wave

emitting point to sheath wallet us now quantify these properties
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GypIm™'] _Gyp[m]
16 200.0 16

14 175.0 14
36.0
12 150.0
- i 30.0
E .
£ 3 100.0 e
"6 75.0 18.0
4 50.0 12.0
2 25.0 6.0
b2 &+ & 8 W 1 W “ 4+ 6 8 10 12
a) z [mm] b) z [mm]
Gyp[m~!] FIGURE 83D *UHHQYV G$QFEM LR
6.4 .
o versugransverseoordinats(x,y), asevaluated
48 numerically usindASDEX-Upgrade
10 simulationparameteiis [. LY V NiJand

parallel distance&@) &=(L,/2+z,)=2.5cm;p)

L6 &=10cm andc) &=33cm Contour linesare

located every 5% of the maximum value over 1

map.

4.2 Evolution with &

SW evanescence ensures thatp, decreases with &@ at fixed §y). Since
Iy 2—153iexpikyydkythe 2D and 3BD*UHHQYV IXQFWLRQV DUH )RXULHU
other

1 .
G, XY, 7, ZS‘BfGZD X,K,,z, expik,y dk, (34)

—

From our 2D analysis part 3, one deduces thagy is null for z=+L,/2. In the
opposite limik : -L,/2, one gets fromelation(21)([Gradshteyn1980p.504

Gy, XY, L,/2 |—1 3fSinhky Ly X expik,y dk,
3D ™M J /1 t . y
25 sinhk L, (35)
1 sin &/L,

2L,cosh§/L, cos&/L,

And if L>>L, while Y?<<1, me anticipatesa linear decay with parallel distanc,.
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I1 &/L, sin &/L,

(36)
2L, cosh§/L, cos&/L,

Gp X Y,%

Figureillustrates the limit expression &sp(x,y,-L//2) in (34). No wave evanescence
is involved:Ly andL, disappear from the problem, all coordinates can be normalized by the
only remaining characteristic length,Since the emission point is infinitely close to ta#
wall, Gsp exhibits a singularity inx,y)=(0,0). Concretely this means that minimizindggg|
nearx=0 is equivalent to cancelling the lodg},, near the sheath observation point in the
input field map.

FIGURE 9.2D (radial,poloidal) map

ofL AGsp(X,Y,-L/2) fromformula(35) in
logarithmicscale versus normalized coordinate
(X/L o Y/L ). Contour lines: between two
consecutive curves the function decreases by
factor 13" |1.78. Solid lines correspond to

L AGsp>1, dashed lines th Gsp<1.

Poloidal integration 06G3p yields

f
3Gy X% dy Gy xk, 0,7 37)

From the 2D analysis, one deduces that & >>(*+y?)Y?/L.and L,/2-z0>>L,2, the
poloidal integral ofGsp decays as exp@/L,) for large &. The upper bound. ;max from

expression (@) is also valid.
4.3 Poloidal decaylengths, relevance of 2Dsimulations

Surface mtegral(28) can be seen as a weightadnof line integrals over several open
magnetic flux tubes instead of one in the previous approatthissworth estimating how
many of thes@pen magnetidield linesdo reallymatter inexpresion(28). A related issue is
the validity of 2DSSWICHSW simulations inpart 3in comparison with the more accurate,
but more computationally demanding 3D simulationparnt4.This amounts to evaluating the
poloidalextentof Gsp at fixed ,zo).

For @&=0 formula(35) features a minimal poloidal exteot Gspin the absence of SW

evanescence. The halidth at 1/e can be evaluated analyticalty
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(38)

Expressiof38) showsthat 'y<0.7. 5 over the whole radial range of the simulation

domain.

As the wave emission point mes away from the sheath wall, SW evanescence
broadens5spin the poloidal directionFormuld32) presentsGsp(X,y,Zp) as the convolution of
WEsp(X T,z=-Ly/2,20)with H(x,x ). wEspscales asR” for smallR and as-exp(R) for large

R. An upper bound for itpoloidal extent is therefore

(39)

The poloidal haHwidth of Hcan be expressed explicitly as
(40)

Ly is an increasing function ofxjx JL o The ®urce term foiGzpat pointx is present
fromx WIRP Ix€,, L ) (pessimistic estimatePne can theput an upper bound on the
half-poloidal with forGsp

'y<max|Lu(x,0) Lu(x, min(x+Ly, L 2), Lema{min(x+Ly, LY, &@)]  (41)

The above estimates areassdssumerically orfigure 10.In this exercise 2D (radial,
poloidal) maps of5zpat constangwere simulated numerically over several scans of the main
simulation parameters. From each mapwas fitted at several radial positior@ver the
tested parametric domainequality @1) iswell verified, andthe upper bound is sometimes

pessimistidy a factor 2 or 3
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FIGURE 10.Half poloidal width 'yat 1/e, fitted
numerically from simulated 2D (r&d,poloidal)
mapsfor Gsp. For each simulationy was fitted
at9 radial positions ranging fromiL =0.1 to 0.9
and plotted versus maX{max Lemay from
formula @1). Each series of points refers to ¢
scanof onesimulation parameter indicated in tl

legend.

For pobidal structures larger thamaX(Lymax Lemay in the input field mapGsp can be

considerably simplified usin¢g4).
(42)

Surface integra(28)then reduces to weightedintegral along one single field line
located at the same altitude as the observation.goamsequently l@ove acritical length, the
poloidal structures o¥/rr reflect those oE.p near the parallel extremities of the input field
map. Smaller scales below the critical length in the inRit field map are smoothed and

contribute less tWgr.
5. DISCUSSIONAND CONCLUSION
5.1 Practical implications

Within theexistingasymptoticSSWICHSW modelrecalled inpart 2 RF oscillations
Vgrof the shath voltageat anyopen field line extremitycan be re-expressed as a sum of
individual contributions by each emitting point in tparalleIRFelectric field map Ejaro)
radiated byan IC antenna This re-formulation offers asimple alternative to the SGR XE OH
SUREH" FU BEMIHforlaBs€ssing sheaR¥F voltages closer to the first principieshe
3Z LG/ HDW KFor @a®icalWre computationswith realistic input field mapsthis
alternative methods generallyless efficient numericallythan the Fourietechniquein
[Myra2010] [Colas2012pr the Finite Element Methoth [Kohno2012] [Jacquot2014]
Itallows howeverto reveal and quantify spatial proximity effects in the excitation of
oscillating sheath voltagesindeed, for the first time to our knowledggproposed
formula3)consiss of aweightedintegral ofE; . Slow Wave (SV)evanescence causesint
sourcecontributions RU *UHH Q 1 Vol ¥%:Q FovdécrRe@s¥ with increasing parallel and
poloidaldistance from waveemission pointo sheath wallsAs a test casenia parallelepiped
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box filled with homogeneousold magnetized plasma, 2D and 3DUHHQ TV 4 ¥ &EWLRQ
determined explicitly in the limit of an emission point vergsd to the sheath walls, and their
spatial variatios were quantifiednumericallyas a funabn of characteristic lengths iour

model.

Poloidal decay length®r Vgdnvolve the radial protrusioh 0f antenna side limiters,
as well as the transverse SW evanescence lépgtiith extra broadening due to tharpllel
evanescencdn realistic situations, these poloidal decay lengths are much lower than the
typical vertical extent of ICRF antennas, e.g. less than 1.5cm for our ASIpigkade
exampleThis is qualitatively consistent with experimental observatibasRFinduced SOL
modifications are mainly observed on magnetic field lines passing in front of the antenna
boxwhile they are absent on field lines connecting above or below bive aperture
[Jacquot2014][Cziegler2012] >.XE L p If po@idal structures in the input field map are
larger than the decay lengtindependent 2DSSWICGBW simulationsat each aitude fairly
approximatethe full 3D models, while the 2D input RF field magtains3D information
about theglobalantenna geometry.

The rallel decaylengths foVremainly involve the minimum betweethe connection
lengthL,andthe parallel SW evanescence lengthThis result is not specific of SSWICH
SW: therole of LJis probably generic of any model featuring SW evanescéfiten the
3ZLGH VKHDW Her@ralzedd/any WakalleVdistribution dE.p the roleof the ion skin
depth pointed outin[Myra2010] LJs related tothe transverse coupling of adjacent open
magnetic field linesszia Ain equation 1Such transvese couplingws absenin the simplest
SGRXEOH SURMIE$W pgroRagadian, decouplirig only obtained at the LH resonance
( #£0) and leads to infinité,. This papemlsoevidenced other parametric dependences of the
parallel decay length&.g.with the radial distance to the aperture and the radial extension of
the lateral walls. Typicalparallel decay lengths are always smaller than typical antenna
parallel extensionsonsequentlyyhen the radiatel,,, map exhibits parallel ansymmetry,
amattenwation factorpreventshe cancellatio of the relevant integral f¥gdn equatior(4).
Sheath oscillatiortberefore persist while theprevious formulgredictsthat &.dlI=0.Similar
cases weralreadyHYLGHQFHG LQ >'BessiSsfhe Ehaaths dhé@two endof the
same open field linean oscillate differently, depending on the parallel symmetryEqf,
map.Vge at anIC artenna side limiteappeas mainly sensitive tdg,.p emission by active or
passive conducting elements near thimiter, as experimental observatiossuggestin
[Colas2013]Bobkov201%. For the realistic simulations of ASDEXUpgrade
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in[. LY VNI], a correlation wasound betweenVgr at antenna side limiters and RF field
amplitudes at the same altitude, averageer ~10cm from the side limiters along the parallel
direction whereashe antenna toroidal extension was 66¢ims correlation was independent
of the altitude, othe antenna type and of tlke&ctrical settings, and mainly depended on the
plasma paramets. Toroidal proximity effects coulthereforejustify current attempts at
reducing thdocal RF fields inducedhearantena boxes tattenuateghe sheatbscillations in
their vicinity{Bobkov2015][Bobkov2016The proposed heuristic procedure does fully
coincidewith outVge-cancellation rulenly for very small radial distancesto the input field
map. Inboth casethe optimal settingequireshigherRF voltageon the remote straghan on
the close orgphased [0$. Since one cannot canc&rreverywhereon the antenna structure,
one should carefully choose the spllocations where to optimizRFsheatls.Experiments

in [Colas2013Jand[Bobkov201%and figure 7 in this papehowed that with two stragsvo
peaks in our test casamproving the situatiomt oneparallelside of the antenna bdkely
degrades the situation on tbhepositeside. Using a &trap antennaomehowemoves this
constrainf Bobkov205].

In addition to the antenna geometry and its electrical settihgé~cancellation rule
alsoinvolveghe local plasma near the antennasthL, andL, decrease with increasing local
density near the antenniéarough the dielectric constant#and ATherefore replacing the
plasma by a vacuum layer thicker thianin the radial direction coulanodify the optimal
settings This sensitivitypbserved numerically in[Colas2005]Milanesic2013[Colas2014]
[Lu20164 [Jacquot201f is a challenge for quantitatiie~sheath evaluationdgkRF-sheath
optimization may be sensitive iatermittent locadensity fluctuations naturally present in the
tokamak SOL.

Although the abovecondusions were reached inparallelepipedboxfilled with
homogeneous plasma Q WKH 3ZLGH , Wk HdliaveKthatCthely Ip&sigualitatively
with more complex geometry,dsity gradients and finite sheath widtBOWKRXJK *UHHQ ¢
functions are harder to determine tilesemore realistic sitations,they still existin any
geometryand in presence of prescribed sheath widdk$ong as the physicsiodel remains
linear. Therdore * U H H Q 1 Vn3g BoQI& bé dé&tined for other modeighe existing literature
on RF sheathBor Tore Suprahe fully-coupled simulation resulisith selfconsistensheath
widthsin[Jacquot2014yvere found closén magnitude and spatial structurethe asymptotic
first guess provided by the wide sheath approximd@eyond the 3wide-sheath
approximationsome parallel proximity effectseem tpersist in selconsistent calculations

using symmeic Gaussian field mag#lyra2010]
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5.2 Physicallimitations and prospects

The SSWICHSW modd predicts thathedirectexcitationof sheatloscillationsby the
evanescent SW is only intensethe ICantenna near Rffeld [Jacquot2014{Colas2014and
loses efficienclgeyonda parallel distancesmaller tharlfrom the radiating elementsThe
experiments in the introduction involved private limiters in this near fidlmlvever, RF
inducedSOL modifications haveften been observexkperimentallyat parallel distances$ar
larger thanLColas2013] [Bobkov201%, >&]LHJOHU @ >.0HSSHU @ >
[Lau2013],[Ochoukov2013]To interpret these measurememstrgohysical mechanismsot
discussed in the present papeed to beonsideed.

In very tenuous SOLs bmv the lower hybrid resonancihe SW becomegropagative
[Lu2016dand canpossibly excite RF sheaths at large parallel distarjtdga2008]
SURSDJDWLYH 6: FDQ EH KDQGOHG XVLQJ WKH *UHHQYV I.
paper. However instead of decreasing monotonically with parallel andlpbtbstances he
* U H $if@nfitions mayathepscillate in a complex way

At higher densitiesthe FastWaveFW) becomes propagative. It can excitecatied
3IBfidld RFVKHDWKB4™ is Lot strictly normal to the walls'f,SSROLWR @
[Kohno2015]The FWcan also be incorporateddna generalized UHHQTV IXQFWLRQ IRU
LQ WKH 3ZLGH VKHDW Kaf thd YurPB &\t \adymptotic ilRESAth boundary
conditions need to be extendedaicount forall RF field polarizations ', SSROL W R
addition toEy,, the inputRF field map shouldlsoinclude theradiatedpoloidal electricfield.

Each RF field componend expected to generate a specifit) HH Q §V .EXaQdsvémnt R\Y
likely exhibit proximity effects. Bueachpolarization wilfeaturespecific characteristidecay
lengths FW and SWill likely be coupled wupon reflection onto tilted
walls>"'9,S SR O [RiHR02018) Extension of the SSWICH code to fwiave RF electric
fields and shaped sheath wall2D is ongoing[Lu20164.

While this papediscussedhe sheath oscillating voltagékr, the deleterious effects in
tokamaksaultimatdy arise from a local DC biasing of the SOILhe sheath rectification in step
3 of SSWICH is intrinsically notinear and cannot be described withltGHQ TV IXQFWLRQV
transportof DC currentis able tocoupleone sleath with its neighbors and the oatthe
opposite extremity of the same open field lihe.the absence gbropagatingRF waves
-DFT X R W[Jacqg®D2&ELHjhbwed thddC current transport castill spread a DC biat
remote areasfrom the neafield regions where SW direct sheath excitation is

efficientTherefore in order tosignificantly reduce therectified DC plasmapotential on a
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given open field ling one shouldreduce |Vre at its two extremitiesas well as on the
neighboring field linesReducing|Vge at only one extremityikely drives the circulation of
DC current from the highVgre sheath to the lowre sheath with limited effects on the DC
plasma potentifdacquot2011PC currents have been reported the SOLIn varioussel
biasing experiments by sheath rectification near active IC ant¢viaablieuwenhovel1992],
[Gunn2008], [Bobkov2010]

The nonlinearity in step 3further introdices extra propertiestahe fully coupled
problem WKDW DUH DEVHQW LQ WKH 3&d Bdexistentd® o KulbpBeSUR[LP
solutions or sheath/plasma resonance8\ U D @ >0\UD @ >'Th&®BBROLWR
of these extra phenomena in tok&nexperiments is still unclear.

A European projectoutlined in [Colas204], is ongoing to includeall these extra
physical mechanisms itomore realistic models of coupled RF wave propagation and DC
plasma  biasing. Comparison  with plasma measurments [Jacquot2014],

[. LYV Ni]provedessentiafor codeassessmentThe test of a new -8trap antenna on
ASDEX upgradfBobkov205¥], the restart othe ITERIlike antenna on JHDurodié2012]

the commissioning of new antennas on WHSIairet2015, as well asdedicated test
bed$Faudot2015]Crombé201bwill provide new opportunities tassesshe SSWICH model
over a largaliversityof antenna typeand plasma regimebefore it can be used predict the

behaviorof future antenna
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Figures

FIGURE 1: 2D (radial/parallel) cut intoSSWICH general 3idnulation domain (not
to scale). Main equations and notations used in the p@bergray levels are indicative of the
local plasma density. Light gray rectangles on boundaries norrBalféaturethe presence of

sheaths, treated as boundary conditions in our formalism.
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FIGURE 2: Generic 2D simulation domain r{ot to scale). Mainequations and
notations used iparts 3 and4. x=0 at aperturelight gray rectangles on boundaries normal to
B, featurethe presence of sheath boundary conditions.
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Scan 6z, k, =0

Scan 9z, k, =200m !

FIGURE 3.*UHHQ TV IG#k\) tRe€3usradial coordinatex for increasing

parallel distance&=(L,/2+z,) from wave emission poirt=z, to left parallel boundary=-

L,/2. xis O at aperture and increases towards leading edge of antennadirgiter=12mm
Simulation with ASDEXUpgrade parameters used in. LYV Ni] and (a) k=0,

(b)ky:200m1.Dashed lines: asymptotexpression1).
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FIGURE 4.Parallele-fold decay length&x) of Gap(X,ky,zo0) at z,=0 fitted numerically

and averaged over 20 valuesxpiersug, from eq.(5), for 6 scans of the main parameters in

the asymptotic modeéach identified by a marker typerror bars: dispersion offx) overx.
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FIGURE 5. Parallelgradient lengthof Gap(x,ky,20) fitted numerically at @=0, versus
upper bountmax from eq. (26). For each simulation, 19 points are plotted, Xovalues

located every 5% df o Marker types indicate simulation series with one parameter scanned.
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Figure 6: Sheath oscillating voltage at the left boundary versus radial distance to antenna
aperture. Calculations performed with ASDEXgrade parameterk,=0 and twepeak nput
field maps fromequation (2). Five curves are showed, for several values\6f &.,dl over

the input field map.
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Figure 7: Sheath oscillating voltages at selected radial posikeaisus V= &.pdlover the
two-peak input field magrom equation (2). Solid lines:left boundary. Dashed linesght
boundaryCalculations performed with ASDEKpgrade parameters akg-O0.
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FIGURE 83D *UHHQ TV IGsy)LWeIQuS transversecoordinats(x,y), as
evaluated numerically usingSDEX-Upgradesimulationparametersn >. LYV Ni and @
parallel distances (a}g=(L/2+2))=2.5cm; (b) &=10cm and (c)z=33cm Contour lines are

located every 5% of the maximum value over the map.
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FIGURE 9.2D (radial, poloidal) map fGsp(Xy,-L//2) from formula (35) in
logarithmic scale, versus normalized coordinaték A y/L 5. Contour lines: between two
consecutive curves the function decreases by a fact6t|1.d8. Solid lines correspond to

L ;G3p>1, dashed lines th AG3p<1.
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FIGURE 10.Half poloidal width 'y at 1/e, fitted numerically from simulated 2D
(radial,poloidal) maps foGsp. For each simulationy was fitted at 9 radial positions ranging
from x/L 0.1 to 0.9 and plotted versus miaxax Lemay from formula @1). Each series of

points refers to acan of one simulation parameter indicated in the legend.
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