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ABSTRACT

Electromagneticfieldcalc_ationsforradiofrequency(rf)antennas in two dimensions

(2-D) neglectfiniteantenna lengtheffectsas wellas thefeedersleadingto the main current

. strap.Comparisons with experimentsindicatethatthese2-D calculationscan overestimate

the loadingofthe antenna and failto givethe correctreactivebehavior.The 2-D calcula-

tionsalsopredictthatthe returncurrentsin the sidewallsofthe antenna structuredepend

stronglyon plasma parameters,but thispredictionisalsosuspectbecause of experimental

evidence.

To study the validityof the 2-D approximation,the MultipleAntenna Implementation

System (MAntIS) has been used to perform 3-D modeling of the power spectrum,plasma

loading,and inductancefora relevantloopantenna design.Effectson antenna performance

causedby feedersto the main currentstrap,conductingsidewalls,and finitephase velocity

are considered.The plasma impedance matrix for the loadingcalculationisgeneratedby
use ofthe ORION-ID code. The 3-D model isbenchmarked with the 2-D model in the 2-D

limit.

For finite-lengthantennas,inductancecalculationsare found to be in much more rea-

sonable agreement with experimentsfor 3-D modeling than for the 2-D estimates.The

modeling shows that the feedersaffectthe launchedpower spectrum in an indirectway by

forcingthe drivenrfcurrentto returnin the antenna sidewallsratherthan in the plasma

as in the 2-D model. Thus, the feedershave much more influencethan the plasma on the

currentsthatreturninthe sidewall.Ithas alsobeen found thatpoloidaldependenciesinthe

: plasma impedance matrixcan reducethe loadingfrom thatpredictedinthe 2-D model. For

some plasma parameters,the combined 3-D effectscan leadto a reductionin the predicted

loadingby as much as a factorof 2 from thatgivenby the 2-D model.



1 INTRODUCTION

• Waves with frequenciesin the ion cyclotron(orgyro)range offrequencies(ICRF) have

been successfullyused to heat plasmas and modify the operationof experimentalfusion

devices.These radiofrequency(rf)systems are attractiveformany applicationsin fusion

reactorsbecause they are reliable,effective,and relativelyinexpensive.Applicationsfor

reactorsincludethe drivingofsteady-statecurrents,the stabilizationof sawteeth,and the

auxiliary heating of plasma to ignition.

The coupling between rf antennas and plasma is often modeled in two dimensions with

variation in only the radial and toroidal directions [1]. This two-dimensional (2-D) approx-

imation eliminates any poloidal variation in the system and models the antenna as a loop

of current running around the entire poloidal extent of the plasma. Thus, the only poloidal

mode number, m, considered in the 2-D model is m = 0.

Concerns about the accuracy of this 2-D approximation arise from two physical consid-

erations. First, the cutoff density for the fast wave increases with increasing poloidal mode

number. Thus, the 2-D model can significantly overestimate the antenna loading for some

plasma parameters because an antenna with finite poloidal length can generate a significant

amount of power in modes with rn _ 0. A three-dimensional (3-D) model is necessary to

con_ider modes with m = 0. Second, the 2-D model permits the plasma to respond uni-

formly over its entire poloidal extent. This freedom allows the plasma to carry an image

current that appears to "rob" current from the driven strap when viewed from a distance

that is greater than the separation between the strap and the plasma. As the plasma

"robs" current from the main strap in the 2-D model, nearby metallic structures carry a

reduced image current in response to the combined plasma and driven strap currents. In

three dimensions, feeders for the driven strap force currents to be returned in the antenna

- structure.Thus, the returncurrentsinthe 3-D model aremuch lesssensitivetothe current

carriedby the plasma than in the 2-D model. This inaccuracyin the 2-D estimateforthe

returncurrentscan be important when calculatingthe toroidalpower spectrum launched

by phased array antennas forcurrentdriveapplications.

The intentionin thispaper istoisolatethe most important3-D effectswith a simplified

model. The dominant 3-D effectsare illustratedby consideringa schematic of a typical

antenna in relationto a tokamak plasma as shown in Fig. I. Although the antenna is

fullythree-dimensional,a full3-D solutionisnot necessaryover the entiredomain of the

tokamak because the plasma does not vary in the toroidaldirection(alongthe directionof

the magnetic axis).This factimmediatelypermits the use ofperiodicFourieranalysisin

the toroidaldirectionforsolutionsinthe plasma region.The plasma isalsoweakly varying

in the poloidaldirection,and neglectingthispoloidalvariationpermits solutionsinterms

of a setof uncoupled ordinarydifferentialequationsin the radialdirection.Thus, in the

plasma region,a singleequation can be solvedin the radialdirectionforeach toroidaland

poloidalmode.

A poloidalcross-sectionofan antenna thatmight be usedinpresent-daytokamak designs

isshown in Fig.2. The main featureshown inFig.2 isthe drivencurrentelement. This

element consistsof the currentstrap and the feedersthat connect the currentstrap to

capacitorsthrough a feedthroughin the conductingbackwall.The currentelement in this

design is driven by an rf transmitter such that the current amplitude is at a maximum

near the center of the current strap. Also shown in Fig. 2 is the Faraday shield housing.



The housing typically consists of a solid conducting box including sidewalls for the antenna

(see Fig. 1) and septa that separate current elements in multiple element designs. This

conducting box is electrically connected to the the conducting backwall. Note that in some

designs, the conducting box does not entirely enclose the main current strap but does cover
at least most of the feeders.

.

This paper considers 3-D effects arising from two features that are illustrated in Fig. 2.

One feature is the plasma response to a current strap having finite poloidal extent; modes

with poloidal variation are excited by a finite-length antenna and have reduced wave number

in the radial direction. This feature is also of concern because the plasma cannot respond

to the antenna structure with simple currents flowing the entire poloidal distance around

the plasma. A second feature requiring 3-D analysis is the inductive coupling that occurs

between the current element and the conducting box (Faraday screen housing). This cou-

pling is three-dimensional because the feeders effectively provide a short to the conducting

backwall. These shorts produce radial image currents in the sides, bottom, and top of the

conducting box that affect the launched power spectrum. Neither of these effects is included
in a 2-D model.

Other features to be considered in a general 3-D model are shown in Fig. 2 but are not

explicitly considered in this paper. These features include the Faraday shield face tubes and

the protective bumper tile. The bumper tiles protect the Faraday shield tubes from plasma

in the scrapeoff layer and provide a sharp boundary for the plasma-vacuum interface. The

Faraday shield tubes are dif_cult to model explicitly because they represent a very strong

modulation in the poloidal direction; however, this modulation is very localized in the

radial direction. Magnetic flux passes easily through a well-designed Faraday shield, and

its primary function is to isolate electrostatic fields (mostly in the radial direction) from

the plasma. Thus, explicit modeling of the Faraday shield tubes is necessary only when

details for the fields near the tubes are needed. The electrostatic fields between the strap

and the shield tubes can be estimated by allowing for the variation of the current along the

strap. Transmission-line analysis [21 is frequently used to described this variation using a

I finite phase velocity, v_, where v_ - Aw/21r and A is the effective wavelength describing the

current variation along the strap. Capacitive effects from the Faraday shield can cause v_
to be significantly less than the speed of light in a vacuum.

To analyze the dominant physical effects arising in 3-D, we model the layer between the

plasma and the conductingvacuum vesselshown in Figs.1 and 2. This layercontainsthe

3-D antenna structure,and we treatthislayeras a periodicslabin vacuum. We consider

the radialdirectionwith the Cartesiancoordinate,z, as shown in Fig.3. The Multiple

Antenna ImplementationSystem (MAntIS) code [3]isusedto calculatetheelectromagnetic

fieldsin thisvacuum layerformultiplecurrentelementsover a ground plane (seeFig.4).

The elements can have nearlyarbitraryorientation,and multipleelements are treatedby

the method of superposition.These elements includecurrentsinthe poloidaland toroidal

directionsata fixedz location,and alsoincludefeedersthatcarrycurrentinthe z direction

to the ground plane. These feedersare chosen such that the currentiscontinuousat the
cornersof the currentelement.

The MAntIS code treatsthe plasma surfaceat x - 0 in Fig.3 as a surfaceimpedance.

The plasma surfaceimpedance iscalculatedinthe same manner asthatused by Brambilla[41

using a slabplasma model (radialvariationofplasma parameters with uncoupled poloidal

and toroidalmodes). The use of a slabplasma model isjustifiedfor the case of good



wave absorption in the plasma region, and the impedance match is described in detail

in Appendices A and B. The surface impedance is calculated once for a set of plasma

parameters using the ORION-1D code [5] and need not be recalculated for any change in
the current distribution in the vacuum layer. The Fourier analysis of the current elements

used by the MAntIS code is described in Sect. 2. The electric field solutions for these

elements are described in Appendix A.

The modeling is performed by placing current elements near the locations that are

known to carry significant rf currents. The currents carried by the current elements are then

prescribed in the model with no attempt at a fully self-consistent solution [6]. However,

the amplitudes and variation of the currents along the str_',p are adjusted to approximately

satisfy the appropriate boundary conditions for the antem_a. The MAntIS code provides

rapid solutions for a known distribution of currents in the vacuum layer by using analytic

solutions to MaxweU's equations for each mode in Fourier space. Fields in real space are

obtained from the Fourier solutions using fast Fourier techniques. Diagnostics pertaining

to the boundary conditions and visualization of the fields in real space are performed with

postprocessing programs.

The remainder of the paper is organized as follows. Section 2 contains a brief description

of the MAntiS code explaining the basic current elements used to model rf systems. Section 3

describes the current elements used in the 3-D modeling of two side-by-side rf antenna

structures including a septum. The model is chosen to be representative of antennas selected

for experiments in TPX. Section 3 also describes how the 3-D model behaves in the 2-D

limit and gives results from benchmarking the 3-D model with an existing 2-D antenna

, code RAI'4T [1]. Section 4 describes results obtained from the 3-D model and compares the

results with predictions by the 2-D model. These results show that 3-D effects can lead to

significant differences in the launched power spectrum from the spectrum predicted by the

• 2-D model. The primary source of these differences is traced to return currents that have

part of their path along the third dimension. A discussion and a summary of the results are

presented in Sect. 5. Appendix A gives a detailed description of the analytic solutions for

the basic current elements used in the MAntIS code. Appendix B describes the generation

of the plasma impedance matrix.

!



2 MAntIS DESCRIPTION

Maxwell's equations for fields of the form/_ exp(-iwt) and known current distributions
are given by

w 2

V2/_ + 7/_- V (V. if,) = -iw,of , (1)

where E and f are complex quantities referring to the electric field and the current, respec-

tively. Following Figs. 1 and 2 and as discussed in Sect. 1, MAntiS solves Eq. (1) near the
antenna, assuming that the region can be modeled as a periodic slab.

Using a Cartesian coordinate system with y in the poloidal direction and z in the toroidal
direction, we expand the components of/_ and f using a complete periodic basis over the

range -_'a <_y <__ra and -IrR _<z <_lrR, e.g.,

f(_e,y,z) = y_ f_'(z)exp{i[(my/a) + , (2)
_ ,l'lt

where the coefficients are given by

47r2aR ,ra ,_R

and where m and n are integers ranging from -oe to c_, This expansion represents a slab

' model for a torus with minor radius a and major radius R. (The explicit z dependence
notation will be dropped in most instances but is retained for emphasis in some equations,) 4

Charge conservation and Coulomb's law, V, f = iwp = iwV, _/(#oc2), can be used in

Eq..,(1) to obtain second-order ordinary differential equations for the y and z componel.ts
of E,

[dz2 + "±b2m'"_"_"_'-'u= --iw#o g_,n + --_ --a

- d----zy--+ ± . = - iw#o JT'' + -_i -R (4b)

where 13m'n = w _/ c' - m' / a' - n' / R' and the notation (V j-)m,n•_± , . refersto theFourier

componentsofthetimederivativeofthechargedensity,iwp"_,n(z).SolutionstoEqs.(4a)

and (4b)can be foundiftwo boundaryconditionsforE_ ''_and E_ ''_areknown, provided
thatf isspecifiedThe E m''_component can be determinedintermsofthesolutionsto

Eqs. (4a)and (4b)by Fourier analysis of the z component of Eq. (1), giving

k2m,n _m,n _ .p'_,n im dE_'' in dE_ 'n± ._.. - -i¢o#0.. + + (4c)a dz R dx

One of the boundary conditions needed to solve Eqs. (4a) and (4b) is an impedance
relationship between _ ×/_ and $ ×/_ at the plasma surface, z = 0 (see Fig. 3), where/_ is

the rf magnetic field. This plasma surface impedance effectively determines the spectrum
for power flow through the plasma surface for any prescribed B by Poynting's theorem.

The surface impedance is calculated using a modified version of the OPdON-1D code [5].



The ORION-1D code solves Eq. (1) in a periodic slab using the warm plasma conductivity

tensor to calculate the plasma currents in the plasma region (z < 0). The impedance

" matrix is generated by specifying the value of _ × ]_m,n for a single pair of wavenumber

indices, m, and n at z = 0 and using this value as the source term for the ORJON-1D

. code. The ORION-1D code calculates the resulting values for E_n'n and E,m''_ throughout
the plasma region using finite-difference techniques and an artificial absorber to prevent

reflections from the conducting wall on the far side of the plasma slab. The values for the

impedance matrix are determined from the OPdON-1D solution by taking the ratio of E_ 'n
or E,m''_ at z = 0 to the source magnetic field component. The details of this calculation are

given in Appendix B. The second boundary condition required to solve Eqs. (4a) and (45)

is obtained by specifying the value of E u and Ez at x = d + a_, (see Fig. 3). Typically

the choice for this boundary condition is Eu(z = d + a_,) = 0 and Ez(x = d-I a_,) = 0,

representing a conducting ground plane at x = d + aw.

A superposition of basic current elements is used to model complicated antenna struc-

tures in MAntiS. These basic elements, illustrated in Fig. 4, describe the flow of current on

the surface of rectangular parallelepipeds. The elements are represented using the gradient

of a geometry function, f(z, y, z), that has a value of 1 inside the parallelepiped and of 0
outside. To prescribe J using f, we introduce a Cartesian coordinate system, (z', y', z'),

associated with each element, as shown in Fig. 5. This coordinate system has its origin

at the center of the element and is translated relative to the coordinates for the plasma

by the values yc and zc. The element can be rotated around the z-axis by an angle, 8,

measured from the z-axis, so that currents with nearly arbitrary orientation relative to the

. plasma can be considered as shown in Fig. 5. The transformation from She plasma coordi-

nate system to the element coordinate system is a: --- _', y = Yc + Y' cos(0) + z' sin(0), and

z = zc - y' sin(0) + z' cos(0). Heaviside step functions, ®, are used to describe f:

The direction of the current flow for each element is described by ] × 1)', where ] =_-xT.f/IxTfl

and _' is the unit vector in the y' direction, as shown in Fig. 3. Note that the feeders

are included in the basic element and are arbitrarily chosen to be at z' = 4-/3/2. This

representation simplifies the model by constraining the currents to flow in the z' direction

on the current strap at z = d and in the z direction on the feeders. Also, xTf provides the

delta function behavior for the current density in the appropriate locations.

The magnitude of the current flowing on the strap at z = d is described by a surface

current function, K(y, z), that is continuous and defined throughout the periodic domain.

Thus, the current density on this element is modeled by

f= g(y, z) 0/(z' u'z)O_ (cos 0i + sin0_) + Jx_ (6a)

The current density on the feeders is chosen to be

• [ o oo/]
Jz =-K(y,z) [c°sO_z +sin _yjj=(z) , (6b)



where the complexfunction,j_(z),describesthevariationof currentalongthe feeders.

Constrainingthevalueofj_(z= d) = i ensurescontinuityof the currentsflowingfrom
themain straponto thefeedelsat z'= -4-/3/2.Thisconstraintforcesthe deltafunction

behaviorateachend ofthestraptobe canceledanalyticallywiththeappropriatetermsat
theend ofeachfeeder.A generalexpansionforjrgives

@o

J-(_)= Z j_e_p[/w(_-d)/a_] (7a)
p----_

with

p-'--oo

and

1 ;d+a_,JP= 2a---_Jd-o.j.(_)exp[-i_(_-d)/a,,,]d_, (7c)
The stepbehaviorinthe geometryfunction,f, restrictsthe useofjr to therangefrom
z=dtoz =d+a_.

The Fourier analysis for the geometry function is carried out by applying the example
of Eq. (3) to Eq. (5). The integration is carried out in the (z', _', z_) coordinate system,
where the step functions can be used to limit the range of integration. The result is

fm'n(z) "" exp{-i[(mye/a)+ (nze/R)]} 6)(z- d)lr2aR

sin{_[(m/a)cose- (nlR)sine]/2}
X

[(m/a)cos0- (nlR)sinO]
sin {/3 [(m/a)sin0 + (nlR) cos0]/2}x (s)

[(mla)sine+ (n/R)cose]

for m, n ¢ 0, mad

a/3e(z-d) .f°'O(z)= 4_.2aR

Fourier components of the currents are obtained by using convolutions of K with f. K can
be used to represent spatial variations in the driven rf current that arise from finite phase
velocity, e.g., K(I/,z) = cos (wy'/v_). Using orthogonality of the basis functions, we find

the Fourier components of f from Eq. (6):

S"""=_K "''"''#'-'''"-"' S,'t'"d-'_ (cosO_ + sin0!))+ _ . (ga)
m',n'

When a finitenumber ofFouriermodes areused,twiceas many modes must be retained
forthef functionasfortheK functiontoproducethecorrectfm,ncoefficients.InFourier

space,tl,e feedercurrentsare

q'm,n_ (;_ -- fm-m',n-n'J2'n-_-_,r j.,, ) -iy_ K '_'''_'

m,,., (gb)
m -- m I n -- n' \ •× _sinO+_cosO) jr(z)a R



The solution to Eq. (4) is obtained analytically for each Fourier mode by considering a
specified current element to be located in Region I, as shown in Fig. 3. In this region, the

" solution is

E'," =A?," dexp -
+ B_ 'n exp [-ik_'n(z - d- a_)] (lOa)

'rlrl,,'rl,

+ Pv (z)

and

Em,n [ik_'n(z d- aw)]zI =C_ 'n exp

+ D?'n exp [-ikT'n(z - d- aw)] (lOb)

+ PT'(z) ,
lrn ttrl, 1'1_tn

where P_ (x)and Pu (z)aretheparticularsolutionscausedby any chargedistributed
alongthe feeder•The coefficients,A_ 'n,"-'I_";'n,C_ 'nand D_ 'n,aredeterminedby the
boundaryconditionat • = d + aw and matchivgconditionsat z = d. The homogeneous

solutionto Eq. (4)betweenthecurrentelementand theplasma,denotedasRegionII,is
givenby

_ra,n =am,. exp(ik_'r'z) + _IIJ'_yII "-'II

• m,n r)m'n exp(--'Lm'n-r'"'n t""'"_exp(,k± z) + "-'n +x± _.) (llb)_'zII -- vii

Am,n i3m,n /-,m,n and 7")m'nThe coefficients, "II , _II , _II "-qI , are determined by applying the plasma
surface impedance condition at z = 0 and matching conditions at z = d. The matching

- conditions between Regions I and II are obtained by requiring continuity of E u and E, at

-- d and by integrating Eqs. (4a) and (4b) across an infinitesimally thin layer at z = d.
The detailed values for these coefficients using various choices for feeder currents are given
in Appendix A.
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3 3-D MODELING AND 2-D BENCHMARK

To model a 3-D antenna, the ORION-1D code was first used to generate a surface

impedance for cold plasma. The plasma profile that was used, shown in Fig. 6, had a square
root parabolic dependance from the magnetic axis to the separatrix and an exponential
scrapeoff layer extending from the separatrix to the plasma surface. An absorber was used

on the high field side of the magnetic axis so that no power was reflected from the conducting
wall on the high field side of the tokamak. Other pertinent parameters for the plasma are

given in Table 1.

TABLE I. PLASMA PARAMETERS
FOR 3-D STUDY

Plasma parameters
Major radius, R 2.25 m

Minor radius, a 0.53 m

Plasma minor radius, ap 0.48 m
Central density, no 8 × 1019 m -3

Separatrix density, n_ 1.6 × 10iv m-3
Exponential decay length 0.02 m
Width of exponential region 0.05 m

Frequency, w 40 MHz
Central magnetic field, B0 4 Tesla

Ion species deuterium
Poloidal mode range -50 to 50
Toroidal mode range -200 to 200

Antenna module parameters
Element width 0.02 m

Strap width 0.07 m

Strap height 0.09 m
module width 0.14 m

module height 1.0 m
Distance from current strap

to backwall, aw 0.325 m
Distance from front of septum

to backwall, a, 0.3 m

The rf antenna to be modeled consisted of two antenna modules placed side by side in
the toroidal direction producing a septum in between two current straps and sidewalls on
either side. The current elements used by MAntiS to model the top portion of the structure

are shown in Fig. 7 (note schematic for the main straps). Dimensions pertaining to each of
the antenna modules are given in Table 1.

As shown in Fig. 8, two filaments were used to simulate the peaking of current near

the edges of each main strap. The amplitude and phase of the currents carried by the
filaments were varied to approximately satisfy the magnetic boundary conditions at the

septum and sidewall locations. These currents were initially adjusted by visually inspecting
the rf magnetic field at the locations where conducting boundary conditions are to be



satisfied.An automatedmethod basedon themagneticfluxthroughtheseptum was then

usedforsmallchangesinthecurrents.The filamentlocationswerenotvaried.Allcurrents
" forthemain strapswerekeptinphasewithone another(frequentlyreferredtoasmonopole

phasing).
The relativevaluesofthe currentsmodelingthe septum and sidewalls(Fig.8) were

initiallydeterminedwiths gap betweentheplasmaand main straps,d,of0.025m. This
distributionwas foundto be relativelyinsensitiveto d. For subsequentrunswithdiffer-
entvaluesofd,thecurrentscarriedby theseptum and sidewallswerekeptconstant.The

boundaryconditionswerethensatisfiedby adjustingtheamplitudeand phaseofthecur-
rentscarriedby themain strap.To satisfytheboundaryconditionsforboth therealand

imaginarypartsoftherfmagneticfield,thephaseofthecurrentsinthemain strapledthe
phaseofthecurrentsinthesepturnby slightlymore thanIrradians.The largestphaselead

was roughly_r+ 0.05radiansforthecased = 0.015m and was negligibleford > 0.05m.
Thisadditionalphasedelayappearstobe causedby thecomplexplasmaimpedance.

The procedureforsatisfyingtheboundaryconditionswas automatedby integratingthe
z componentoftherfmagneticfield,B,, atI/= 0,z = 0 alongtheseptum betweenz = do
and z = d,+ 0.3m. The currentamplitudewas adjusteduntiltherealpartoftheintegral

ofB, alongthislinewas zero,andthenthephasewas adjustedtomake theimaginarypart

oftheintegralofBx overtheseptumalsogo tozero.The norm usedtodeterminezerowas
theamplitudeoftheintegralofB, betweentheplasma(z = 0)and theseptum (z = do)
stI/= 0 and z = 0.

The validityofthisprocedureand theaccuracyofthemodelingwas thenbenchrnarked

• by consideringthe 2-D limitand comparingthe resultswiththosefrom the 2-D code,
RANT. To model the 2-D limit,the filamentsforthe 3-0 model were extendedto the

fullperiodiclengthin the poloidaldirection.In thislimit,the currentscarriedby the
" feedersoverlapand completelycancelone another.Thiscancellationalsooccursforthe

elen_'_tsthatareusedto modelthe top and bottom oftheantennabox (Fig.7).In the

2-D benchmark casetheresultsofthe 3-D filamentmodel and the2-D model agreedfor
both realand imaginarypower to within10%. Thisagreementisverygood considering
thedifferentways thatthecurrentsintheseptum and sidewallsarecalculatedinthetwo
models.In theMAntIS model,onlythreeelementsareusedformodelingtheseptum and

sidewalls,and thesethreeelementswere adjustedtogetherto findthe rootfortheflux
throughtheseptum.(The distributionbetweenthethreewas thesame asthatselectedfor
thecasewith1.0-mpoloidalextent,shown inFig.8.)The 2-D RANT codecalculatesthe

currentsin the sidewallsaccordingto boundarycondition,s on thefieldsin a way thatis
self-consistentwiththeforcedcurrentinthemain strap.The benchmark alsoshowsthat

theimpedancematrixfortheplasmaresponseinthetwo modelsisconsistenteventhough
calculatedby two differentmethodsmfinitedifferencesforORION-1D and integrationwith

a WKB outgoingboundaryforRANT. Thus,we concludethatdifferencesinresultsfound
forthe 3-D model usingMAntIS and thoseofthe2-D predictionsusingRANT arisefrom
3-D geometricaleffectsor the3-D plasmaresponse.
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4 RESULTS

Forthefirststudyof3-Deffects,constantcurrentwasmaintainedalongallofthecurrent
elements,producingzerodivergenceforthedrivencurrents(nodrivenchargeinthesource
termsofthemodel).The poloidalextentoftheantennaforthe3-D model was selectedto
be i m, asdescribedinTableI and Fig.7.The effectoftheplasmaon thecurrentsinthe

septum and sidewallswas studiedby varyingthedistancebetweenthemain currentstrap
and theplasmainboth the3-D and 2-D models.

A good measureof theeffectof theplasma on each model isobtainedby summing
allofthecurrentspassingthroughthey = 0 poloidalplaneand theconductingbackwaU.

The sum includesthecurrentflowinginthemain strap,theseptum and sidewalls,and the
conductingbackwallbut not theplasma.Thissum, normalizedtothecurrentcarriedin
one ofthemain straps,isshown in Fig.9 forboth the3-D and 2-D models.As shown in

Fig.9,the2-D model predictsa significantvalueforthe totalcurrentin thepresenceof
plasma.Note thattheplasmainducesboth a realand imaginarycomponentin thereturn

currentsinthe2-D model.Thistotalcurrentinthe2-D limitbecomeslargeastheplasma
isbroughtnearthemain currentelementsand isreferredto as "currentrobbing"by the
plasma.As thefigureindicates,the3-Dmodelforthefinite-lengthantennadoesnotexhibit

thecurrent-robbingeffectbutdidshow thecurrent-robbingeffectwhen theantennalength
was extendedto the2-D limit.For the3-D model,a slightchange(roughly5% overthe
rangestudied)inthe ratioof currentsin themain strapto the septum and sidewallsis

observed,but thischangeiscanceledby currentsflowingintheconductingbackwall.(The
errorbarsforthe3-D datain Fig.9 arean estimateoftheerrorincalculatingthereturn _t

currentsin theconductingbackwallusinga finitenumber ofpoloidalmodes.) Thus,the
3-D model showsthatthecurrent-robbingeffectisan artifactofthe2-D model.

The reasonforthelackofcurrentrobbingin thefinite-length,3-D model isthatthe
feeders,septum,and sidewallsoftheantennastructurecombinetoprovidea low-inductance

path forreturncurrents.Thispathpreventstheplasmafrom participatingin thecircuit
overtheentirepoloidaldomain.The absenceofbothfeedersand thetopoftheantennabox

inthe2-D modelpermitcurrents(includingthosecarriedby theplasma)toreturnthro1_gh
theperiodicboundarycondition:a looptheentiredistancearoundtheplasma.Thisabsence
ofa shortto thebackwallinthe2-D model permitstheplasmatounreaListicallyaffectthe
returncurrentsintheseptum and sidewalls.

The robbedcurrentinthe2-D model can influencethespectrumofpower launchedin
thetoroidaldirection.Thisdifferencebetweenthe2-D and 3-D predictionsforthetoroidal

power spectrumisillustratedin Fig.10 by averagingoverallpoloidalmode numbers. A
significantreductionin theloadingiscausedby the depressionforsmalltoroidalmode
numbers forthe3-D model as comparedwiththe2-D model.

Another3-D effectthatreducesloadingarisesfrom theincreaseddensityrequiredto
propagatemodes witha nonzeropoloidalmode number. Thiseffecttendstobe important

when theplasmadensityintheexponentialregion(seeFig.6)isnearthecutoffdensityfor
thefastwave.FortheparametersinTable1,a significantportionoftheantennaspectrum
can be cutoffby theplasma.The effectisdemonstratedin Fig.11 whichillustratesthe

loadingperunitlengthversusthelengthoftheantenna.(The currentdistributionwas not

variedduringthecalculation,and elementsrepresentingthetopand bottom oftheantenna

box wereremoved).For thelongestantenna,onlythem = 0 mode isexcited,whileforthe
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shorterlengthsa broaderrangeofpoloidalmodes isexcited.
Loadingcalculationsmade by the2-D and 3-D models aresummarizedinFig.12 for

• thecaseofinfinitephasevelocity,v_. For v_ = co,thedistributionofcurrentalongthe
currentelementswas a constant(_7.J = 0),therebyeliminatingany sourceterm arising

. from charge in the 3-D model. Note that the 2-D model always satisfies V . J = 0 for the

antenna currents, because m = 0 and only the y component of the electric field is retained.
The real part of the loading from the 2-D calculation has been reduced by a factor of 0.65

to account for end effects [9]. (Such a factor is always used for the 2-D loading predictions
based on vacuum measurements of the magnetic field near the antennas.) Becaule the
currents modeling the antenna are divergence-free, the stored energy in the electric fields of

the system is small and the imaginary part of the loading per strap can be approximately

estimated from (P_)/2 _ wLI2/2, where L is the inductance and Pi is the circulating
(imaginary) power. The power is divided by 2 to obtain an average value per strap. Note
that both the real loading and inductance are overestimated in the 2-D model. The 3-D
results are near the experimentally measured values for the inductance.
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5 DISCUSSION

Several 3-D effects are found to significantly influence estimates used in rf antenna

designs. One important effect is the absence of a significant change in the distribution of

currents flowing in the septum and sidewalls when plasma parameters are varied. In 2-D

models, the only return path available is along the entire poloidal extent of the device.

In the 3-D model, the feeders provide a return path to the backwall with a much lower

inductance than a return path covering the entire poloidal extent of the device. Thus, the

plasma does not significantly "rob" current from the antenna structure when the feeders are

included, and the sidewalls remain strongly coupled to the main strap despite the proximity

of the plasma. This 3-D phenomenon affects the launched power spectrum by depressing

the power spectrum at low toroidal mode numbers, as shown in Fig. 10.

Another significant 3-D effect can occur because of the variation of the plasma impedance

matrix with poloidal mode number. Modes with m _ 0 (nonzero poloidal modes) require a

higher density to propagate into the plasma than the m = 0 mode for any chosen toroidal

mode. Thus, the reduced loading for nonzero poloidal mode numbers can significantly

reduce the total loading, as shown in Fig. 11. This effect tends to be important when the

plasma edge deL_ity is near cutoff for a significant portion of the driven antenna spectrum.

The effect is also more significant for devices with small minor radius, because the poloidal

structure of the antenna must be constructed from a discrete set of modes having larger

poloidal wave numbers, rn/a. The 3-D model also describes the inductance of the rf antenna

better than the 2-D model as shown in Fig. 12.

In conclusion, 3-D effects can lead to results for rf antenna loading calculations that

differ from 2-D models. These differences can be as large as a factor of 2 for some plasma

conditions. Three-dimensional effects can be important in applications using closely spaced,

phased arrays of antennas, and when the plasma in the scrapeoff layer is near the fast wave

cutoff for a significant portion of the poloidal antenna spectrum.
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APPENDIX: A

" For each basiccurrentelement,the current-freeregionbetween the plasma-vacuum '-
interfaceat z = 0 and thecurrentstrapat z = d isdenotedRegionII(seeFig.3).The

. region between the strap at z = d and the backwall at • = d + au, is denoted Region I. A
specified electric field is applied for the boundary condition at the backwall. For example,

E_'n(z = d + aw) = 0 and E_'n(z = d + a_,) = 0 is the boundary condition for a perfectly
conducting backwall.

At the interface between Regions I and II, the delta function, 6(z - d), arising from

O.f/Oz in Eq. (6a)is treated analytically. Equations (4a) and (4b) are integrated across the

infinitesimal boundary at z = d while maintaining continuity for both the E_ 'n and E_ 'n
components. (E_ 'n can be discontinuous at z = d.) In Region I, the delta functions arising
from 8f/Oy and 8f/Oz in Eq. (6b) are true discontinuities only in the limit that an infinite
number of Fourier modes is considered. Thus, the scale length of resolution for the feeders
and the ends of the main strap depends upon the largest Fourier harmonic retained in the
calculation.

With Eqs. (7a) and (gb), the ,olutions to Eqs. (4a) and (4b).;n Region I are

E","=A?," [_kT,"(_d _)]_I exp - -

+ B?'" exp [-ik_"n(z - d- aw)] (Ala)
Fllt tn

+ Pu (z)

E","=C?," [_k_',"(,- d•I exp - aw)]

+ DFt" exp[-ikT'"(_--d- aw)] (A1b)

. + P_""(z) ,
where

oo

m,, i#olrc' mff m,. _ pj_,exp[iwr(z - d)/aw] (Alc)
P_ (z)-wa_, a 1.2_'"-p2_r2/a_p---c_ ".J_

and

oo

PT'"(z)- i_rc2 _n_n7..,._ pjpexp[ipr(x- d)/a,,,] (Ald)
waw R" " 13m'" - p27r2/ a_

Using the notation E_'"(z = d + aw) to represent the specified field at the boundary,
z = d+ aw, gives

B?'" ""'"" A'_'" i#°_rc2 m.z_"_ (Ale)
p(-I)pjp

p=-_ "_±

and

i#orC2
_o

p(n

Dr_,n m tn Z=E._ ( =d+_)- C?'" Y:""Z u_,,.-1)_y_ (All). _ - p2r2/a_wa w R p= oo 'v/
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In Region II, the solutions to Eqs. (4a) and (4b) are

= ""_'"_xp(-iC""_) (A2_)_'"'' A_I'"exp(ik_ 'nz) + _-'na-'yII

= nm"_ exp(-ik_"_z) (A2b)_m,, f,m,n exp(ikr_'nz) + _II"zlI vii

Integration of Eqs. (4a) and (4b) across the z = d location yields the jump condition for i
the derivatives at z = d:

dEuI _ylI , m,n

dx ==d dz ==d= -tW#otC v , (A3a)

where

"-vlC"a'n=- Z f"'-_' "_-"' K"_"n' 1 w' -_ )sin8 w' aR eos erl_ t t T%l

and

_ _",II = -iwp.olfm, ''_ , (A3b)
dz ==d dz ==d

where

i K:7,n _ _ f,_-=',,_-n' K=',,¢ 1 w2 R2 ] cos 8 w 2 aR '_q,I lnl

The s_face terms, _'" and K_ '_, include both current and chargo sourcesfor the fields.
Differentiating Eqs. (A1) and (A2) for use in Eq. (A3), we find that the jump condition

at e = d becomes

la,,,,,.,exp(_ik_,,_d)] .,m,,_ exp(-ik'_'"aw);z'm'nra"_'"exp(ik_ 'rid) - "II = txa. [A_''n-",j. t_II

dPm'" I (A4a)
B?,tt , m,rt . m,n -- Y

- exp(,kI a_)]+ ,_u0_:_ + _ ,=d

n"," exp(_ik_','_d)]= ik'_,"[C', " exp(_ik_,nato)txj_"rn'nft_rn'nexp(ikr_"_d)t,.,ii- _II _1. I

dPT, '_ ] (A4b)- D?'"exp(ik_'na_')] + i"u°g'7'" + _ ,,=d '

and the match condition at z = d is obtained using Eqs. (A1) and (A2) to give

m'_'" exp(-ik_'"a) = A? ''_exp(-' "_'"am'nexp(ik_'r'd) + oil zkI at.)nII
(A4c)

+ B?,n / ._rn,n ,, rn,n .-.exp[tle I aw) + Pu (z d)

and

CIm'n exp(ikr_'nd) + nm'n exp(-ik_'nd) = C_n'n exp(-ik_'naw )
I _Iz (A4d)• lrr_ __.

+ D? 'n exp(tk.L a,o) + PT"_(z = d) .
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UsingEq. (A4),we can writetheRegionIIcoefficientsin termsofA_ 'nand C_n''_so
thatEq.(A2) becomes

EFFt prt =A?'" - - a)]- - - d)]}
W#o X.m,n {exp[ik_,n(r. _ d)]- exp[-ik'_'n(z - d)]}

" + 2kn_,n'"u

+ E_'"(. = d + a,_) exp[-iC'' (, - aw - d)]

i#o_rC2 rn_Tin, n pjp
+ Z b2m,nwa,_ a "" - p2r2/a_r'=-_ "± (A5a) ,

{1 ( p'n" )exp[ik_,n(z d)]X _ bm,n + l,..£ aw

E_l'tn _.n = C_ 'n {exp[ik_"n( z - aw d)]- exp[-ik_'"_(z - aw - d)]}

w#o _m,n {exp[ik_,n(z _ d)]- exp[-ikr_'n(z - d)]}
+ 2kr_,n,v,

+ E2'n(z = d + a_lexp[-ik"_''(z - a_ - d)]
C_

il.to_rC2 n _,Tm,. E PJP• +

waw R "" v=-_ ".LI'2"_"__ p21r2/ a_ (ASb)

• x -a)]"_3. aw

- _ kin,n_ 1 exp[-ik_'n(z - d)l- (-1)Vexp[-ik_'n(z - d- a,v)]'1'1 aw

The lasttwo equationsfor the RegionI coefficientsareobtainedby consideringthe

match betweenthevacuum region(RegionII)and theplasma.The match istakentobe in
thevacuum justoutsidetheplasmasurface,sothatifno sourcecurrentspassthroughthe

interfacebetweenthevacuum regionand theplasmasurface[f(::= 0) = 0],thencontinuity
ofthemagneticfieldimpliesthatthematchingconditioncantaketheformofan impedance

matrix[4].The impedancematch at z = 0 iswrittenwiththeassumptionthattoroidal
and poloidalmodes arenot coupled(periodicslabapproximation),giving

ET'n(z = 0) = _o L''11 --'u + -.-,1, .,--, j (A6a)_=0

#-_[',a _'u + _2, _. J , (A6b)" z=0

where the Zij coefficientsof theimpedancematrixarecalculatedas describedin Ap-
. pendixB and the notation['"]_=0indicatesthatallfieldcomponentsinsidethebrackets
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aretobe evaluatedatz --O.The tangentialcomponentsofV × E = {w/_inFourierspace

give

[iwB'_'" in_,,.,,, dE____'" ] (A7a)-"-_--E. dz J,=0

[iwBr'n - dEr'n'_z imEr'n]a z=0 ' (A7b)

Thus, if the impedance matrix is known (see Appendix B), then Eq. (Ah) can be used

to calculate dE_ ,n/dz and dE_'_'/dz in Region II at • = 0. These derivatives at z = 0
are then used with Eq. (4c) to eliminate E_'n(z = 0) in Eqs. (A7a) and (A7b) with the
result used to eliminate the magnetic field components in Eq. (A6). These steps result in

two equations that relate the two unknown Region I coefficients, A_ ''_ and C_ 'n, by using

Eq. (AS) to evaluate E_ 'n and Ey ,n at z = 0.
Specific solutions for A_ 'n and C_ 'n for two feeder options have been tested in MAntiS

and are given below. The first option includes currents that are constant and continuous
along the feeder. The second feeder option permits both standing wave and traveling wave
currents with wavelength 2aw to flow on the feeder elements. This option has been used
primarily for folded waveguide modeling [7,8].

Two combinations of feeder type and backwall boundary have been tested in MAntIS for

two different types of modeling. Both combinations satisfy Eq. (7b) (see Sect. 2). The first

combination has constant current along each feeder, j0 = 1 and Jp_0 = 0, with boundary
conditions for a conducting backwaU:

E Flrt t Et ]

uI tz = d + aw) = 0 (A8a)

and

EFFttFt #

•I t z =d+a.,)=0 . (ASb)

This combination has been used for typical loop antenna modeling, as demonstrated in this
paper.

The second combination has both standing and traveling waves for the current along the

feeder such that Jl = (_ + 1/2), j-1 = -(_- 1/2), and jp¢+l = 0. The boundary conditions
used with this feeder type are

,,,,,_ i_olrC_ m j_,,_ -2_Eu! (z=d+aw)- <'

..,. _ -_.,r,,,,(k]..,,,E,I (, " d + aw) - waw n vz - r'la_) ' (Agb)

where ,_'_"_ is defined by Eq. (gb), and _ is a traveling wave parameter. This boundary
condition is equivalent to a conducting backwaU for standing waves where _ = 0, but it

permits power carried by the traveling wave to flow through the backwall when _ ¢ 0. This
combination has been used to model folded waveguide antenna structures [7,8] primarily

for _ = 0.
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NotingthatEq. (A8) isa simplificationofEq. (A9) obtainedby taking( = 0 and

eliminatingtheparticularsolutions,thefieldsinRegionIIaregivenby
a

r'm'n= Ar_'n{exp[ik_'n(z- aw .-d)]-exp[-"m,n _ __-Vyll

. + _ \-li + _p_,n/{exp[ik_,n(_ _ d)] - exp[-ik_'n(x - d)]} (AlOa)2k.L aww #o

+ 7)_n'n( {exp[ik:"n(z - d)] + exp[-ik_"n(z - d)]}

exp[-,k, (_- _ a)]}_.II_m'n= C?,n {exp[ik_,n(z _ aw - d)]- . m,n _

+--_ + .... "PT'n {exp[ik_'n(z d)] exp[ ,x±"m'n(.-d)]} (A10b)
2k± aww#o

+ PT'n¢ {exp[ikT'n( , - d)] + exp[-ik:"n(z - d)]} ,

where

79_'n= _2m,nt_°lrc2/wawm EKm"n'fm-m"n-n'(m-m'__r2/a2w-a _a sin0+ _n-n'R co.O)".L lqrt t in t

and

rta
pm,n _ 9m,n

z -- mR--li

(-_m,rt
The solutions for the Region I coefficients, A_n'n and '-'I , are compactly written as

A?'n = I'"nK m'" + l_'n'nK m'" (r'"n'P 'n'n Pro'riP7 '") (A11a). -all --lien --az --*ea - _ \-apt,--li +-ap,

rm'nr¢m'n (rm'n'Pm'n rm"_gm'n_ (A11b)C_ 'n = --_Urm'n"li..r_m'n+ --¢. -" ... -- ( _--qW--U + -_" --" /
o

where

iw_Km'n =- d'p_'nldm i m,n

x

__li,n ,®=d+ ,W/_oKu

,n,,,,,,,I
• sin = --z +iW#oK_,n
tw#° K _'ti - dz ,_=a

and

rm,n w_ -a_ w+ )t +_,2 _-+ j+a2 Pa w+ _+ j/raclli

.J.

rm,n _ wUo m,n m,n rn,n sin m,n rm,n
a, = 2kjm,n[/_l (%b+ tlb_ -%b_ ¢+ )]/ d

_ m,n /.m,n t/m,n film,n,,/m,n _ rn,rt, t.m,n rjm,rt Am,n 1/_m,nrm'n = [(_: w- -,,-+ )(¢T 'n- _2 _+ )+u2 w_ .: _+ J/l,i--apy
"il_ l l'l llri t t'ir_,- = [_?,-(¢_,-¢-',-.-¢+ ¢+ )]/r7'"--apz -- - -

rm,n _o m,rt /.t.m,n2m,n
= 2k_,.[u_ _,,,+__ -¢+,"¢__,")]/r_","ey

.k.

. ry, n _= wrio m,n m,n _ ¢__,n t_l-m,n_+_min _':c_m,n_'+'/'m,n_m,n._m,nl
2k_"n [(/72 ¢+ )( ¢-_'" - ) + °_2 _+ j/r_"n
_m,n/_tm,n #.rn,n _m,n im,rt_]/rm,n

_m,n _ [_2 _lp_ W- -- Wq- _+ /JlXd

r_,. = [(_.,-¢_-.,-_ .,,_,- ¢._,. _..,._,.,_ _+ )( - ¢_ c,2 _+ j/r_elm, - _1 _'+ ) +/31 'n m,n_m,n,m,n_ m,n
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with

d = (- +al ¢_+ )_,- +_2 _,+ J-as pl _'+ )

w#OX.l.

_?- - _.okr. _ _, - z_ _

o_uok_""z_" mn-g_ -Z_" c2 R2

Cm.,_ _ exp[ik_'"(aw + d)]-t- exp[-ik_""(± aw+d)]
,e:_'IT"" =_ exp(tk± d) .4-exp(-ikT'nd)

In terms of these Region I eoeftieients, the electric fields in Region I along with the particular
solutions for existing feeder options are given by Eq. (A1), and the fields in Region II are

given by Eq. (AS).
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APPENDIX: B

• The calculationof the impedance matrix forthe plasma-vacuum interfaceisobtained

by usingthe ORION-ID code [5].ORION-ID models a slabplasma using Fourieranalysis

. inthe directionofthe staticmagnetic fieldand inthe directionorthogonalto both pressure

gradientsand the staticmagnetic field.Periodicityconditionsfor the directionsthat are

Fourier-analyzedarechosentorepresentthepoloidaland toroidaldirectionsshown inFig.I.

The equationssolvedare the threecomponents of

o.)2

s

where the summation isover the plasma species,s, and S isan externalsource term.
The plasma currentdensityterms,J,,arecalculatedusingsecond-orderfinitetemperature

correctionsto the warm plasma dielectrictensor.A sixth-orderfinitedifferencetechnique

isused to solveEq. (Bi)in the directionofthe plasma densityand temperature gradients.

The numericalimplementationused to calculatethe impedance ruatrixisdescribedbelow.

Faraday'slaw, V × ]_ = iw]_,appliesat allfinitedifferencenodes regardlessof the

presenceof plasma currents.With a conservativefinitedifferencescheme, the numerical

representationof Faraday'slaw is

ilL 1'_Fn t1'1 *_ r-TFTI,,FI • FFlt,n

_,_.C,,N - ,_,r_.,_N = u_B.N (B2a)

• . -,,- ::,-_ = (B2b)zkzE.N-1- \_,N m,n

_ _ IkyE®N_I IWD,,N_ 1 ,. \"vN EvN_I_ /A " m,n =

where ku = m/a and k, = n/R forperiodicboundariesinthey and z directions.In Eq. (B2),

N refersto the numericalnodes juston the vacuum sideof the plasma-vacuum boundary,

and A isthe discretestepsizein the z direction.Fieldvaluesat theselasttwo locations

(separatedby A/2) representthe numerical resolutionof the plasma-vacuum boundary.

The correspondencesbetween fieldvaluesand node locationare shown in Fig.13 and are

such that the numericalimplementationof Stokes'stheorem and the divergencetheorem

are satisfied.The remaining Maxwell'sequationiswrittenforthisnode as

ikuBz'N n - ik, t_'''n'-'_N= t_oJ_'_ _' - _iwEz N,,,,,_ (B3a)

zkzBzN _""zN "°,N-I_ _ -. _OJy N C-_ EyN (B3b )

- - zkuBz'_ = l_o,JzN - (B3c)BuN _' yN- I -_ EzN

m,n m,n and m,n /_m,nUsing Eq. (B2) to eliminate BzN , B_N_I, B,N__ in Eq. (B3) and considering _uN
l_rrt Jt

. and _zN to be source terms, we obtain the numerical boundary equations at the impedance
match location (z = 0)'

- _-._,_-ic' (.m,....-,_,n, _,n)(B4a)z"zN -- 6d P'OJ_N -- I_CYlJzN + zkuBulv



2O

ic _ ku -,,_,,_ c2 _VN_ I c2 c2_ _ ,Tt _tt,rt

(B4b)
- ie= ( rm,n 1 ,,_,,_

- #o + B,N
w \"ulv _o& /

. !

ic_ k, m,,_ _'" E'N-1 + 1 - 1/A _ m,,,
w 2 A Etlv-1 + -_ kuk" EuN + w_ A2 --_ + k EzN

(B4c)

-id 1- #o O_N ........ BuNw /zoA

Because the impedance match is in a vacuum region, and it is assumed that no antenna

source currents penetrate the plasma surface, all components at the Nth nodes of fm,n

are zero (see Fig. 13). The impedance tensor, Z, described in Eqs. (A6a) and (A6b)is
l_rn,n ]l_rn,n

systematically calculated by setting _uN = po and "-'zN = 0 to obtain Z_ ''_ and Z_ ''_
from the mm'n and _'"_"_solutions provided by OtLION-1D The Z_ ''_ and Z_ ''_ coefficients"_"yN J_"zN

_ _ ,n l'll , II

aresimilarlyfoundby setting_-'rN= #0and BuN = O.The impedancetensoriscalculated
fora desiredrangeofm and n valuesand plasmaparametersand can be used formany

subsequent MAntiS runs.
At the wall opposite the plasma impedance matching location, OtLION-1D makes a

transition from warm to cold plasma and then applies a conducting wall boundary condition.
An outgoing boundary condition is presently simulated by using an artificial absorber [5].
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straps are actually represented by two filaments each, as shown in Fig. 8. Filaments 1 and
2 in the sidewall return in the sidewall. Filaments 3 and 4 cancel each other at the corner

so that the return is in the top of the box.
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