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ABSTRACT 

The MAntIS code was developed as an aid to the design of radio frequency (RF) anle~mas 
for fusion applications. The code solves for the electromagnetic fields in three dimensions 
near the antenna structure with a realistic plasma load. Fourier analysis is used in  the 
two dimensions that are tangential to the plasma surface and backwall. The third dimen- 
sion is handled analytically in a vacuum region with a general impedance match at the 
plasma-vacuum interface. The impedance tensor is calculated for a slab plasma using the 
ORION-ID code [JAEGER, E.F., BATCHELOR, D.B., WEITZNER, H., Nucleclr Fusion 
28 (1988) 531 with all three electric field components included and warm plasma correc- 
tions. The code permits the modelling of complicated antenna structures by superposing 
currents that flow on the surfaces of rectangular parallelepipeds. Specified current elements 
have feeders that continuously connect the current flowing from the ends of the strap to 
the feeders. The elements may have an arbitrary orientation with respect to the static 
magnetic field. Currents are permitted to vary along the length of the current strap and 
feeders. Parameters that describe this current variation can be adjusted to approximately 
satisfy boundary conditions on the current elements. The methods used in MAntIS and 
results for a preliminary loop antenna design are presented. 

V 





1 MODELLING OF ANTENNAS WITH PLASMA 

Waves with frequencies in the ion cyclotron (or gyro) range of frequencies (ICRF) have 
been successfully used to heat plasmas and modify the operation of experimental fusion 
devices. These radio frequency (RF) systems are attractive for many applications in fusion 
reactors because they are reliable, effective and relatively inexpensive. Applications for 
reactors include the driving of steady-state currents, the stabilization of sawteeth, and the 
auxiliary heating of plasma to ignition. 

Crucid components of these RF systems are the antenna and the surrounding structure 
that directly couple the RF power from a remote transmitter to the fusion-grade plasma. 
A somewhat simplified example of an RF system to launch fast magnetosonic waves into 
the plasma, shown in Fig. 1, helps to  illustrate the features of a typical antenna. As shown 
in Fig. 2, feedthroughs at the ends of the current strap are connected to capacitors. These 
capacitors can be adjusted to help tune the LC circuit to the desired frequency. The current 
strap in this antenna design is sheltered from the plasma by a row of tubes, referred to as a 
Faraday shield. Additional protection for the Faraday shield is provided by bumper limiters. 
These bumper limiters produce a plasma density profile with a very short scale length for 
raclial decay in front of the Faraday shield. The antenna structure is mounted in the shadow 
of yet another main limiter and/or a divertor that helps isolate the fusion-grade plasma from 
the structural portions of the fusion device. 

The Faraday shield greatly reduces capacitive coupling between the plasma and the 
parts at high voltage inside the antenna structure, but allows RF magnetic flux to pass 
through. The antenna i s  designed so that a maximum in the RF current (and therefore 
magnetic flux) occurs on the current strap to optimize the power coupling. The RF near 
fields couple power to the plasma inductively by tunnelling through an evanescent region 
where the plasma density is too low for wave propagation. 

Conflicting requirements must be satisfied when designing an RF antenna system. The 
antenna must couple a predetermined amount of RF power to the plasma at a specific 
frequency. Restrictions may be placed on the Fourier spectrum of the power to achieve 
a desired result in the plasma. The antenna must fit within a specified region, and it 
must remain rigid during disruptions. The structure must tolerate heat loads both from 
the plasma and from Joule dissipation of RF currents. The maximum amplitude of the 
electric fields in the antenna is restricted for two reasons: first, field strengths greater than 
roughly 2 MV/m can produce arcing within the antenna structure; second, high values for 
the electric field near the plasma may give rise to impurities. Ultimately, the plasma loading 
determines the performance of the antenna. 

To simplify the design effort, a computer model is needed for estimating the plasma 
loading, the maximum electric field, and the Fourier power spectrum. The model shoidd 
provide this information rapidly so that numerous design alternatives can be considered. 
The model must include the most important aspects from the plasma physics perspective; 
however, it should not be unnecessarily complicated 

1.1 Choice of a model 

Ideally, the model would include at least five effects. It woirld (1) calculate electromag- 
netic fields, accounting for structural variations and current flows in all three dimensions, 
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(2) solve for the currents in a manner that is self-consistent with all boundary conditions, 
(3) transiently model all parts of the electrical circuit, including remotely located capacitors 
and tuning stubs, (4) include fast and slow wave effects in the plasma, and ( 5 )  permit finite 
temperature corrections to the cold plasma approximation. Modelling these effects simulta- 
neously represents a formidable task, so simplification of the problem must be considered. 

Commercial three-dimensional (3-D) packages are available to model most of the detail 
shown in Fig. 1 using finite element or finite difference techniques. However, these packages 
include only simple dielectric effects, which are not sufficient to determine the plasma load- 
ing. These packages are also slow, expensive, and difficult to set up. Thus, for preliminary 
designs, commercial packages seldom provide information more useful than that available 
from simpler models that include realistic plasma effects. 

Lumped circuit analysis can be used to model a large portion of the RF system. This 
analysis is valid because most antennas are meant to operate at a fixed frequency for times 
that are much longer than l / w ,  where w is the resonant frequency. Furthermore, the plasma 
is intended to remain slowly varying during normal R,F operation. Thus, feedback circuits 
can be designed without detailed modelling of the antenna structure [l] if variations in the 
plasma loading, caused by changes in plasma parameters, are known. Therefore, the explicit 
modelling of transient effects is usually not necessary in the antenna modelling. 

The modelling can be further simplified because the antenna structure typically has a 

ratio of stored RF field energy to transmitted power that is much larger than l / w  (high Q). 
Also, lumped circuit transmission-line models and experimental measilrements imply that 
the shape of the current along the current strap does not change dramatically under loading 
for high Q systems. Thus, a prescribed (not self-consistent) current profile along the current 
strap, including divergence of the current, is often sufficient to obtain reasonable estimates 
for plasma loading. Rough estimates for the maximum electric field and power spectrum 
may also be obtained from a model with a prescribed current profile. 

If detailed studies of fields near the Faraday shield are not of interest, then an alternative 
to explicitly modelling the Faraday shield may be used. One alternative takes advantage of 
the fact that most plasmas in the edge region of fusion devices are very good conductors in 
the direction of the static magnetic field. Ignoring any nonlinear changes, the conductivity 
of the plasma along the static magnetic field produces an effect on the electric fields that 
is very similar to that of a well-designed Faraday shield. Fields found using this alternative 
can be corrected for the most important effects caused by the shield, such as changes caused 
by finite thickness in the radial direction. 

Fourier analysis in the directions that are tangential to the plasma surface results in 
tremendous simplification of the interface between vacuum and plasma. Plasma loading 
results and information about the power spectrum can be obtained rapidly without re- 
constructing the fields in real space. General current descriptions can be constructed and 
one-dimensional solutions in the radial direction can be found rapidly by analytic or nu- 
merical techniques. 

Estimating the maximum electric fields near the current strap requires distribiiting 
charge along the strap by permitting a non-zero divergence of the current density. Elec- 
trostatic fields resulting from this buildup of charge can be very large, especially when the 
current strap length becomes an appreciable fraction of the free space wavelength. The 
variation of the current along the strap from transmission-line analysis is frequently called 
the finite phase velocity, I+,, where "6 = Xw/2x and A, is the effective wavelength describing 
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the current variation along the strap. Capacitive effects from the Fwaday shield can catme 
T.+, to be significantly less than the speed of light in a vacuum. For example, a current strap 
with a length of X/2 would have a null in the current at some point along the strap and 
therefore an extremum in the charge. This charge causes a radial electric field beteween the 
current strap and the Faraday shield. This radial electric field must be considered in the 
model if it is large enough to cause arcing or produce impurities. To prevent an artificial 
divergence of the current at the ends of the current strap, feeders that carry away residual 
currents are needed. 

With these considerations, Fourier analysis in two directions with coupling to a slab 
plasma was chosen as the method for modelling in MAntIS. The cross-section of the antenna 
structure shown in Fig. 2 illustrates the basic components modelled in MAntIS. The ORION- 
1D code 123 was chosen to calculate the impedance match at  the plasma-vacuum interface 
in the same manner as that used by Brambilla [3]. Current strap representations allow 
variation of the current along the current strap and feeders. Continuity is maintained at 
the connections between the current strap and the feeders. A general variational principle [4] 
was not used, but minimization techniques can be used to approximately satisfy boundary 
conditions on the current strap. Multiple current elements with standing wave patterns on 
tJie feeder elements were implemented to model RF systems based on the folded waveguide 
concept [5,6]. The Faraday shield is not explicitly modelled in MAntIS; however, corrections 
can be made for a Faraday shield aligned with the static magnetic field, as demonstrated 
in Section 7 for a current strap with length of roughly X/2. 

The remainder of the paper is organized as follows. Section 2 describes the equations that 
are solved by MAntIS and the Fourier analysis used. Section 3 describes the methods used to 
represent basic current elements (which include feeders). Section 4 describes the boundary 
and matching conditions used in the vacuum region and gives the analytic field solutions in 
Fourier space. Section 5 briefly describes the calculation of the plasma impedance matrix 
using the ORION-1D code. Section 6 describes diagnostics that are used to ensure that 
the appropriate conservation relations are satisfied. Section 7 gives the results of a single- 
element model for a simple loop antenna design using finite phase velocity along the current 
strap to  obtain electric field limitations on plasma coupling. 
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2 PROCEDURE 

Maxwell's equations in a vacuum region for fields with a single frequency are completely 
described by 

w2 + 4 

V2E' + --E - D (C . I?) = -iwpoJ 
C2 

where E and f a r e  complex quantities referring to the electric field and current respectively, 
omitting the exp(-iwt) dependence. Following Figs 1 and 2 and as discussed in Section 1, 
the region near the antenna is modelled a!! a periodic slab. The slab represents a torus with 
minor radius a and major radius R. Differences between ap and a,,  as shown in Fig. 1, are 
typically small. The expansion in the slab model typically uses a value of a =: up and R is 
taken at the magnetic axis. 

Using a Cartesian coordinate system with y in the poloidal direction and t in the toroidal 
direction, we expand the field and current components using a complete basis over the range 
--Ira 5 y 5 nu and ---nlZ z 5 nR, e.g. 

f ( z ,  y, 2) = fm.n(x) exp {i [(myla) + ( n z / R ) ] }  (2) 
m,n 

with 

x exp {-i [(myla) + ( n z / R ) ] )  d r  dy (3) 

where m and n are integers ranging from --oo to co. (The explicit 2 dependence will 
be dropped in most instances, but is retained for emphasis in some equations.) Charge 
conservation and Maxwell's equations give C . J = i m p  = iwV . ,??/(p+c2). Using this 
relationship and applying the Fourier analysis implied by Eq. (2) to Eq. (l), we find that 
the Fourier components satisfy 

+ 

m,nl ic2 m 
- i w k  J ~ I "  + -- (V . q  [ w 2 a  

J?rn + _- ic2 n (C . ,),,"I 
W 2 R  

(44 

where f i s  treated as a source term. The E:<" component can be determined from the 
solutions to Eqs (4a) and (4b) by Fourier analysis of the x-component of Eq. (l), giving 

in dE,"J' + -- R d x  

where k ,  2mvn - - &/.2 .-. m2/a2 - n2/R2.  The notation (C . qm'n refers to the Fourier 
components of the time derivative of the charge density, iwp"'~"(z). 
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3 REPRESENTATION OF GENERPLLIZED CURRENT 
ELEMENTS 

In choosing the basic element for modelling antenna structures in MAntlS, one consid- 
eration was to ensure that general modelling of complicated antenna structures could be 
readily performed by superposition. Another consideration was to choose the element in a 
way that allowed the current at the ends of the strap to be continuous with the current on 
the connecting ends of the feeders. Enforcing this continuity by analytic means is important 
so that artificial singulaxities need not be cancelled numerically. 

The basic elements for representing the geometry of an antenna in MAntIS are rectan- 
gular parallelepipeds. The RF currents flow on the surfaces of these parallelepipeds. Com- 
plicated structures can be modelled using an arbitrary number of basic elements. These 
elements are represented by introducing a geometry function, f(z,  y, z ) ,  that has a value of 
one inside the parallelepiped and zero outside. As shown in Fig. 3, we introduce a Carte- 
sian coordinate system, (d, y‘, z‘), that is rotated around the z-axis by an angle 6 from the 
z-axis. The transformation to this coordinate system is z = z‘, y = yc + y’cos(8) + z’sin(8) 
and z = z, - y‘sin(6) + r’cos(8). Heaviside step functions, 0,  describe f ,  giving 

f ( Z ’ ,  y‘, 2) = @(z’ - d)  0 y! + - [ (  3 
-0 (yi - ;)] [. (2 + ;) - 0 (d - f ) ]  (5) 

The feeders are included in the basic element, and are arbitrarily chosen to be at 2 I 4$?/2 
without loss of generality. We simplify the model by constraining the currents to flow in 
the ,?’-direction on the current strap at x = d and in the 9-direction on the feeders. 

The currents flowing on the strap at x = d are described by a surface current funchion, 
K(y, r ) ,  that is continuous and defined throughout the periodic domain. Thus, the current 
density on this element is modelled by 

The current density on the feeders is chosen to be 

where the complex function, j = ( ~ ) ,  describes the variation of current along the feeders. 
Constraining the d u e  of je(z = d) = 1 ensures continuity of the currents flowing from the 
main strap onto the feeders at  z’ = 3$/2. A general expansion for j ,  gives 

p=-m 

with 
bo 
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and 

The step behaviour in the geometry function, f, restricts the use of j5 to the range from 
x = d t o a : = d + a w .  

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 (d,y',z') coordinate system, 
where the step functions can be used to limit the range of integration. The result is 

sin {a [ ( m l a )  cos 0 - ( n / R )  sin 01 /2} 

sin { p  [(rnla)  sin B + ( n / R )  cos 81 /2} 
[ ( m / a )  sin0 + ( n / R )  cos 01 

X 
cos B - ( n / ~ )  sin e] 

X 

m,n + 0 (8) 

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(y', z )  = cos (wy'/q,). Using orthogonality of the basis functions, we find 

the Fourier components of Jf iom Eq. (6), 

When a finite number of Fourier modes is used, twice as many modes must be retained for 
the f function as for the I< function to produce the correct fmJ' coefficients. 

In Fourier space, the feeder currents are 

J,  m,n - =& m n  ' j&) = --i f"- m',n-n' Km' ,n '  

mr,n' 

n - n' 
sin0 t - 

R 

Feeder currents in the z direction require particular solutions for Eqs (4a) and (4b), if 
d j j , ( x ) / d a  is not zero. These solutions are obtained analytically by using Eqs (7) for j ,  in 
Section 4. 
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4 BOUNDARY CONDITIONS AND MATCHING 

For each basic current element, the current-free region between the plasma-vacuum 
interface at z = 0 and the current strap at 2 = d is denoted Region I1 (see Fig. 3). The 
region between the strap at z = d and the backwall at z = d + a, is denoted Region I. A 
specified electric field is applied for the boundary condition at the backwall. For example, 
Er'"(z = d + a,) = 0 and e i n ( z  = d + %) = 0 is the boundary condition for a perfectly 
conducting backwall. 

At the interface between Regions I and 11, the delta function, 6(z - d) ,  arising from 
af/az is treated analytically. Thus, Eqs (4a) and (4b) are integrated across the infinitesimal 
boundary at x = d while maintaining continuity for both the E,"?" and E,"!" components. 

can be discontinuous at z = d.) In Region I, the delta functions arising from af/ay 
and Of/az 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 (9b), the solutions to Eqs (4a) and (4b) in Region I are 

where 

and 

Using the notation, 13z'n(z = d + a,), to represent the specified field at the boundary, 
2 = d + G, gives 

BY'" = E ~ ' " ( x  = d + h) - 
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and 

In Region 11, the solutions to Eqs (4a) and (4b) are 

Em," Y I I  = AG7"exp(iky'"x) + BE'" exp(-iky'"x) 

E,";i" = C~"'exp(iky'"x) + 0;'" exp( -ikT'"x) 

(W 

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

where 

KY m,n = - F - m ' , n - n ' r ' , n '  

m',n' 

cos e] x [ (1 - $$) sine - -- c2 mn' 

w2 aR 

and 

where 

K-,n - - __ fm-m',n-n'~m',n' 

m',n' 

c2 nm' 
w2 a R  

x [ (1 - -$%) case - -- sin 8 

The surface terms, KF?" and KTi", include both current and charge sources for the fields. 
Differentiating Eqs (10) and (11) for use in Eq. (12), we find that the j11nlp condition 

at 3: = d becomes 

ik"'" I [A:"' exp(ikY'"d) - RE'" exp( -ikytnd)] = 
i p n  [A;"'" exp( -iky9"uw) - I?,""' exp(iky'"aw)] 

(134 
I 

dp:'" + iwpoK;in + - 1 
z=d d3: 
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and the match condition at I: = d is obtained using Eqs (10) and (11) to give 

A;'" exp(ilc?'"d) + BF'" exp(-ik:"'d) = exp(-ik~'"a,) 

+ B ~ 7 n e x p ( i k ~ i " a , )  + Pri"(z = d )  
(13c) 

and 

"%cp(ik;l'"d) + D~'"exp(- ik~ '"d)  = C ~ l n e x p ( - i k y ' n h )  
(134 

CII 

+ D ~ " ' e x p ( i k l f ' " ~ )  + PTi"(z = d) 

Using Eq. (13), we can write the Region I1 coefficients in terms of A;"'" and Cy'" so 
that Eq. (11) becomes 

E"'" =A;"'" {exp[ikT'n(z - a, - d) ]  - exp[-ik?'"(a: - a,,, - d ) ] }  Y I I  

+ 
-t 

t 

X 

- 

- 

exp[-ikT'"(z - d) ]  

I (-l)Pexp[-ikT'"(z - d - aw)] 

Eayin =Cyp" {exp[ikYtn(z - a, - d)] - exp[-ik[;'n(z - a, - d ) ] }  

+ -iCr7n wllo {exp[ik,"'"(a: - d) ]  - exp[-iky'"(z - d ) ] }  
2kY'" 

+ Ert"(z = d + ~ , ) e x p [ - i k ~ ' ~ ( z  - a, - d) ]  

x { 2 (z ky'naw + 1) exp[iky"'(z - d)]  

- 1 (z - 1) exp[-iky'"(z - d) ]  
2 ky*"aw 

} - (-l)Pexp[-ik?'"(z -- d - h)] 

The last two equations for the Region I coefficients are obtained by considering the 
matdi between the vacuum region (Region 11) and the plasma. The match is taken to be 
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in the vacuum just outside the plasma surface, so that if no source currents pass through 
the interface between the vacuum region and the plasma surface ( J ( z  = 0 )  = 0) ,  then 
continuity of the magnetic field implies that the matching condition can take the form of 
an impedance matrix [3]. The impedance match at x = 0 is written with the assumption 
that toroidal and poloidal modes are not coupled (periodic slab approximation), giving 

4 

i r  

where the Zt7"' coefficients of the impedance matrix are calculated as described in Section 5 
and the notation [...]x=O indicates that all field components inside the brackets are to be 
evaluated at x = 0. The tangential components of V x E = iwg in Fourier space give 

4 

Thus, if the impedance matrix is known (see Section 5), then Eq. (14) can be used to 
calculate dEri"/dX and d q i " / d z  in Region I1 at 3c = 0. These derivatives at x = 0 are 
then used in Eq. (4c) to eliminate EZin(z = 0) in Eqs (15c) and (15d). The resulting two 
equations relate the two unknown Region I coefficients, A;"'" and Cy'", by using Eq. (14) 
to evaluate E,"+ and E,">" at z = 0. 

Specific solutions for A;'" and Cytn for two feeder options have been tested in MAntIS 
and are given in the Appendix. The first option includes currents that are constant and 
continuous along the feeder. The second feeder option permits both standing wave and 
travelling wave currents with wavelength 2a, to flow on the feeder elements. This option 
has been used primarily for folded waveguide modelling [5,6]. 
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5 SOLUTION OF PLASMA IMPEDANCE MATRIX 

The calculation of the impedance matrix for the plasma-vacuum interface is obtained 
by using the ORION-1D code [2]. ORION-1D models a slab plasma using Fourier analysis 
in the direction of the static magnetic field and in the direction orthogonal to both pressure 
gradients and the static magnetic field. Periodicity conditions for the directions that are 
Fourier analysed are chosen to represent the poloidal and toroidal directions shown in Fig. 1. 
The equations solved are the three components of 

-+ 
where the summation is over the plasma species s and S is an external source term. The 
plasma current density terms, x ,  are calculated using second-order finite temperature cor- 
rections to the warm plasma dielectric tensor. A sixth-order finite difference technique is 
used to solve Eq. (16) in the direction of the plasma density and temperature gradients. 
The numerical implementation used to calculate the impedance matrix is described below. 

Faraday's law, V x I? = iwB,  applies at all finite difference nodes regardless of the 
presence of plasma currents. With a conservative finite difference scheme, the numerical 
representation of Faraday's law is 

(174 (Tin - /A - i k g c & ! l  = iWBzN-l m,n 

where ky  = m/a and I C ,  = n / R  for periodic boundaries in the y- and t-directions. In 
Eq. (l?), N refers to the numerical nodes just on the vacuum side of the plasma-vacuum 
boundary and A is the discrete step size in the 2-direction. Field values at these last 
two locations (separated by A/2) represent the numerical resolution of the plasma-vacuum 
boundary. The correspondences between field values and node location axe shown in Fig. 4 
and are such that the numerical implementation of Stokes' theorem and the divergence 
theorem are satisfied. The remaining Maxwell's equation is written for this node as 

Using Eq. (17) to eliminate and Bz>Yl in Eq. (18) and considering By&n 
and B:kn to be source terms, we obtain the numerical boundary equations at the impedance 
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match location (z = 0): 

+ i k, B:kn) 

( 1 / A 2 +  k:) ET;" 1 
- i C 2  1 

(1Sa) 

(19b) 

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 7"~~ 
are zero (see Fig. 4). The impedance tensor, 2, described in Eqs (Ilia) and (15h) is sys- 
tematically calculated by setting B$" = p,, and Brin = 0 to obtain 2 1 n ; l n  and 2zvn from 
the solutions provided by ORION-1D. The 2;"' and 2gIn coefficients are 
similarly found by setting Brin = and B;in = 0. The impedance tensor is calculated 
for a desired range of m and n values and plasma parameters and can be used for many 
subsequent MAntIS runs. 

At the wall opposite the plasma impedance matching location, ORION-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 [2]. 

A 

and 
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6 POWER BALANCE 

Solutions obtained by MAntIS were checked by ensuring that 

where the asterisk * indicates the complex conjugate, v denotes the volume integral, s de- 
notes the plasma surface integral and the subscript 5 denotes the component perpendicular 
to the plasma surface. Wave energy conservation was computed by three separate meals 
to ensure that the coefficients were properly calculated. 

The first calculation is based on the Poynting flux using orthogonality of the basis set 
to perform the integral: 

where E is constructed at x = 0 using Eq. (14) and the coefficients from the Appendix and 
applying the example of Eq. (2). Faraday's law was used to construct B" in Fourier space. 

The second calculation is based on evaluation of 

where analytic integration in the 2-direction is performed using Eqs (9) and (14) and the 
Appendix with numerical summation of the resulting coefficients. Conservation of energy 
requires that the red part of PE. J = PLxx. The imaginary part of PE. J is the reactive or 
recirculating power. 

The third calculation involves the reconstructed electric and magnetic fields in real 
space. Carrying out the surface integral of the Poynting flux numerically gives 

where the values 
In this equation, 

are from the same grid as that used to plot the real-space reconstruction. 
Ay and AZ are the real-space step sizes for the numerical grid. 

The results from the first and second methods for the (typical) example considered in 
Section 7 agree to 13 significant digits using IEEE standard double-precision arithrnekic 
(approximately 16 digits of accuracy), indicating the integrity of the coding. The third 
calculation depends on the range of integration considwed in the reconstruction and the 
grid spacing, as well as the directionality of the launched power. 
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7 RESULTS 

The hlAntIS code has been used to model very complicated antenna structures, such 
as the folded waveguide [5,6], by superimposing many basic current elements. However, to 
illustrate the use of some of the code’s features, a simple current strap with feeders and 
finite phase velocity UQ along the main strap is presented here. This particular example 
stems from early design considerations for a simple loop antenna to be used in the Frascati 
Tokamak IJpgrade (FT-U) experiment in Frascati, Italy. The design parameters are given 
in Table I; the coupled power through a single port was required to be between 0.5 and 
1 MW. 

The modelling was performed using 201 poloidal and 401 toroidal Fourier modes, where 
y is the poloidal direction (along the main strap) and t is the toroidal direction (along the 
static magnetic field). The cold deuterium plasma density profile used in ORION-111 to 

calculate the impedance tensor, 2, can be described by the following analytic formula: 
+ 

n=n,exp[(r-a , ) /X,] ,  a, < r < a p  

where values for the parameters are given in Table I. Two loop antennas that were fed 
separately and stacked poloidally were considered so that the RF magnetic field could be 
maximized. The height of each strap was chosen to roughly match the expected half- 
wavelength at w = 433 MHz for a finite phase velocity of 0.5 c with the maxinium current 
carried at the center of the strap. The finite phase velocity effect is introduced in Eq. (6) by 
setting K(y ,  z )  = cos (wy/v,#,). A feeder carrying zero net current at the centre of each strap 
is required to produce such a current profile but is not explicitly considered in the model. 
The result of this choice is that the feeders carry only a small fraction of the maximum 
current density. 

For the example considered here, 75% of the power was accounted for in the mnge 
-0.1 m < y, z < 0.1 m. The real-space integration is a useful diagnostic of the directionality 
of the launch power as well as an additional check of the code. 

Figures 5 and 6 were generated using Eq. (2) to reconstruct each RF electric and mag- 
netic field component over a range from -0.1 m to 0.1 m in both the y- and r-directions with 
72 points in each direction. The fields were reconstructed at 11 evenly spaced s-locations be- 
tween the plasma interface and the conducting backwall. The geometry fimction surface was 

constructed by normalizing to the peak value in the feeder regions and choosing the nearest 
2-reconstruction plane for the main strap. The modulus of the RF fields and the isosurfaces 
of the modulus were generated using Data Explorer on a RISC System 6000 workstation 
with color-to-greyscale conversion and image enhancement using the PBMPLUS package 
(0 1989, 1991 by Jef Poskanzer). 

Figure 5 shows that the maximum RF magnetic field occurs near the centre of the 
main current strap, where the current is at a maximum. Figure 6 shows the electric field 
isosurfaces that occur between the current strap and the plasma. The electric field is 
predominantly in the radial (z) direction, pointing from the strap to the plasma, near the 
top of the main strap and in the opposite direction near the bottom. These fields are 
primarily capacitive because of the charge buildup near the ends of the strap caused by the 
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finite phase velocity. A real antenna has a Faraday shield, consisting of parallel bars placed 
roughly perpendicular to the strap, to isolate this electrostatic field from the plasma arid 
reduce nonlinear effects. The electric field in the model does not account for the Faraday 
shield explicitly; however, the plasma is a very good conductor in the direction of the static 
magnetic field lines (roughly toroidal) and behaves in a manner very similar to a Faraday 
shield for the plasma density that was used. 

If we consider the plasma and current strap with a vacuum separation as a capacitor, 
the electric field that would result from a Faraday shield of finite thickness, d f ,  is increased 
by a factor of roughly d / (d  - d j ) .  The coupled power corresponding to a maximum electric 
field of 1.74 x lo4 V/rn is calculated to be 12.8 W for d f  = 0. With the power normdized 
to the estimated maximum tolerable electric field for arcing of 2 x lo6 V/m and a Faraday 
shield with df = 0.01 m, the maximum coupled power using the structure is predicted by the 
model to be 42 kW. Thus, the modelling shows that two such antemas that are separately 
driven and poloidally stacked in the port of the machine will couple less than 100 k W .  This 
coupling is far below the design requirement and demonstrates the difficulties involved in 
using a standard loop antenna design to couple power to the FT-TI plasma. Extensive 
modelling using MAntIS for a folded waveguide launching structure has shown the folded 
waveguide technology to be a possible solution to the problem of large electric fields when 
coupling RF power to the FT-U plasma [5,6]. 

APPENDIX 

Two combinations of feeder type and backwall boundary have been tested in MAntIS for 
two different types of modelling. Both combinations satisfy Eq. (7b). 
The first combination has constant current along each feeder, j o  = 1 and jpfO = 0,  with 
boundary conditions of E$In(z = d +  h) = 0 and E:’n(~ = d +  a,) = 0 (conducting back- 
wall). This combination has been used for typical loop antenna modelling, as demonstrated 
in Section 7. 
The second combination has both standing and travelling waves for the current along the 
feeder such that j ,  = (C + 1/2), j-1 = - (C - 1/2), and jp#*l = 0. The boundary conditions 
used with this feeder type are 

- 2c 
X 

(k2;””’ - 7r2 /a$)  ‘ 

where Jzmln is defined by Eq. (9b), and < is a travelling wave parameter. This boundary 
condition is equivalent to a conducting backwall for standing waves where C = 0, but 
permits power carried by the travelling wave to flow through the backwall when C # 0. This 
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combination has been used to model folded waveguide antenna structures [5,6] primarily 
for C = 0. 
'The fields in Region I1 are 

E""' =A;"'" {exp[ikY'"(x a, - d) ]  - exp-iky'"(z - a, - d)]} 
Y I I  

( A 2 4  
+ 3 (KY7" -t- ___. 'IT P y )  

aWwM 

x {exp[ikY'"(z - d)]  - exp[-iky'"(x - d ) ] }  

+ Prl"6 {exp[ikY'"(a: - d) ]  + exp[-iky'"(x - d ) ] }  

ETG" -Cy"' {exp[iky"'(z - a, - d)]  - exp[-iky'"(x - a, -- d)]} 

x {exp[iky'"(x - d)] - exp[-iky'"(x -- d ) ] }  

+ P,"J"'{exp[ik~'"(a: - d)] + exp[-iky'n(x - d)]} 

where 

cos e) n - n' 
x (* sin 8 + - 

R 

and 

The solutions for the Region I coefficients, A?'" and G,">", are compactly written as 

A"'" 1 -  - al4 rm,nKm,n Ycff + rzn KE;: 

- 6 (rrgpy + r;;py) 

where 

(R3a) 

and 



with 
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$TI'" I= exp[ikl;'"(a,, + d ) ]  5 exp[-ikY."(aw t d ) ]  

47," exp(iky'"d) 4 exp(-iky'"d) 

In terms of these Region I coefficients, the electric fields in Region I along with the particular 
solutions for existing feeder options are given by Eq. ( lo ) ,  arid the fields in Region I1 are 

given by Eq. (14). 
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TABLE I. DESIGN PRRAhIETERS 
FOR FT-U ANTENNA 

Port size 
Major radius, R 0.93 m 
Minor radius, a 0.35 m 
Plasma minor radius, ap 
Plasma minor radius for 

slab calculation, a, 0.288 m 
Distance from current strap 

to backwall, a,, 0.13 rn 
Distance from plasma-vacuum 

interface to current strap, d 0.02 m 
Neutral density, 1 x lo2' m-' 
Electron density, ne 1.5 x loi9 mP3 
Resonant frequency, w 433 MHz 
Effective wavelength, A, 0.06 m 
Finite phase velocity, v+ 
Antenna model parameters 

0.07 x 0.4 m 

0.3 m 

0.5 c 

Angle of rotation, 0 90" 
Current element width, a 0.03 
Current element length, p 0.18 
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Figure 1: Schematic of a typical loop antenna design for use in a tokamak fusion experi- 
ment. 
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Parts of a loop antenna that MAntIS models. Note that the modelling of the Figure 2: 
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ORNL-DWG 93-2205 FED 

Figure 4: Grid used for finite differencing in the ORION-1D code to calculate the impedance 
match between the plasma and vacuum regions. 
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Figure 5: Inverse Fourier reconstruction of solutions in real space showing isosurfaces of 
constant RF magnetic field amplitude along with the surface of the geometry function 

= 0.5 c in FT-U. 



26 

ORNL-DWG 93M-2206 FED 

4 

Figure 6: As in Fig. 5 except that isosurfaces of constant electric field amplitude are shown. 
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