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Abstract 

The application of Ion Cyclotron Range of Frequency (ICRF) heating to 

near ignited plasmas will require launching structures that will be capable of 

withstanding the harati plasma environment* The recessed antenna configuration 

is expected to provide sufficient protection for the structure, but to date no 

analysis has been done to determine if adequate coupling can be achieved in 

such a configuration. In this work we present a method for determining the 

current distribution for the antenna in the direction transverse to current 

flow and predict antenna loading in the presence of plasma. Antennas of 

arbitrary cross section are analyzed above ground planes of arbitrary shape. 

Results from ANDES, the ANtenna DESign code, are presented and compared to 

experimental results. 
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I. IntroduC. ion 

ft key '.ssue in the use of the fast magnetosonic wave for plasma heating 

applications is the design of a suitable wave launcher, which generates waves 

of a specified wavelength spectrum while maximizing the power handling 

capability. Moreover, care must be taken to protect the radiating elements 

from the particle and energy fluxes at the plasma periphery and to prevent the 

unwanted contamination of the plasma by ablation of the antenna materials. In 

order to ensure the excitation of only the fast wave, a polarization shield, 

or so-called Faraday shield has commonly been fixed over the radiating element 

to screen out the electrostatic field components while permitting, in the 

ideal case, complete penetration of the magnetic fields. 

in experiments thus far, wave launchers in the ion cyclotron range of 

frequencies {ICRF) have been based on inductive loops which rely on sufficient 

coupling of the near fields of the antenna to the edge plasma. With edge 

plasma parameters commonly encountered in the experiments, antenna leading 

impedances of a few ohms are found, which necessitates the use of tuning 

elements to natch the antenna to a transmission line. The Q of the resulting 

tuned circuit is typically in the range of 10-20 and becomes ultimately the 

limit to the power handling capability when the reactive voltages involved 

exceed a breakdown limit. 

In proposed reactor or ignition devices, such as the Compact Ignition 

Toteamak (CIT), the plasma edge power density is expected to be much larger 

than in current experiments, requiring additional protection for the 

antenna, ideas which have been proposed to afford this protection include the 

use of close fitting protective limiters or the recessing of the entire 

antenna in a cavity in the vessel wall. With such schemes it becomes 

necessary to make a quantitative trade-off between additional protection and 

lower power handling capability due to the loss of coupling. 
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in previous antenna modelling studies, only relatively idealized 

geometries nave been studied, and few have taken into account the effect of 

the plasma an the radiating conductors. In this paper we present a method for 

analyzing antennas of arbitrary cross-section above ground planes of arhitrary 

shape with finite resistance. Faraday shields have been omitted in this 

treatment, since their effect on the near-zone inductive fields can be made to 

be negligible with appropriate design. A further limitation is adopted that 

only those cases are considered where the vacuum wavelengths are much larger 

than the transverse dimensions of the system, so that the quasistatic fields 

are a good approximation to the wave fields. A computational model is 

developed, the ANtenna DESign code (ANDES), and the results are compared with 

other theoretical works as well as with experimental measurements in vacuum. 

It should be noted that the antenna current distribution is not assumed, as is 

usually the case in these studies, but is determined self-concistently as a 

consequence of the influence of the plasma and other radiating elements. The 

resulting current distribution is used to determine the maximum electric field 

strength, which in turn is used to estimate the maximum power handling 

capability for a given antenna design. The power handling capability is 

studied as a function o£ geometric shape factors and edae x-lasraa conditions. 

Results are presented for various proposed antenna designs including those 

above a ground plane anA in the recessed configuration. 

In Sec. II we describe the computational algorithm and compare it to 

other known solutions as well as to experiment in Sec. III. In Sec. IV we 

present the results of the study of the recessed antenna concept. The 

conclusions of this work are drawn in See. v. 
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II. Description of the Algorithm 

The -^gsential quantity C: the antenna design problem to be determined is 

the distribution of current in the plane transverse to the direction of 

current flow. once Mus is known, the near-zone fields, loading impedance, 

and coupling efficiency are readily computed. A schematic diagram of the 

cross-section of a typical ICRF antenna, such as the one used on the Princeton 

Large Torus (PLT), is shown in Fig. 1. The current is carried by a driven 

element and returns through the ground plane. in this work we adopt the 

realistic limitation that the fields are nearly quasistatic, that is, that the 

variation of current in the direction transverse to the current flow occurs 

over a distance much shorter than a wavelength. In this case the variation of 

the current along the antenna is assumed to be sinusoidal and slowly varying, 

so that the fields form a nearly TEK wave. This assumption allows for the 

modelling of the current distribution as a collection of elementary filaments, 

each of which has a limiting self-inductance and a mutual inductance to other 

filaments which depends primarily on their spacing. The totality of all the 

filaments comprises a coupled circuit which may be solved by standard matrix 

methods. This method is akin to the method of moments and amounts to the 

solution of an integral equation for the current distribution.* in the 

remainder of this section we develop the model for an elementary current 

filament and describe a computational algorithm for the solution of the 

resulting circuit equations. 

In the case of a metallic conducting boundary, the surface is divided 

into a collection of parallel bars that are a skin depth o = j2/o\iu thick 

and w wide as shown in Fig. 2.; w is considered to be sufficiently small so 

that the current ia uniform over the bar cross-section. The resistance of 

each is bar given by R » S/«! and the inductance of each bar is given by 
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= 2 x 10~7e f in ( -p- ) + 0.5] (1) 

where 1 is the length of the bar . Also, the mutual inductance to any other 

bar in vacuum is given by 

« = 2 * 1 0 - 7 e [tn£h - , + f - ( f ) ] 

where d is the distance between the two bars. These expressions are 

approximations to the exact formulas, but for the case of w,d << 1 they are 

found to differ from the exact values by no more than 2%. It is further 

assumed that all the current carried by the antenna is returned via the ground 

plane and that there is no variation along the direction of current flow 

(k = 0 ) . Such an assumption is tantamount to restricting the region of 

interest to near a current maximum on the antenna and considering the quasi-

static variation of the fields transverse to the current channel at this 

point. With these aasumptions an equivalent circuit model can be constructed 

with regard to the current distribution among the antenna and ground plane 

elements, as shown in Fig. 3. To illustrate the method, we omit the plasma 

for the time being. The resulting matrix equation for the voltages and 

currents can be written in the form 

Ra+jcuLa j<i)M. 
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[Z] [II = [Vj 

where [z] is the n x n impedance matrix which ig complex symmetric, [I] is the 

current vector, and [v] is the voltage vector. To solve for [I], [Z] is 

inverted with [Y] = [Z] and we require that the sum of the driving currents 

plus the return currents sum to 0, i.e., 

Ia = £ li =1, and 
i=1 

i = E i. = - 1 

where we chose m-driven antenna elements and n-nt ground plane elements. Since 

the voltages across parallel elements are equal, the matrix can be broken down 

into smaller partial matrices and solved as follows: 

3 ia - ca • u . 
where 

i j 

m n 

*=E E * 
i= i j - i 

m n 

X = 1 3=13+1 J 

n n 

i=m+1 j=m+1 
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C = B by sy-nmetry. From these p a r t i a l matr ices V a and V may be so lved 

d i r e c t l y : 

Vg = B - 4rf) 
s . ( B > P ) 

a (A + B) g 

Once these voltages are known, both the current distribution and the input 

impedance can be determined. The total dissipated power is further determined 

from the real part of the input impedance, as is the antenna Q, defined to be 

the ratio of the input reactance to the input resistance. 

The main purpose of this work is to evaluate the coupling of various 

antenna configurations in the presence of plasma. To this end, it is 

necessary to construct a representation for the plasma surface impedance in 

terms of the filament model described above. However, it is most convenient 

to represent the plasma impedance in Fouri=r space (k ) where the Fourier 

transform is taken in the direction along a field line, as shown in rvig. 2. 

For the purposes of this study, we assume the plasma i3 completely absorbing 

at infinity, so that only an outgoing wave may be retained in the plasma 

half space. This is a good assumption for most cases expected in both current 

and future ICRF experiments.6 On the vacuum side, the fields have the form 

E = Cj exp(-ikx) 

1 3 E -k H = - T-^- = — Ciexp(-ikx) z lull 3x <uu l * 

V 2 2 2 2 2 

k - k k = u> /c 
o z a 
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and on the plasma s ide we have: 

E = c , exp{ik x) y * x 

H = • exp( ik x) 
Z 1DU X 

2 
2 2 i* 2 

2 Ik K, - k ) t k It 
W l t h : k x = Z 2 

O 1 2 

where for the range of f requenc ies of i n t e r e s t 

2 
~ pj X = - > 4 - •> 

' • I = 2 ^ . 2 c u> - to , ci 

c i 

and iii . i s the ion plasma frequency and u . i 3 the ion c y c l o t r o n frequency. 

l e 5 

t h a t fij ha3 the jump of I-/W, t h e r e f o r e : 

At the plasma element (x » 0 . 0 , a = 2 Q ) , we assume t h a t E„ i s continuous and 

c l = c 2 

k o ? - c , k i 

<DU uiu w 

This y i e l d s : 

V" - ° - 0 , -T i r fT rT^ 
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The power flowing in the element is: 

P = 1/2 f E J dA 
y y 

We assume t h a t the current i s uniform across the s t r i p (J„w = r Q ) . We find 

the Fourier r e p r e s e n t a t i o n for J„ and E vs 

J k = / 
—OB 

, - i l c z . 
J e az 

y 

J 
y 

s t t i (k w/2) 
J 

y k w/2 
z 

= r o 

s indc w/2> z = r o k z w/2 

and s i m i l a r l y 

I ainOc w/2) 
up O 2 

\ = Oc +• k ) k w/2 

Using p a r s a v e l ' s theorem, the power i s 

p -1 h I \ J-k d 5 t

z 

and the impedance 

. « sin (k w/2) 
Z = — 7 = —=7 J y dkz 

I w -» (k + k)k 
O X 3 

in a similar way, the mutual impedance can be found 
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2 , » sin (k w/2) -ik (z-z ) 
Z(z,z ) = •—j" " — 7 1 7 e d k 

° I nw o (k +• k)k z 

O X Z 

For the region of interest for this problem we may take Jt + 0 and 
k = ikz« The impedance for a typical case is shown in rig. 4. It is noted 
that the mutual resistance between two plasma elements can be negative, a 
manifestation of the relatively short wavelength which exists in the presence 
of plasma. A similar result is obtained for the mutual impedance of dipole 
antennas.7 The essence of the coupling problem la contained in the impedance 
of the plasma elements. The presence of plasma converts the pure inductive 
mutual impedance seen between vacuum elements into a complex mutual impedance, 
i.e., the antenna near zone fields become propagating waves and have real 
power flow once they have penetrated the plasma surface. 

The plasma elements are incorporated into the circuit model in the same 
manner that the ground plane elements are handled. In particular, the 
boundary condition used is that the sum of all the plasma surface currents is 
zero. This condition forces a current reversal in the plasma plane, as 
expected. Figure 5 indicates the magnitude and phase of the surface currents 
in the plasma for a typical case. We note that the phase variation represents 
a traveling wave emanating from the antenna along the plasma surface. Also, 
due to the finite extent of the analysis, some reflection of the waves is 
observed at the ends of the domain. This is an artifice of the abrupt change 
in surface impedance at this point suggesting that for sufficient accuracy, 
the domain must be taken to be sufficiently large so that most of the power 
has radiated into the plasma before encountering the ends. in the next 
section we benchmark this model against both simple analytical models and 
experimental measurements. 
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III. Comparison with Analytical Results and Experimental Measurements 

As a check on che algorithm, we first consider the case of a thin current 

strip above an infinite ground plane whose analytical solution is known. The 

limit is taken where the antenna dimensions are short wi*-.h respect to a 

wavelength so that the expression for the low frequency inductance is 

appropriate. In the case of a TFH antenna analyzed by Adara, as shown in 

Fig. 6(a), the inductance using the analytical solution is found to be "I.47 x 

10 henrys/meter. Adam found the inductance of this antenna by iirst Fourier 

analyzing the fields between the antenna and the ground plane and then 

integrating over Fourier space to determine the total stored field energy. 

The resulting inductance is derived directly from stored energy and is found 

to agree well with the analytic result. The results from ANDES give a similar 
Q 

value of 2.3 x 10 henrys/metsr. The current distribution in this 

calculation was not assumed to be uniform, as in Adam's work, but 13 found to 

be peaked near the ends of the conductor, as shown in Fig. 6(b). This 

slightly lower value is consistent with, minimization of the stored enerqy as 

the actual current distribution is approached. 

Further confirmation of the model has been made by comparison with the 

experimental measurements of Fortijang and Hwang for the PLT antenna in 

vacuum. In their work, a small current probe was used to measure the near-

zone fields in the vicinity of a PLT antenna. Figure 7 shows the comparison 

between the measured values and the results from ANDES, indicating excellent 

agreement in both directions transverse to the current flow. It is worthy to 

note ir.at in order to achieve this agreement, the flux had to be integrated 

over an area equal to the probe aperture, even though this was small, 

indicating the current distribution may be more peaked than actually 
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measured. Figure 8 shows ANDES predicted current distribution for the PLT 

antenna. Notice that current tends to be excluded from the interior cornets 

and peaks or the lobes of the antenna. Also, current tends to be greater on 

the suria^e furthest from the ground plane. 

C.e comparison of ANDES with experimental results in the presence of 

plasma is complicated by the fact that the experimental edge density profiles 

are not well known. The real part of the antenna impedance has been shown to 

be a sensitive function of the edge density and the distance between the 

antenna and the plasma. For the purposes of this study, we have assumed a 

uniform plasma density with a fixed separation from the antenna (independent 

of Jtz)« By comparison, Adam assumed parabolic edge density profiles and 

allowed the separation distance to be a function of \ in order to model the 

variable evanescent distance expected in the presence of gradients, since the 

presence of plasma iG not found to affect the antenna reactance appreciably, 

we do not expect the detaila of the plasma edge to affect the current 

distributions significantly. The antenna resistance or coupling coefficient 

is affected, however, and we adjust the edge parameters to fit experimentally 

measured values. 

In accord with the measurements of Fortgang and Hwang, a reduction of the 

overall coupling impedance of 50% 3hould be made to account for the decrease 

of the antenna current away from the current maximum (i.e., dae to the finite 

wavelength along the antenna length!• In the PLT case, an edge density of 

1 x 10 cm is sufficient to reproduce the 3 ohm loading impedances found in 

the experiments. Using this value, the results from ANDES for the VLT antenna 

and related variations of this antenna are shown in Table 1. These results do 

not taV-e into account the expected reduction in input impedance and are 

presented for comparison of various antenn-i designs. The input impedance 
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predicted by ANDES cor the PLT antenna of 6 ohms should translate to an 

experimentally observed input impedance of about 3 ohms, in agreement with the 

experiment. 

Table 1 indicates that the peak electric field on the antenna surface 

(i.e., the antenna Q) can be lowered by increasing the antenna width and 

thickness. As the antenna is made wider, the magnetic flux concentration at 

the ground plane increases and the input impedance decreases. Tabic 1 shows 

that the peal; electric field at the antenna surface for the case of 1 MW 

delivered power into the plasroa can be reduced by 30% just by increasing the 

antenna thickness to 2 cm. Results also sho*. that the input impedance can be 

appreciably increased by increasing the distance between the antenna and the 

ground plane. in the next section we apply this model to determine optimal 

conductor to ground plane spacing for lowering the peak electric fields and to 

ascertain the coupling for more complicated geometries. 

IV. application of the Model to Recessed Antenna Coupling 

The main motivation for this work is to study recessed antenna 

configurations 2nd determine if this scheme can provide effective plasma 

heating. An antenna of round cros3 sectiOA in a semi-circular recess was 

investigated because it was believed that this would distribute the current 

more evenly across the antenna surface. Results showed that this 

configuration did have well-distributed current, but to achieve a 

comparatively low electric field required antennas of relatively large radius 

in a recess of equally large radius. 

In order to restrict the analysis to a small number of physically 

realizable configurations, we shall focus our study on rectangular recesses 
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with rounded corners. We present the results for the case of two different; 

channel dep.hs. Referring to Fig. 9, a 14 cm wide and 2 cm thick antenna 

depressed 5.5 cm in a recess was analyzed. The channel width was varied from 

15 cm to a width such that the channel couLd be viewed as a flat ground 

plane. The plasma was 3 cm in front of the recess and the density was 

5 x 1 0 1 2 cm - 3. These are expected to be in accord with the requirements of 

the CIT. The predicted input resistance and electric field for a 5 cm and 

10 cm deep channel are shown in Fig. 10. 

We calculated the peak electric field for each antenna configuration 

delivering 1 MW into the plasma. As shown in Fig. 11, the noteworthy result 

is observed that the total electric field at the antenna reached a minimum 

when the channel width was made about 2.5 times the antenna width. Adequate 

input resistances for coupling in the range of (> 2 fl) are found for these 

configurations at these channel widths as well. From these results we believe 

that there is no need for extremely wide channels. Sufficient loading and 

relatively low electric fields should be obtainable without imposing 

unrealistic constraints on the size of the launching structure. 

The Fourier spectrum of the antenna fields can be determined by a direct 

evaluation of the Fourier integral using the results of the previous 

calculation. For comparison purposes the spectrum of the B a component of the 

RF field is evaluated along a layer just above the ground plane. The limits 

of the Fourier integral, which determine the minimum Ak_ resolution of the 

spectrum, were found to be sufficient at +/-5 times the channel width. 

Figure 12a is a typical spectrum for the recessed configuration. The 

location of the minor peak in the spectrum is determined by the channel width, 

while the location of the major peak is determined by the assumed edge plasma 

density. The latter feature is essentially the same for both the recessed and 
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nonrecessed configurations and reflects the significance of the plasma edge in 

determining zhe ground plane currents. It is worthwhile to note that the 

width of the driven element itself has a minimal effect on the spectrum in the 

recessed configuration. 

The Fourier spectrum of an identical antenna for the ;ionrecessed 

configuration, evaluated along a layer just above the antenna surface, is 

shown in Fig. 12b. fhe spectra in Fig. 12 are very similar, indicating the 

dominant spectral filtering imposed by the plasma surface. This implies that 

the plasma edge density is the most important factor governing the character 

of the launched wave spectrum. 

V. Conclusions 

Results from ANDES compared to experimental results suggest that we can 

accurately model antennas of arbitrary cross section above a ground plane. 

From these results we believe that this analysis applied to recessed antennae 

is valid and will be useful in predicting coupling for ICRF heating. The 

results of this analysis indicate that the recessed configuration can be 

expected to provide adequate coupling €or ICRF heating applications. R fully 

three-dimensional analysis considering variation of current along the antenna 

would provide a more complete treatment of the problem, but this analysis 

would undoubtedly require large amounts of computer time and would not 

appreciably change the character of the results for antennas whose transverse 

dimensions are small with respect to a wavelength. A density gradient was not 

considered in this analysis and may modify the absolute value of the loading 

impedance but not the relative scaling of the impedance with geometric 

factors. 
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Four different antenna shapes drown to relative scale are compared for the case of a 1.3 meter IORIJ antenna 
in the presence of a plasma wich n = 1 x 10 an . The total peak electric field is calculated for the 
case of 1 MM delivered into the plasma. Shape A is the present PLT antenna. 
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Figure captions 

Fig. 1 . .j'hematic diagram of the PLT fast wave antenna with partial Faraday 

shieLd. 

Fig. 2. Conceptual design of a recessed antenna for the Compact Ignition 

Tokamak. Expanded view shows the division of elements used to model the 

antenna. The magnetic field, B r 13 taken to be along the z direction. 

Fig. 3. Circuit model of the antenna and ground plane. V a is the voltage 

across the antenna and V is the voltage across the ground plane. R a, L 

and R-tL, represent the resistance and inductance of the antenna and 

ground plane elements, respectively. H represents the mutual inductance 

between elements. 

Fig. 4. a) Real part of the mutual impedance of one plasma element to 

another. b) Imaginary part of the mutual impedance. 4 is the 

geparation of the elements, A * 0 corresponds to an element's self-

impedance. This case was for a. plasma element 1 meter long with a 

density of 1 x 1 0 " cm . 

Fig. 5. a) Magnitude of the current flowing in the plasma elements; 

b) phase of the current. 
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Fig. 6. a) Schematic diagram of the ICRF antenna analyzed by Adam in the 

preser.ee of plasma. The antenna is 1 meter long, 6 cm wide and 

2 cm above the ground plane in the presence of a plasma with n = 

1 * 1 0 1 2 cm i a few field line3 are shown. b) current distribution 

along the surface of the antenna as predicted by ANDES. 

Fig. 7. a! Measurement of magnetic flux (solid dots) across the top surface 

of the PLT antenna plotted against the predicted flux by ANDES; 

b) measurement of magnetic flux in a direction perpendicular to the top 

surface and ANDES predicted result. 

Fig. 8. ANDES predicted current distribution for the PLT antenna. The 

antenna is 5 cm above a ground plane. 

Fig. 9 CIT antenna in the presence of plasma with n = 5 * 1 0 1 2 cm - 3; a few 

field lines are shown. A 14 cm wide, 2 cm thick antenna depressed 1 .S era 

was analyzed for different channel widths and depths. 

Fig. 10. Predicted input resistance and electric field for a 1 meter length 

antenna as in Fig. 9 in the presence of plasma, a) 5 cm depth channel; 

b) 10 cm depth channel. 

Fig. 11. Peak electric field for the CIT antenna delivering 1 megawatt into 

the plasma, results for a 5 cm depth and 10 cm depth channel as in 

Fig. 9. 

http://preser.ee
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Fig. 12. (-a) Fpurier spectrum of the B component of the RF field for the 

recessed <;onf iguration. 

(b) Fourier spectrum for the nonrecessed configuration. 
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