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Abstract

" The application of Ion Cyclotron Range of Frequency {ICRF) heating to
near ignited plasmas will reguire launching structures that will be capable of
withstanding the harsgh plasma environment. The recessed antenna configquration
is expected to provide sufficient protection for the structure, but to date no
analysis hag been done to determine 1f adeguate coupling can be achieved in
such a configuration. 1In this work we present a method for determining the
current distribution for the antenpa in the directicn transverse to current
flow and predict antenna locading in the presence of plasra. Antennas of
arbitrary cross gection are analyzed above ground planes of arbltrary shape.

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

experimental results.
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I. Introduction

A key 1ssue 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 gpecified 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 uw;s‘fér, wave launchers 1in the ion cyclotron range of
frequencies {ICRF} have been based on inductive loops which rely on sufficient

' with edge

coupling of the near fields of the antenna to the edge plasma.
plasma parameters commonly encountered in the experiments, antenna lcading
impedances of a few ohms are found, which necessitates the use of tuning
elements to match the antenna to a transmission line, The Q of the resulting
tuned circuit is typically in the range of 1020 and becomes ultimately the
limit to the power handling capability when the reactive voltages involved
exceed a breakdown }.:i.mi.1‘:.2

in proposed reactor or ignition devices, such as the Compact Ignition
Tokamak (CIT), the plasma edge power dengity is expected to be much larger
thar in current experiments, reguiring additional protection for the
antenna. Ideas which have been proposed to afferd this protection include the
use of c¢lese fitting protective 1limiters or the recessing of the eatire
antenna in a cavity in the vessel wall.3 with such scheines it becomes

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

lower power handling capability due to the loss of coupling.



In pr2vicus antenna medelling studies, only relatively idealized
geometries have been studied, and few have taken intoe accoun:t the effect of
the plasma on the radiating conductoers. In this paper we present a methed for
analyzing antennas of arbitrary cross-section above ground planes of arhitrary
shape with finite resistance. Faraday shieids have been omitted in this
treatment, since their effect on the near-zone inductive fields can be made to
be neqgligible with apprepriate design. A further limitation is adopted that
anly those cases are considered where the vacuum wavelengths are much larger
than the transverse dimensions of the system, sSo that the quasistatic fields
are a good approximation to the wave fields. A computational medel is
developed, the ANtenna DESign code (ANDES), and the results are compaced with
other theoretical works as well as with experimental measurements in vacuum.
It should be noted that the antepna current distribution is not assumed, as is
usually the case in these studies, but is determined self-concistently as a
consequence =f the influence of the plagsma and other radiating elements. The
resulting current distribution is used to determine the maximum electric field
atrength, 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 of geometric shape factors and edoe :;laama conditions.
Results are pregented for wvarious vroposed antenna designs incleding those
above a ground plane and in the recessed conflguration.

In Sec. II we describe the computational algorithm and compare it to
other known sclutions as well as ¢o experiment in See. III. In Sec. IV we
present the regults of the study of the recessed antenna concept. The

conclusions of this work are drawm 1ln Sec. V.



II. pescription of the Algorithm

The =ssential quantity c¥ the antenna design problem to be determined is
the distribution of current in the plane transverse to the direction of
current €low. Once this 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
realigtic limitation that the fields are nearly quaaistatic, that is, that the
varfiation of current in the direction transverse to the current flow occurs
over a distance much shorter than a2 wavelength. In this case the variation of
the current along the antenna is assumed to be sinusoidal and slewly varying,
so that the fields form a nearly TEM wave, This assumption allows for the
modelling of the current distribution as a collection of elementary filaments,
each of which hag a limiting gelf-inductance and a mutual inductance to other
filaments which depends primarily omn their gpacing, The totality of all the
filaments comprises a coupled c¢ircuit which may be solved by standard matrix
methods » This method is akin to the method of moments and amcounts to the
gsolution of an integral equation for the current diacrihucion.“ In the
remainder of this sgection we develop the medel for an elementary current
filament and describe a caomputational algorithm for the solution of the
resulting circuit equations.

In the case of a metallic conducting boundary, the surface 1is divided
into a collecticn of parallel bars that are a skin depth & = \/—m thick
and w wide as shown in Flg. 2.; w is considered to be sufficiently small so
that the current is uniform over the bar cress-gection. The resistance of

.

each is bar given by R = 2/ows and the inductance of each bar i3 given by



L-=2x102 [ln(%—f;) +0.5] 1)

where I i3 the length of the bar. Also, the mutual inductance to any other

bar in vacuum is given by

2
~7 22 d 4
M =2%10 l[ln(—g]-l+1-(£)] '
where d is the distance between the two bars. Thegse expresgions are

approximations to the exact fomulas,s but for the case of w,d << & they are
found to differ from the exact values by no more than 2%, It ig further
assumed that all the current carried by the antenna is returned via the ground
plan= and that there is no variation along the directian of current flow
(k}, = 0}, such an aggsumption 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. wWith these aasumpticns an equivalent circuit model can be constructed
with regard to the current distribution among the antenna and ground plane
elements, as shown in PFlg. 3. To illustrate the method, we omit the plasma
tor the time being. The reaulting matrix equation for the wvoltages and

currents can bhe written in the form
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or

[z] (1] = (v} '

where [Z) is the n x n impedance matrix which is complex symmetric, [I] is the
current vector, and (V] is the voltage vector. To solve for [I], (2] is
inverted with {¥] = [2]1™) and we require that the sum of the driving currents

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

1, and

L
i
i+
]

n
gl o=t
i=m+1

where we chose m-driven antenna elements and n-m 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:

where



C =B by synmetry. From these partial matrices Va and vg may be solved

directly:

1
g - p(BrD
B AA+B)

_ B+ D)
a__(A+B)vg

Cnce these voltages are known, both the curreat 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 ratiao of the input reactance to the input resistance.

The main purpogse of thig work is to evaluate the coupling of varicus
antenna configurations in the presence of plasma. To this end, it is
necessary to construct a repregentation for the plasma surface impedance in
terms of the filament model described above. However, it is most sonvenient
to represent the plagma impedance in Fouri=r sgpace (kz) where the Fourier
transform is taken in the direction along a field line, as shown in rig. 2.
For the purposes of this study, we agssume the plasma is completely absorbing
at infinity, so that only an outgoing wave may be retained in the plasma
halfspace. This is a good assumption for most cases expected in both current
6

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

Ey = ¢) exp(-ikx)

H =———Xa ;—l: cexp(-ikx)

with: k =\/k -k k =w fc



and on the plasma side we have:

™
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=, exp(lkxx)
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where for the range of frequencies of interest

2
~ m)i mz
K = L =
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w
el

and o i is the ion plasma frequency and u

b 5 is the ion cycleotron frequency.

>

At the plasma element (x = 0.0, z = zob, we aggsume that EY is continucus and

that H, has the jump of Io/w, therefore:

k ¢ -c1k I
2 1
= + 2 .
wy wu w
This yields:
cey st o
1= 2" TR w
X
Wi I
Ey(x = 0.0} = W;— .



The power flowing in the element is:

2 { E 3 aa
p = .
/ w Y Y

We assume that the current is uniform across the strip (Jyw = IO). We find

the Fourier representation for JY and Ey’

J, = f J e—l zdz
- Y

sinlk w/2)
= TJ L———z_
4 kzwfz

sin(kzw/2)

=1 K_w/2

and similarly

I sin{k w/2)
B = wy [] z
{k + kx) kzw/Z

Usaing parsavel's theorem, the power is

»
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and the impedance

2
w ain (k_w/2)
2=ty —E S ae .
I w -= (k_+ k)
[+] x 2

In a similar way, the mutual impedance can be found
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For the regien of interest for this problem we may take ko + 0 and
k = ik,. The impedance for a typical case is shown in Fig. 4. % is noted
that the mutual resiscance 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 cbtained for the mutual impedance of dipole
antennas.’ The essence of the coupling problem .9 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,
ise., the antenna near zone fields becone propagating waves and have real
power flow oace 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 1ls 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 typlcal case. We note that the phase variation represents
a traveling wave emanating from the antehna along the plasma surface. Also,
due to the finite extent of the analysis, some reflectiou of the waves is
okserved 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 inte the plasma before encountering the ends. In the next

section we benchmark this model against both simple analytical models and

experimental measurements.



IIT. Comparison with Analytical Resulits and Experimental Measurements

As a check on the algorithm, we first consider the case of a thin current
strip above an infinite ground plane whose analytical soluticn is known.8 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

9

appropriate. In the case of a TFR antenna analyzed by Adam,” as shown in

Fig. 6{(a), the inductance using the analytical solution is found to be 7.47 x
10-9 henrys/meter. Adam found the inductance of this antenna by first 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
value of 2.3 x 1072 henrya/meter. The current distribution in cthis
calculation was not assumed to be uniform, as in Adam's work, but i3 foumi to
be peaked near the ends of the conductor, as shown in Fig. 6(b). This
glightly lower value 1is consistent with minimization of the stored energy as
the actual current distribution is approached.

Further confirmation of the model has been made by comparison with the
experimental measurements ¢f Fortgang and Hwang for the PLT antenna in
vacuum.10 Iin 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 irat 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



meesured. Figure 8 shows ANDES predicted current distribution for the PLT
antenna, Notice that current tends te be excluded from the interior ccrners
and peaks on the lcbes of the antenna. Also, current tends £o be greater on
the suriace furthest from the g=ound plane.

rae comparison of ANDES with experimental results in the presence of
plasma is complicated by the fact that the =xperimental edge denaity 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 dJdistance 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 kz). By compariscen, Adam assumed parabolic edge density profiles and
allowed the separation distance to ke a funchtion of %, in order to model the
variable evanescent digtance expected in the presence of gradients. Since the
presence of plasma is not found to affect the antenna reactance appreciably,
we do not expect the detailg of the plagmz edge to affect the current
distributions significantly. The antenna resistance or coupling coefficient
is affected, however, and we adjugt the edge parameters to fit experimenta:rly
measured values.

In accord with the measuremantg of Fortgang and Hwang, a reduction of the
overall coupling impedance of 50% should be made to account for the decrease
of the antenna current away from the current maximum {(i.e., due to the finite
we velength along the antenna length). In the PLT case, an edge density of

3 i{s sufficient to reproduce the 3 ohm loading impedances found in

1 x10'2 em™
the experiments. Using this value, the results from ANDES for the pLT antenna
and related variations of <his antenna are shown inn Table 1. Thege results do

not ta%e into account the erpected reduction in input impedance and are

presented for comparieon of variocus antenna designz. The input impedance

e
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predicted by ANDES <or the PLT antenna of 6 ohms should translate to an
experimenczally 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, A= the antenna is made wider, the magnetic flux concentration at
the ground plane increases and the input impedance decreases. Table 1 shows
that the peak electric field at the antenna surface for the case of 1 MW
delivered power into the plasma can he reduged by 30% just by increasing the
antenna thickness to 2 cm. Results also show that the input impedance can be
appreciably increased by iuncreasing 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
confiqurations 2nd determine if this scheme can provide effective plasma
heating. An antenna of round cross gectien in a semi-circular recess was
investigated because it was believed that this would distribute che current
more evenly across the antenna surface. Results showed that this
configuration did have well-distributed current, but to achleve a
comparatively low electric field required antennas of relatively large radius
in a recegs of equally large radius.

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

reallzable configurations, we shall focus our study on rectangular recesses



14

with rounded corners. We present the results for the case of two different
channel depzhs. Referring to Fiq. 9, a 14 cm wide and 2 com thick antenna
depressed 1.5 cm in a recess was analyzed. The chaanel width was varied from
15 cm to a width such that the channel c¢ould be viewed as a flat ground
plane. The plasma was 3 cm in front of the recess and the density was
5% 10'2 cn 3.  These are expected to be in accord with the reguirements 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 cenfiguration
delivering 1 M4 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 angenna width. Adequate
input resistances for c¢oupling in the range of (> 2 Q) are found for these
configqurations at these channel widths as well., From these results we believe
that there is no need for extremely wide channels. Sufficient lsading and
relatively low electric £ields should be obtainable withcut impoging
unrealistic congtrainta on the size of the launching structure.

The Fourier spectrum of the antemna flelds can he determined by a direct
evaluation of the Fourier integral wuwsing the results of the previous
calculation, FPor comparison purpoges the spectrum of the B, component of the
RF field is evaluvated aleng a layer just abheve 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.

Figurs 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 Jetermined by the assumed edge plasma

dengity. The latter feature is essentially the gsame for both the recessed and
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nonrecessed configurations and reflects the significance of the plasma edge in
determining the ground plane currents. It 1s 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 nonrecessed
configuration, evaluated along a layer just above the antenna surface, is
shown in Fig. 12b. The 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 experiuental results suggest that we can
accurately model antennas of arbitrary cross section above a ground plane.
Prom these results we believe that this analysis applied to recessed antennae
is valid and will be useful in predicting coupling for ICRF heating. Th;
results of this analysis indicate that the recessed configuration can be
expected ta provide adeguate ¢oupling for ICRP heating applications. & fully
three~dimensional analygis 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 reapect 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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Table 1

#B86X0738

Maximum [nput lectric Fiel

Electric Field Resistance Mepawat

(A) (V/cm.-amp) {ohms) (kV /cm)

C==—"=) 58.6 6.0 212

(8)

40.0 59 14.1

{c)

28.6 55 10.3

(D)

< _ 16.6 44 7.2

Four different antenna shapes drown to relative scale are compared For the case of a 1.3 meter lony antenna

in the presence of a plasma wich n =1 x 10'¢ o3, The total peak electric field is calculated for the
case of 1 MW delivered into the Plasma. Shape A is the present PLT antenna.

81
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Figure Captions

1. 3chematic diagram of the PLT fast wave antenna with partial Facaday
shield.
2. <Conceptual design of a recegsed antenna for the Compact Ignition

Tokamak. Expanded view shows the division of 2lements used to model the

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

3. Circult model of the antenna and ground plane. Vs is the voltage

L

is the voltage acrogss the ground plane. Ry, Ly

across the antenna and vg

and R represent the regigtance and inductance of the antenna and

g by
ground plane elements, respectively. M repregsents the mutual inductance

hetween elements.

4. a) Real part of the pmutwal impedance of one plasma element to
another. b) Imaginary part of the mutual impedance. 4 is the
separation of the elements, A = 0 corresponds to an element's self-
impedance. This case was for a plasma alement 1 meter long with a

density of 1 x 1012 cu3,

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

b} phase of the current.
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6., 3a) Schematic diagram of the ICRF antenna analyzed by Adam in the
presence of plasma. The antenna is 1 meter leng, 6 cm wide and
2 cm above the ground plane in the presence of a plasma with n =
1 x10'2 en~3; a few field lines are shown. b) current distribution

along the surface of the antenna as predicted by ANDES.

7. a; Measurement of magnetic fiux (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 rasult,

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

antenna ig S ¢cm above a ground plane.

9 CIT aatenna in the presence of plasma with n = 5 x 10'2 cn™3; a few
field lines are shown. A 14 cm wide, 2 cm thick antenna depressed 1.5 cm

was analyzed for different channel widths and depthas.

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.

1t. Peak electric field for the CIT antenna delivering 1| megawatt into
the plagma, results for a 5 cm depth and 10 cm depth channel as in

Fig. 9.
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Fig. 12. (a) Fourier spectrum of the B component of the RF field for tne
recessal configuration.

(b) Fourier spectrum for the nonrecessed configuration.
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