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ABSTRACT

We have applied a three-dimensional (3-D) algorithm for solving Maxwell’s
equations to the analysis of folded waveguides used for fusion plasma heating at
the ion cyclotron resonance frequency. A rigorous analysis of the magnetic field
structure in the folded waveguide is presented. The results are compared to experi-

mental measurements. Optimum conditions for the folded waveguide are discussed.






I. INTRODUCTION

A low-frequency, compact waveguide has been proposed by Owens’ for use in
ion cyclotron resonance heating (ICRH) of fusion plasmas. This new ion cyclotron
resonant frequency (ICRF) antenna is known as a folded waveguide coupler.? As
shown in Fig. 1, the folded waveguide coupler is basically a rectahgular waveguide
that has been transversely folded to form a compactk structure and to reduce the
resonant frequency. At the Oak Ridge National Laboratory (ORNL), experiments
on the folded waveguide are being carried out on the Radio Frequency Test Facility.

As stated in Ref. 1, the folded waveguide has three important merits as an
ICRH antenna. First, it is a compacf, all-metal, low-frequency antenna that can
be used in larger fusidn devices, such as Tore Supra, the Tokamak Fusion Test
Reactor (TFTR), and the Compact Ignition Tokamak (CIT). Second, a polarizing
plate at the mouth of the waveguide can eliminate the E field and behave like the
conventional Faraday shield used in loop antennas. Third, a shorting plate placed

at the back of the antenna will ensure that the electric field of the wave in the
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Fig. 1. Folded waveguide ICRF coupler concept.



coupling apertures is small while the H) field is near maximum, thereby improving
the plasma-antenna match with a low plasma surface impedance (E /H)).

Owens calculated the field structures by unfolding the folded waveguide into a
rectangular waveguide and imposing a periodic E, field on the boundary.! These
calculations qualitatively verify the folded waveguide concept. However, a more
precise and rigorous calculation is needed to confirm the concept and support the
high-power waveguide design.

For this purpose, we apply a 3-D Maxwell’s equation solver® to calculate the field
structures and the resonant frequency in a realistic folded waveguide geometry. Our
method has several basic merits. A finite difference method is used with a successive
overrelaxation (SOR) convergence scheme and a method of treating boundaries that
allows the cavity to have an arbitrary shape. Second, either Dirichlet or Nenmann
boundary conditions are easily considered. Third, it is much easier to treat 3-D
problems with our method than with the transmission-line matrix (TLM) method,*
which leads to a rather complex network containing series as well as shunt nodes.
The results are compared with experimental measurements in vacuum.? To study
breakdown problems, we adopt a much simpler two-dimensional (2-D) model. We
find from the 2-D analysis that the geometry, shape, and thickness of the vanes play
an important role in avoiding voltage breakdown problems.

In Sec. II, we describe the theory and the computational method. We present
the results of the study and compare them with experimental measurements in

Sec. III. Conclusions are given in Sec. IV.



II. COMPUTATIONAL METHOD AND CHARACTERIZATION
OF FIELDS

Many methods are now available for solving problems concerning waveguides.
These include the equivalent circuits method, the variational principle method, and
the direct solution of Maxwell’s equations, either analytically or numerically. The
appropriate method depends on the complexity of the problem involved and the
kinds of information needed. In this work, we are mainly interested in finding
the full-wave fields and the resonant frequency in the waveguide with exact folded
waveguide geometry. Hence, we adopt the method of a direct numerical solution of
Maxwell’s equations.

It is well known that the electromagnetic fields of a free-space cavity are gov-

erned by two equations:
w\ o
(V2+/A060“C‘§‘)E30 (1)

and

2 w?\ o
\Y +H060*C"2— H=0 s (2)

where V2 = (8%/82%) + (8%/8y?) + (8%/82?) is the’Laplacia,n operator, w is the
frequency, c is the speed of light, gy = 47 x 1077 H/m is the permeability of free
space, and ¢ = 8.8542 x 107'? F/m is the permittivity of free space. The fields E

and H are related by two of Maxwell’s equations,

VxEB=i"B (3)
c
and
" LW
VXxB=—iye—FE . (4)
c

They are also constrained by the other two Maxwell’s equations,
V.-E=0 (5)

and



With proper boundary conditions for a cavity, we can solve Eq. (1) or Eq. (2)
analytically or numerically. Then we find the other set of solutions by using Eq. (3)
or Eq. (4).

In this paper, we use the finite difference method with a successive overrelax-
ation (SOR) convergence scheme® to solve Eq. (1) or Eq. (2) numerically. The
system is first solved for the longitudinal component (H,) of Eq. (2), with the

following boundary conditions. On the surface where 7 is perpendicular to 2,

0H
£ =0 7
an ) ( a')
and on the surface where 7 is parallel to z,
H, =10, (7b)

where 7 is the unit vector outward normal to the surface of the boundary S. These
conditions are shown schematically for a rectangular waveguide cavity in Fig. 2.
The resonant frequency of either the folded or the rectangular cavity can be de-
termined from the longitudinal wave equation without solving the transverse wave

equation. In practice, some excitation of the TM mode within the cavity is possible
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Fig. 2. Schematic representation of the boundary conditions of H,.
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because of imperfect shielding by the polarizing plate of the folded waveguide cou-
pler. This effect is assumed to be small and is neglected in the present analysis.!
Since Maxwell’s equations [Eqs. (3) and (4)] in vacuum are linear in & and 5, the
principle of superposition of the mode is valid. When we know H,, we can find the

transverse fields 4, and H, for the TE mode from®

8/0z(9H, |97 N
| R (3)
and Joy(OIL ]
8/0y(0H, /0z)
Hy = =5~ i . (9)

A folded waveguide with parameters @ = 21.75 cm, & == 14.5 cm, g = 3.05 cm,
and £ == 9.15 cmn is used as an example here. The numerical mesh size is 24 x 57 x 10.
It takes about 60 min of Cray cpu time to achieve the convergent solution. The
three components of H for the lowest frequency mode throughout the entire folded
waveguide with both ends closed are shown in the 3-D plots of Fig. 3. The bound-

ary layer of the waveguide has been removed from all our 3-D plots to reveal the
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Fig. 3. Three-dimensional contour plots of constant field magnitude for (a) #,,
(b) He, and (¢) Hy components of the lowest frequency mode in a folded waveguide
with both ends closed. The solid lines indicate the positive field; the dashed lines, the
negative field. The amplitude is normalized to the maximum value. The parameters
are o = 21.75 cm, b = 14.5 cm, g = 3.05 cm, and £ = 9.15 cm.



inside field structure. The resonance frequency is 762 MHz, which is below the res-
onance frequency of a rectangular waveguide with the same dimensions for reasons
explained below. Experiments with a waveguide on this scale have been made.®
The results show very close agreement with the calculated resonance frequency and
H field, as discussed in Sec. III.

Figure 4 is a schematic representation of the H field structure of the funda-
mental TE mode in a folded waveguide and in its equivalent unfolded rectangular
waveguide. By comparing the H, field of the folded waveguide with the H, field of
the corresponding unfolded waveguide, which is four times larger in the z-direction
and one-fourth as large in the y-direction, we can easily see that the field structure

for the lowest order mode within the unfolded waveguide is folded inside the coupler.
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Fig. 4. Schematic comparison of the folded waveguide field and the equivalent
rectangular waveguide. (a) The longitudinal fields H,. (b) The transverse field H | =
H, + H,.



This is the main advantage of the folded waveguide coupler—it produces resonance
modes similar to those of rectangular waveguides in a device that is much smaller
physically. This is very important for fusion experimental devices that do not have
large access ports. In a rectangular waveguide, the longer the x-dimension, the lower
the resonant frequency when the other two dimensions are fixed. Hence, we expect
that in the folded waveguide, the more vanes inserted, the lower the frequency. The
vanes appear to play the role of extending the wave path inside the waveguide. Qur
study shows that the resonant frequency of a folded waveguide is even lower than
that of the equivalent unfolded waveguide. The resonant frequency is a function of
the number of vanes and their length and thickness; increasing the length and the
thickness of vanes can reduce the resonant {requency. A useful empirical formula

for approximation of the resonant frequency is

1/2
C n2 n; nz
= z S 1
! 2{[(m+1)€+md]2+bz+a2} ’ (10)

where n,, n,, and n, are the eigennumbers of the equivalent unfolded rectangular
cavity, b and ¢ are the y and z dimensions of the cavity, m is the number of vanes,
¢ is the length of the vane, and d is the distance between the adjacent sections
measured from the center (see Fig. 1).

Figure 5 is a plot of the lowest resonant frequency versus the gap between the
tip of the vane and the wall for a 30.0 x 48.7 x 97.5-cm folded waveguide with
six vanes, each 2.29 cm thick. The minimum frequency occurs for a gap of 5 cm.
All of the resonant frequencies are below those for the two extreme cases: {a) a
folded waveguide with no gap (gap == 0 cm), which corresponds to six independent
rectangular waveguides (30.0 x 6.95 x 97.5 cm), and (b) a folded waveguide with no
vanes (gap = 30 cm), which corresponds to a large rectangular waveguide (30.0 x
48.7 x 97.5 cm). For case (a) the mode is TEp; with a resonance frequency of
523 MHz, and for case (b) the mode is TFg;; with a resonance frequency of 344 MHaz.

A nearly direct correspondence can be drawn between the longitudinal fields of
a folded waveguide and of the equivalent unfolded waireguide. A similar correspon-
dence can be drawn between their transverse fields. In the fundamental TE mode,

the transverse field of an equivalent unfolded waveguide is simply H| & H,, because



ORNL-DWG 88C-2231AR FED

600 T T T T T |
®
480 +
N
T
€©o
o) ®
- o/
o/
300 / —
/o
/.
)
® *./
150 ] L | | ] | i
-5 0 5 10 15 20 26 30 3b
gap (cm)

Fig. 5. Lowest resonant frequency as a function of gap size for a 30 x 48.75 x
97.5 cm folded waveguide with six vanes, each 2.29 c¢m thick.

the H, component vanishes everywhere, as shown in Fig. 4. However, in the folded
waveguide the transverse field is the sum of H, and ﬁy; that is, H =H,+ f:iy.
While H, almost vanishes between the vanes and the wall, H, reaches its maximum
value there. Our results show that the amplitudes of H, and H, are comparable.
The H, field connects the H, fields between adjacent sections. Otherwise, the H,
field would be squeezed out by the vanes, and each section would behave like an
independent cavity. The total transverse field is thus folded in the waveguide, as is

the longitudinal field.



Because H, is the toroidal magnetic field in the plasma, the plasma heating
efficiency is largely determined by the character of this field. An important feature
of H, is the reversal of its direction in adjacent sections of the waveguide; this does
not occur for H, or H,. Basically, the alternation of field direction would produce
field destructive interference in front of the coupler when the distance between
adjacent sections d is shorter than the distance to the plasma surface. This field
cancellation would significantly reduce the heating efficiency. A polarizing plate is
needed to cover every other section to ensure a nearly unidirectional field at the
plasma surface.

Another interesting feature of the transverse field structure is that there are
strong fields near the vane tips because of the sharp edges of the vanes. In Sec. 111,
we discuss elimination of these fields by smoothing the vane edges to avoid voltage
breakdown.

A folded waveguide with one open end has been studied because this type
of waveguide can serve as a low-frequency, compact reentrant waveguide. This
structure could also be used to launch fast waves by rotating it 90 deg from its fast-
wave orientation. In this case, however, a Faraday shield might have to be added
to the front of the coupler to shield the E| fields produced between coupler vanes.
The shield would have to be placed some distance in front of the vanes in order to
avoid contact with the vanes. The three components of the lowest frequency mode
H field are plotted in Fig. 6. In this case, the H, field has maximum values on the
open end and vanishes at the closed end to produce a quarter-wavelength structure
in the z-direction. The H, and H, fields have minimum values at the open end and
maximum values at the closed end.

The situation with a polarization plate or a Faraday shield at the plasma/coupler
interface creates a very complicated boundary condition, which is difficult to soive
and is properly the subject of future work. In this paper we focus on the simpler
solution displayed in Figs. 3 and 6, which can be readily compared with experiment.5
It should be noted that even these relatively simple solutions are likely to be too

complex to solve by analytic means.
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III. COMPARISON WITH EXPERIMENTAL MEASUREMENTS

The folded waveguide coupler has been tested at low power® to verify the pre-
dicted free-space field pattern within the structure. A four-section coupler, similar
to that shown in Fig. 1, was studied. Holes were drilled in the front plate, through
which a small loop probe was inserted for measuring the direction and relative
magnitude of the fields. The lowest measured resonant frequency was 768 MHz, in
good agreement with the resonance frequency of 762 MHz obtained from our 3-D
calculation. The result from Eq. (10) is 750 MHz.

Figure 7 shows that the calculated and measured relative magnitudes of the H
field near the front plate are also in good agreement. The magnitude is symmetric
about the central vane. The field within the two central sections is roughly double
that of the two outside sections. The analogous features of the calculated and

measured field directions are displayed in Fig. 8. They show that the field reverses
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in adjacent sections. Overall, the calculated features of the field are nearly identical
to the measured features.

In Fig. 8(a), we find that the field near the tips of the vanes is much higher
than elsewhere. This strong field could cause a voltage breakdown problem at
high power. For simplicity, and with no degradation of the physics, we use a 2-D
approximation (Fig. 9) of a single-vane folded waveguide with two different vane
tip shapes to study the maximum transverse electric field £, . Figure 9(a) shows
the vector plot of E, for a rectangular tip, and Fig. 9(b) shows the vector plot of
E | for a semispherical tip. The vane thickness (t) was one-third of the height (b).
The semispherical tip has much smoother £, fields around the vane surface, but
the rectangular tip has very high E | fields near its corners. (Near the rectangular
corners, | has been smoothed out as a result of the finite mesh size; the actual
field is much higher than that shown.) The maximum |E | for the semispherical
tip vs the ratio of thickness to height is shown in Fig. 10. The results indicate
optimum conditions when ¢/b ~2 0.25. In this calculation, we have assumed that
the energy flow [ E x H*dA and the distance between the vane’s tip and the cavity
wall (g) remain constant when t/b is varied in order to maintain an approximately
constant resonant frequency. The curve in Fig. 10 approaches a constant value
when t/b — 1, because the cavity cross section approaches a finite limiting area,
approximately equal to b x g (refer to Fig. 1 for dimensions). However, if we increase
the length £ as well as the vane thickness ¢ to keep the gap between the vane and
the cavity wall uniform everywhere, then the curve in Fig. 10 should rise rapidly
when t/b -» 1 because the cross section goes to a small value and the maximum

|E || becomes very large.
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IV. CONCLUSIONS

We have investigated the character of the magnetic fields for the lowest ire-
quency mode of the folded waveguide. The calculations are verified by experimental
measurements. An approximate formula for the resonant frequency for the folded
waveguide is given. The effects of the vane’s geometrical shape on the field structure
are discussed. This analysis can be used to design a high-power folded waveguide

for ICRF plasma heating and to reduce the probability of voltage breakdown in the

structure.
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