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Abstract

The design and overall dimensions of a 5 GHz TE;y — TE3y mode converter
are presented. This mode converter is a RF element of a 20 MW CW Lower
Hybrid system proposed for ITER. A low power mock-up of this device has been
manufactured at CEA/IRFM and measured at low power. RF measurements
indicate a return loss of 40 dB and a transmission loss of 4.78 dB+0.03 dB for the
three outputs. The forward conversion efficiency from TE;yp mode to TE3y has
been measured from electric field probing to 99.9%. The good RF performances
obtained validate the RF design of this element.
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1. Introduction

Following the ITER Science and Technical Adivisory Committee recommen-
dation, the conceptual design, the R&D program, the procurement and the
installation of a Lower Hybrid Current Drive (LHCD) system on ITER had
been reviewed[1l]. A revised 5 GHz LHCD system able to deliver 20 MW /CW
on ITER and to sustain the expected high heat fluxes coming from the plasma
radiation, particles fluxes and RF losses has been reported[2, 3]. In this frame,
a R&D effort is currently on-going at CEA/IRFM on the different elements of
the antenna. In this paper, we report the work made concerning the design and
low power RF test of a TE1g — TE3y mode converter.

2. General Description of the ITER LH Antenna

The LH launcher design presently foreseen for ITER is a Passive-Active Mul-
tijunction (PAM), which has been successfully validated on FTU[4] at 8 GHz
and on Tore Supral5, 6] at 3.7 GHz. The nominal refractive parallel index n
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excited by the coupling structure has been determined from integrated simula-
tions of propagation and absorption of LH waves in ITER for several scenarios.
These simulations showed that an optimum |n|| , defined as a trade-off between
maximizing the current drive efficiency and minimizing the power deposition
in the H-mode pedestal, is found to be |n| = [1.9 — 2.0] with a flexibility of
[1.8 —2.2][7, §].

In the present design, the launcher is made of 48 identical modules, each
one independently fed by one klystron: twelve in the toroidal direction and
four in the poloidal direction. A module consists of four active waveguides
in the toroidal direction and six lines of waveguides in the poloidal direction
(Figure 1)[2]. The RF power is carried through a transmission line up to a RF
window located inside the frame and connected to a poloidal 3 dB splitter which
feeds two TE g —TE3 mode converters. Each of these mode converters converts
the incident power from the rectangular TE;y mode to the rectangular TEsg
mode in order to further divide the power into three poloidal rows, corresponding
to the input of a 4-active waveguides Passive Active Multijunction. In the next
section, we describe the design, the mock-up manufacturing and the low power
RF tests of the mode converter.

S 4 active waveguides  \1o4e Converter (x2)
2160 mm multijunction (x6)

Hybrid junction  RF Window

Figure 1: Left: General CAD view of the ITER LH antenna. Right: RF CAD modeling of
a module. The antenna is made of 48 identical modules. The RF power is coming from a
500 kW RF source located at the right of the figure, through the RF window, the hybrid
junction, the two mode converters and the six PAM multijunctions. All the elements of a
module located behind the RF window are under the machine vacuum.

653 mm

3. TE19 — TE30 mode converter

3.1. Introduction

The aim of the TE;o-TE3y mode converter is to convert an input fundamen-
tal Transverse Electric (TE) rectangular mode (TE;g) into an other rectangular
mode (the TE3y mode). This conversion is then used in order to equally split the
power in three in an adapted splitter. Such splitting scheme, used in both Tore
Supra LH antennas since 1999, is achieved by a perturbation of the waveguide
geometry leading to mode coupling. Fundamental input TE;g mode can thus be



almost totally converted to the TE3y mode, which ideally distributes the power
into three in the H-plane[9, 10]. This wall perturbation mode conversion has
been used originally on ECRH, where high-order modes are not suitable for long
distance transmission and plasma heating [11, 12]. Propagation of guided field
into small perturbated wall waveguides can be modeled with the Generalized
Telegraphist’s equation [13—-17]. The resulting set of equations can be solved
numerically [18, 19] or almost analytically with some approximations[15, 16].
We refer to the previous citations for more details on the calculation principles.

3.2. RF modeling

3.2.1. Mode Converter

In this section we describe the mode converter design. The schematic draw-
ing of a H-plane sinusoidal perturbated wall mode converter is illustrated in
Figure 2. In Figure 2, the input TEqy mode is coming from the left. Input
width ag must be set sufficiently large in order to permit the TE3y mode to
propagate, leading to agp > 90mm at 5 GHz. Output width a; is set to in-
sure the TE5y mode to cut-off, i.e. a; < 150mm. The TE4y modes is able to
propagate at the output width a;, however, an incident odd TE mode upon an
H-plane discontinuity with a longitudinal symmetry only excites odd TE modes
in rectangular waveguides. A similar conclusion is obtained in the case of even
modes (see Ref.[20] for an elegant derivation of this property).

Figure 2: Schematic drawing (H-plane cut) of the TE19 — TE3p mode converter.

The mode evolution along the mode converter is obtained by solving the
generalized telegraphist’s equations for a 3.5 periods deformed waveguide of
wavelength A\, defined by the following sinusoidal perturbation[9, 17, 21]:

o= (1o (22)) 8

In order to reach the best mode conversion to TEj3y mode, a numerical opti-
mization of parameters ag, € and )\, has been made in Matlab using a Gener-
alized Telegraphist’s equation solver. This first optimization led to dimensions
ap = 98mm, ¢ = 22.4mm and k,, = 27/, = 36.3059m 1.

Further optimization of these parameters have been made into HFSS, taking
into account RF conduction losses on walls. In order to avoid spurious mode
generation or numerical instabilities, some extra straight rectangular waveguides



have been added at the input and output of the HFSS model (Figure 3). This
optimization led to the dimensions reported in Table 1, which are very close to
the ones found in Matlab.

Figure 3: HFSS RF model of the mode converter (without taper at the input).

ag [mm] 98
¢[mm)] 22.37
Aw = z—g[mm] 173.06
Ky [m~! 36.3059
L(=35\y) [mm] | 605.71
a1 = ap + 2¢/mm 142.8

Table 1: Dimensions of a 5 GHz 3.5 periods TE19-TE39 mode converter.

The return loss for the fundamental mode is 20.5 dB. Propagation losses for
copper plating walls, calculated as 1 — 3 |Sj1|2, is 1.36%. The bandwidth of
the device, defined as the range of frequencies for which at least 95% of the TEqq
mode is converted to TE3p, is 120 MHz. Electric field into the mode converter is
illustrated in Figure 4. The length of the device is, without taking into account
input and output straight rectangular waveguides, 606 mm.
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Figure 4: Norm of the electric field [V/m] in the mode converter (P;,=1 W).

In order to feed the mode converter with a standard WR-229 waveguide
(a = 58.17mm, b = 29.08 mm), an input taper has to be added to match the
WR-229 width. This taper is described in the next section.



3.8. Input Taper

In order to make the transition between the input width ag of the mode
converter and the conventional waveguide WR-229 width which is 58 mm, an
extra taper must be added at the input (instead of the straight rectangular
waveguide used before). A cosine taper has been modeled with the following
width equation:

1 1 z
a(z) = 5 ((I,WR229 + (10) + 5 ((IWR229 + (10) COS |:<Lt — 1) 7T:| (2)
aper

where Lgaper is the total length of the taper, aywRogg is the WR-229 width
(58.17mm) and ao the input width of the mode converter. The model has
been drawn in HFSS and then optimized in order to minimize return loss and
mode conversion to TE3p which is unwanted at this stage. With a length of
Ltaper = 120mm, S-parameters are reported in the Table 2 below.

|511| with TElo input -59.7 dB (000104)
|S21| with TEjg input and TE;o output | -0.014 dB (0.99839)
So1| with TE input and TEsy output -80 dB (0.00010)
Sa1| with TEqg input and TE3p output | -25.7 dB (0.05208)

Table 2: Cosine Taper scattering parameters at 5 GHz.
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Figure 5: HFSS RF model of the 5 GHz cosine taper, electric field norm [V /m] for P;, = 1 W.

3.4. Mode converter and input taper

The combination of the taper and the mode converter has been modeled in
HFSS. The model consists in the taper and the mode converter plus two straight



20 mm waveguides at the input and output of the device (Figure 6). Scattering
parameters are reported in Table 3. Let us define the forward mode conversion
efficiency as the ratio between the power carried by the TE3y over the total
forward power. According to the S-parameters, the theoretical mode conversion
efficiency is close of 99.5%.

The electric field inside the device is illustrated in Figure 6. Considering
an input nominal power of 250 kW, the maximum electric field reached into the
mode converter is 6.9 kV /cm (Figure 6). The bandwidth, as previously defined,
is 120 MHz (Figure 7). The total length of the device is 725.7 mm.

| Parameter | 5 GHz HFSS | 3.7 GHz (Tore Supra C4) |
S11TEq9 -20.5 dB -17.7 dB
S21TEqg -23 dB -33.6 dB
S21TE9 -69.1 dB -81.9 dB
S21TE3g -0.064 dB -0.0935 dB
Length [mm] 725.7 944
Max. E-field [kV/cm] 6.9 5.8

Table 3: Scattering parameters of the Cosine Taper + Mode Converter (HFSS). For compar-
ison purpose, Tore Supra mode converter results are reported. Maximum electric field has
been calculated for P;, = 250 kW.
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Figure 6: Illustration of the norm of the electric field [V /m] into the mode converter with its
input taper (Pi, = 250kW).

3.5. Poloidal splitter

The poloidal splitter aims to split the power coming from the mode converter,
which is mainly a pure TE3y mode, into three distinct waveguide sections. This
poloidal divider is illustrated in Figure 8. It has been optimized first alone in
order to maximize the power splitting when exciting with a TEgg mode, then
with the mode converter fastened.

The calculated scattering parameters of this device are reported in Table 4.

3.6. Complete assembly

The complete assembly, i.e. the mode converter associated to its input taper
and the poloidal splitter has been modeled in HFSS. The calculated return loss
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Figure 7: S-parameter conversion efficiency, defined as |S21 \2 for TE30 mode over over the total
forward power vs frequency. The typical operational bandwidth of a klystron is £10 MHz, as
illustrated on the figure.

| Parameter | 5 GHz HFSS |

Sll for TE30 -46.3 dB
Sil for TE30 -4.81 dB

Table 4: Scattering parameters of the poloidal splitter.

is 45.5 dB. The transmission losses are 4.79 dB + 0.01 dB for the three ports,
close to the ideal value 4.77 dB which corresponding to the third of the input
power. The scattering parameters evolution on a 4.9-5.1 GHz frequency band
are reported in the final section.

4. Mock-up manufacturing

A low power mock-up of this 5 GHz mode converter (with its input taper)
has been manufactured at CEA /IRFM using a 2-axis numerical drilling machine
in Aluminum directly from the CATIA CAD model. The poloidal splitter as
well as some other waveguide elements used only for measurement purposes,
such as the ”pull-over” described in the next section, have been manufactured
by the SUMIX company from the CAD models. The top of each elements has
been screw tight in order to insure a very good RF contact (Figure 9).



Figure 8: RF CAD of the poloidal splitter.

5. Low Power RF Measurements

The test bed used to measure the mode converter consisted in the assembly
of the mode converter, the poloidal splitter and the "pull-over”. The aim of this
last element is only to facilitate the measurements by putting the output ports
aside. Some WR187-WR229 tapers have also been added at each ports in order
to match the commercially available WR187 waveguide-to-coaxial transitions
(Figure 10).

RF measurements indicate a return loss of 40 dB and a transmission loss
of 4.78 dB £ 0.03 dB for the three ports, very close from the ideal 4.77 dB
corresponding to the third of the input power. Amplitude measurement results
are illustrated in Figures 11 and 12; results are in good agreement with the
numerical modeling of the complete assembly. The phase shift between the side
ports and the center port is 180 deg 45 deg as expected by the modeling.

In order to measure the forward conversion efficiency from TE;y mode to
TE3p, a dedicated waveguide element has been manufactured. This element
allows direct electric field probing of the mode converter output section, in which
an almost pure TE3q mode is expected. This element is illustrated in Figures 9
and 10. It consists in a straight waveguide of section 142.8 mm x 29.08mm X
308 mm, which matches the output section of the mode converter. Three rows
of holes (2 mm diameter, 10 mm spaced) are drilled in the H-plane. These holes
are made to support and block the probe in order to make the measurements at
the exactly same spatial locations while holding the probe in a vertical position.
The probe is inserted inside each hole sequentially and measures the amplitude
and the phase of the electric field inside the waveguide. The coupling element is
a thin Imm diameter copper wire. The probe ground potential is connected to
the waveguide. The coupling has been measured to be -49 dB. Once the probe
is inserted into a probe hole, the coupling element supersedes the waveguide
wall by less than 1 mm. It is supposed from the small dimensions of the probe
that the perturbations due to its use are negligible.

From these electric field measurements, the modal content after the mode



Mode converter « pull over »

Poloidal splitter

E-field probe support

Figure 9: Manufactured low RF power mock-up elements. From top left to bottom right:
mode converter, ”pull-over” and E-field probe waveguide support.

converter can then be deduced with the following method. We first assume that
the electromagnetic field inside the waveguide is a linear combination of TE,,
modes, ie. at a point (z, z) of the waveguide:

Numodes

Eip(z,2) = Z Apel (x,2) + Bpe,, (2, 2) (3)

m=1

where z is the largest side direction and z is the propagation direction. The e}
terms are the analytic modal eigunfunctions describing forward and backward
TE,,0 modes shapes. Analytical expressions of the modal functions can be found
in [22] for example. A,, and B,, are the associated forward and backward weight
coefficients. The aim of the method is to find the 2 X N,,,4es best coefficients
A, B, in order to minimize the squares of the error x? between the theoretical
field and the measured field:

Nones

X2 (Am, Bm) = Z (Emes,i - Eth,i)2 (4)
=1

Solving this problem leads to the forward A,, and backward B,, coefficients,
and thus to the forward mode conversion efficiency which can be defined as
the ratio between the power carried by the TE3y over the power carried by all
forward modes, i.e:

|45/

’r]:
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Figure 10: RF test bed. The pull-over (bent connection waveguides) and the E-field probe
support are only used for low-power RF measurements.

This efficiency has been calculated from the electric field probing after the
mode converter to be n =99.9%.

6. Conclusion

In the frame of the Lower Hybrid R&D for ITER activities conducted at
CEA/IRFM, a low power mock-up of a TE;o — TE3o mode converter at 5 GHz
has been designed, manufactured and successfully validated with low power RF
measurements. Further work will concentrate on thermo-mechanical aspects
relevant to ITER operational conditions (high power aspects, cooling, pumping)
of this mode converter. Other RF elements of the ITER LH antenna, such as
the RF windows, are as well under study and manufacturing for qualification.
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