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Abstrat

The design and overall dimensions of a 5GHz TE10 − TE30 mode onverter

are presented. This mode onverter is a RF element of a 20MWCW Lower

Hybrid system proposed for ITER. A low power mok-up of this devie has been

manufatured at CEA/IRFM and measured at low power. RF measurements

indiate a return loss of 40 dB and a transmission loss of 4.78 dB±0.03 dB for the

three outputs. The forward onversion e�ieny from TE10 mode to TE30 has

been measured from eletri �eld probing to 99.9%. The good RF performanes

obtained validate the RF design of this element.
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1. Introdution

Following the ITER Siene and Tehnial Adivisory Committee reommen-

dation, the oneptual design, the R&D program, the prourement and the

installation of a Lower Hybrid Current Drive (LHCD) system on ITER had

been reviewed[1℄. A revised 5GHz LHCD system able to deliver 20MW/CW

on ITER and to sustain the expeted high heat �uxes oming from the plasma

radiation, partiles �uxes and RF losses has been reported[2, 3℄. In this frame,

a R&D e�ort is urrently on-going at CEA/IRFM on the di�erent elements of

the antenna. In this paper, we report the work made onerning the design and

low power RF test of a TE10 − TE30 mode onverter.

2. General Desription of the ITER LH Antenna

The LH launher design presently foreseen for ITER is a Passive-Ative Mul-

tijuntion (PAM), whih has been suessfully validated on FTU[4℄ at 8 GHz

and on Tore Supra[5, 6℄ at 3.7 GHz. The nominal refrative parallel index n‖
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exited by the oupling struture has been determined from integrated simula-

tions of propagation and absorption of LH waves in ITER for several senarios.

These simulations showed that an optimum

∣

∣n‖

∣

∣

, de�ned as a trade-o� between

maximizing the urrent drive e�ieny and minimizing the power deposition

in the H-mode pedestal, is found to be

∣

∣n‖

∣

∣ = [1.9 − 2.0] with a �exibility of

[1.8− 2.2][7, 8℄.
In the present design, the launher is made of 48 idential modules, eah

one independently fed by one klystron: twelve in the toroidal diretion and

four in the poloidal diretion. A module onsists of four ative waveguides

in the toroidal diretion and six lines of waveguides in the poloidal diretion

(Figure 1)[2℄. The RF power is arried through a transmission line up to a RF

window loated inside the frame and onneted to a poloidal 3 dB splitter whih

feeds two TE10−TE30 mode onverters. Eah of these mode onverters onverts

the inident power from the retangular TE10 mode to the retangular TE30

mode in order to further divide the power into three poloidal rows, orresponding

to the input of a 4-ative waveguides Passive Ative Multijuntion. In the next

setion, we desribe the design, the mok-up manufaturing and the low power

RF tests of the mode onverter.

Figure 1: Left: General CAD view of the ITER LH antenna. Right: RF CAD modeling of

a module. The antenna is made of 48 idential modules. The RF power is oming from a

500 kW RF soure loated at the right of the �gure, through the RF window, the hybrid

juntion, the two mode onverters and the six PAM multijuntions. All the elements of a

module loated behind the RF window are under the mahine vauum.

3. TE10 − TE30 mode onverter

3.1. Introdution

The aim of the TE10-TE30 mode onverter is to onvert an input fundamen-

tal Transverse Eletri (TE) retangular mode (TE10) into an other retangular

mode (the TE30 mode). This onversion is then used in order to equally split the

power in three in an adapted splitter. Suh splitting sheme, used in both Tore

Supra LH antennas sine 1999, is ahieved by a perturbation of the waveguide

geometry leading to mode oupling. Fundamental input TE10 mode an thus be

2



almost totally onverted to the TE30 mode, whih ideally distributes the power

into three in the H-plane[9, 10℄. This wall perturbation mode onversion has

been used originally on ECRH, where high-order modes are not suitable for long

distane transmission and plasma heating [11, 12℄. Propagation of guided �eld

into small perturbated wall waveguides an be modeled with the Generalized

Telegraphist's equation [13�17℄. The resulting set of equations an be solved

numerially [18, 19℄ or almost analytially with some approximations[15, 16℄.

We refer to the previous itations for more details on the alulation priniples.

3.2. RF modeling

3.2.1. Mode Converter

In this setion we desribe the mode onverter design. The shemati draw-

ing of a H-plane sinusoidal perturbated wall mode onverter is illustrated in

Figure 2. In Figure 2, the input TE10 mode is oming from the left. Input

width a0 must be set su�iently large in order to permit the TE30 mode to

propagate, leading to a0 > 90mm at 5GHz. Output width a1 is set to in-

sure the TE50 mode to ut-o�, i.e. a1 6 150mm. The TE40 modes is able to

propagate at the output width a1, however, an inident odd TE mode upon an

H-plane disontinuity with a longitudinal symmetry only exites odd TE modes

in retangular waveguides. A similar onlusion is obtained in the ase of even

modes (see Ref.[20℄ for an elegant derivation of this property).

Figure 2: Shemati drawing (H-plane ut) of the TE10 −TE30 mode onverter.

The mode evolution along the mode onverter is obtained by solving the

generalized telegraphist's equations for a 3.5 periods deformed waveguide of

wavelength λw de�ned by the following sinusoidal perturbation[9, 17, 21℄:

a(z) = a0 + ε

(

1− cos

(

2π

λw

z

))

(1)

In order to reah the best mode onversion to TE30 mode, a numerial opti-

mization of parameters a0, ε and λw has been made in Matlab using a Gener-

alized Telegraphist's equation solver. This �rst optimization led to dimensions

a0 = 98mm, ε = 22.4mm and kw = 2π/λw = 36.3059m−1
.

Further optimization of these parameters have been made into HFSS, taking

into aount RF ondution losses on walls. In order to avoid spurious mode

generation or numerial instabilities, some extra straight retangular waveguides
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have been added at the input and output of the HFSS model (Figure 3). This

optimization led to the dimensions reported in Table 1, whih are very lose to

the ones found in Matlab.

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

a0 [mm℄ 98

ε[mm℄ 22.37

λw = 2π
kw

[mm℄ 173.06

kw [m

−1
℄ 36.3059

L (= 3.5λw) [mm℄ 605.71

a1 = a0 + 2ε[mm℄ 142.8

Table 1: Dimensions of a 5 GHz 3.5 periods TE10-TE30 mode onverter.

The return loss for the fundamental mode is 20.5 dB. Propagation losses for

opper plating walls, alulated as 1 −
∑

j |Sj1|
2
, is 1.36%. The bandwidth of

the devie, de�ned as the range of frequenies for whih at least 95% of the TE10

mode is onverted to TE30, is 120MHz. Eletri �eld into the mode onverter is

illustrated in Figure 4. The length of the devie is, without taking into aount

input and output straight retangular waveguides, 606mm.

Figure 4: Norm of the eletri �eld [V/m℄ in the mode onverter (Pin=1 W).

In order to feed the mode onverter with a standard WR-229 waveguide

(a = 58.17mm, b = 29.08mm), an input taper has to be added to math the

WR-229 width. This taper is desribed in the next setion.
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3.3. Input Taper

In order to make the transition between the input width a0 of the mode

onverter and the onventional waveguide WR-229 width whih is 58mm, an

extra taper must be added at the input (instead of the straight retangular

waveguide used before). A osine taper has been modeled with the following

width equation:

a(z) =
1

2

(

a
WR229

+ a0
)

+
1

2

(

a
WR229

+ a0
)

cos

[(

z

Ltaper

− 1

)

π

]

(2)

where L
taper

is the total length of the taper, a
WR229

is the WR-229 width

(58.17mm) and a0 the input width of the mode onverter. The model has

been drawn in HFSS and then optimized in order to minimize return loss and

mode onversion to TE30 whih is unwanted at this stage. With a length of

L
taper

= 120mm, S-parameters are reported in the Table 2 below.

|S11| with TE10 input -59.7 dB (0.00104)

|S21| with TE10 input and TE10 output -0.014 dB (0.99839)

|S21| with TE10 input and TE20 output -80 dB (0.00010)

|S21| with TE10 input and TE30 output -25.7 dB (0.05208)

Table 2: Cosine Taper sattering parameters at 5GHz.

Figure 5: HFSS RF model of the 5 GHz osine taper, eletri �eld norm [V/m℄ for Pin = 1W.

3.4. Mode onverter and input taper

The ombination of the taper and the mode onverter has been modeled in

HFSS. The model onsists in the taper and the mode onverter plus two straight
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20mm waveguides at the input and output of the devie (Figure 6). Sattering

parameters are reported in Table 3. Let us de�ne the forward mode onversion

e�ieny as the ratio between the power arried by the TE30 over the total

forward power. Aording to the S-parameters, the theoretial mode onversion

e�ieny is lose of 99.5%.

The eletri �eld inside the devie is illustrated in Figure 6. Considering

an input nominal power of 250 kW, the maximum eletri �eld reahed into the

mode onverter is 6.9 kV/m (Figure 6). The bandwidth, as previously de�ned,

is 120 MHz (Figure 7). The total length of the devie is 725.7mm.

Parameter 5 GHz HFSS 3.7 GHz (Tore Supra C4)

S11TE10 -20.5 dB -17.7 dB

S21TE10 -23 dB -33.6 dB

S21TE20 -69.1 dB -81.9 dB

S21TE30 -0.064 dB -0.0935 dB

Length [mm℄ 725.7 944

Max. E-�eld [kV/m℄ 6.9 5.8

Table 3: Sattering parameters of the Cosine Taper + Mode Converter (HFSS). For ompar-

ison purpose, Tore Supra mode onverter results are reported. Maximum eletri �eld has

been alulated for Pin = 250 kW.

Figure 6: Illustration of the norm of the eletri �eld [V/m℄ into the mode onverter with its

input taper (Pin = 250 kW).

3.5. Poloidal splitter

The poloidal splitter aims to split the power oming from the mode onverter,

whih is mainly a pure TE30 mode, into three distint waveguide setions. This

poloidal divider is illustrated in Figure 8. It has been optimized �rst alone in

order to maximize the power splitting when exiting with a TE30 mode, then

with the mode onverter fastened.

The alulated sattering parameters of this devie are reported in Table 4.

3.6. Complete assembly

The omplete assembly, i.e. the mode onverter assoiated to its input taper

and the poloidal splitter has been modeled in HFSS. The alulated return loss
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Figure 7: S-parameter onversion e�ieny, de�ned as |S21|
2
for TE30 mode over over the total

forward power vs frequeny. The typial operational bandwidth of a klystron is ±10 MHz, as

illustrated on the �gure.

Parameter 5 GHz HFSS

S11 for TE30 -46.3 dB

Si1 for TE30 -4.81 dB

Table 4: Sattering parameters of the poloidal splitter.

is 45.5 dB. The transmission losses are 4.79 dB ± 0.01 dB for the three ports,

lose to the ideal value 4.77 dB whih orresponding to the third of the input

power. The sattering parameters evolution on a 4.9-5.1 GHz frequeny band

are reported in the �nal setion.

4. Mok-up manufaturing

A low power mok-up of this 5 GHz mode onverter (with its input taper)

has been manufatured at CEA/IRFM using a 2-axis numerial drilling mahine

in Aluminum diretly from the CATIA CAD model. The poloidal splitter as

well as some other waveguide elements used only for measurement purposes,

suh as the �pull-over� desribed in the next setion, have been manufatured

by the SUMIX ompany from the CAD models. The top of eah elements has

been srew tight in order to insure a very good RF ontat (Figure 9).
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Figure 8: RF CAD of the poloidal splitter.

5. Low Power RF Measurements

The test bed used to measure the mode onverter onsisted in the assembly

of the mode onverter, the poloidal splitter and the �pull-over�. The aim of this

last element is only to failitate the measurements by putting the output ports

aside. Some WR187-WR229 tapers have also been added at eah ports in order

to math the ommerially available WR187 waveguide-to-oaxial transitions

(Figure 10).

RF measurements indiate a return loss of 40 dB and a transmission loss

of 4.78 dB ± 0.03 dB for the three ports, very lose from the ideal 4.77 dB

orresponding to the third of the input power. Amplitude measurement results

are illustrated in Figures 11 and 12; results are in good agreement with the

numerial modeling of the omplete assembly. The phase shift between the side

ports and the enter port is 180 deg±5 deg as expeted by the modeling.

In order to measure the forward onversion e�ieny from TE10 mode to

TE30, a dediated waveguide element has been manufatured. This element

allows diret eletri �eld probing of the mode onverter output setion, in whih

an almost pure TE30 mode is expeted. This element is illustrated in Figures 9

and 10. It onsists in a straight waveguide of setion 142.8mm × 29.08mm ×
308mm, whih mathes the output setion of the mode onverter. Three rows

of holes (2 mm diameter, 10 mm spaed) are drilled in the H-plane. These holes

are made to support and blok the probe in order to make the measurements at

the exatly same spatial loations while holding the probe in a vertial position.

The probe is inserted inside eah hole sequentially and measures the amplitude

and the phase of the eletri �eld inside the waveguide. The oupling element is

a thin 1mm diameter opper wire. The probe ground potential is onneted to

the waveguide. The oupling has been measured to be -49 dB. One the probe

is inserted into a probe hole, the oupling 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 eletri �eld measurements, the modal ontent after the mode
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Figure 9: Manufatured low RF power mok-up elements. From top left to bottom right:

mode onverter, �pull-over� and E-�eld probe waveguide support.

onverter an then be dedued with the following method. We �rst assume that

the eletromagneti �eld inside the waveguide is a linear ombination of TEm0

modes, ie. at a point (x, z) of the waveguide:

Eth(x, z) =

Nmodes
∑

m=1

Ame+m (x, z) +Bme−m (x, z) (3)

where x is the largest side diretion and z is the propagation diretion. The e±m
terms are the analyti modal eigunfuntions desribing forward and bakward

TEm0 modes shapes. Analytial expressions of the modal funtions an be found

in [22℄ for example. Am and Bm are the assoiated forward and bakward weight

oe�ients. The aim of the method is to �nd the 2 × Nmodes best oe�ients

Am,Bm in order to minimize the squares of the error χ2
between the theoretial

�eld and the measured �eld:

χ2 (Am, Bm) =

Nmes
∑

i=1

(Emes,i − Eth,i)
2

(4)

Solving this problem leads to the forward Am and bakward Bm oe�ients,

and thus to the forward mode onversion e�ieny whih an be de�ned as

the ratio between the power arried by the TE30 over the power arried by all

forward modes, i.e:

η =
|A3|

2

∑

n |An|
2
× 100 (5)
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Figure 10: RF test bed. The pull-over (bent onnetion waveguides) and the E-�eld probe

support are only used for low-power RF measurements.

This e�ieny has been alulated from the eletri �eld probing after the

mode onverter to be η =99.9%.

6. Conlusion

In the frame of the Lower Hybrid R&D for ITER ativities onduted at

CEA/IRFM, a low power mok-up of a TE10 −TE30 mode onverter at 5 GHz

has been designed, manufatured and suessfully validated with low power RF

measurements. Further work will onentrate on thermo-mehanial aspets

relevant to ITER operational onditions (high power aspets, ooling, pumping)

of this mode onverter. Other RF elements of the ITER LH antenna, suh as

the RF windows, are as well under study and manufaturing for quali�ation.
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