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Abstract—This paper presents the design and fabrication of HE;; miter bend along with a TMi; to
HE;; mode converter and corrugated up-taper, which are the integral parts of a transmission line system
(TLS) that carries 200 kW microwave power at 42 GHz from Gyrotron to plasma or calorimetric dummy
load. It has a hybrid (HE;;) mode. The HE;; mode transmission loss in miter bend is derived using
mode-matching techniques and gap loss theory. The gap length (L) in a waveguide of diameter (D = 2a)

at a wavelength () for the predicted loss (D > \) is approximately 17[%]% dB. The HE;; miter bend
design incorporates a demountable cooling assembly with a flat mirror. The design and optimization
of the proposed miter bend were carried out using CST-microwave studio software. Finally, HE;
miter bend was fabricated along with integrated assembly. The proposed HEq; miter bend with mode
converter and corrugated up-taper gives the transmission efficiency of 95.64%.

1. INTRODUCTION

In electron cyclotron resonance heating (ECRH) application, gyrotron is mainly used as a high power
microwave oscillator [1]. Under the aegis of the Department of Science and Technology (DST —
Govt. of India), Institute for Plasma Research (IPR) and other institutes have developed gyrotron
at 42 GHz/200 kW that generates power in TEg3 mode [2,3]. The TEg3 is higher-order and unpolarised
mode, which is not suitable for long-distance transmission due to high attenuation (from gyrotron to
plasma/dummy load), and plasma heating requires linearly polarized wave. Thus, hybrid (HE;;) and
linearly polarized (LP;;) modes are the ideal options for this type of application. Therefore, it is
necessary to convert TEg3 mode into HE;; mode. Two methods have been proposed to convert an
unpolarized TEg3 mode into polarized HE;; mode [4-6]. In both the techniques, the HE;; miter bend
is a common integral component which is required for converting the flow of energy from vertical-plane
to horizontal-plane (to limit the vertical height of gyrotron TLS).

The loss in the transmission line (TL) depends on the loss of individual components like mode
converters, tapers, miter bends, etc. [7]. To reduce it, waveguide transverse dimensions are kept more
than the operating wavelength. It kept the ohmic loss of miter bend mirror even smaller at high
frequencies [8,9]. The miter bend is a critical component of TL that contributes to a loss value more
than 80% in a total loss. The majority of miter bends have been designed at lower modes like TEq;
mode [10] for circular waveguide and HE;; mode for overmoded corrugated waveguide [11-13]. Out of
the two miter bends, the design and fabrication of HE;; miter bend are more challenging and costly,
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hence require more precaution. Three techniques have been proposed for the design of HE;; miter bend
in the literature [11, 14-17].

The first method contains the phase correction in the mirror of the miter bend. The phase distortion
in the incident power creates the mode conversion loss reflected from the mirror of the miter bend that
appears at the output of waveguide. In [14], a method is described based on the phase correcting mirror
that is suitably contouring these phase errors.

In the second method, the insertion of waveguide taper before the bend increases the waveguide
diameter, which reduces the diffraction loss. This method has been suggested in [15,16] to reduce
the mode conversion in miter bend by using up-tapers placed ahead of miter bend which reduces the
diffraction. However, it requires large curvatures mirrors, which leads to depolarization and amplitude
distortion of the incident field [15, 16].

The third method is based on mode mixtures, which also reduces the diffraction loss [11]. The
diffraction loss in miter bend can be reduced by half by extending the grooves up to the mirror of
the miter bend [11]. Mode mixtures method has been introduced to reduce diffraction from an open-
ended waveguide, for example, in [17] mixtures of HE;; and HE9 with 10% and 20% HE;5 have been
generated for applications involving coupling of Gaussian beams into corrugated waveguides. In [11],
the authors have analysed the mode mixtures of HE{; and HEq9 in an appropriate manner, which
reduces the diffraction in miter bend using a simple flat mirror without up-tapers. Moreover, the length
of mode converter is long (proportional to the beat wavelength), and the diameter of a waveguide is
far above the cutoff, making a low loss in a miter bend. As the phase distortion and diffraction loss in
miter bend depend on incident power and frequency, it is desirable to add a mode filter that removes
the higher-order spurious modes generated from mode converter. They also concluded that when the
grooves were not created up to the surface of the mirror, HE{; miter bend made 3% of the total loss,
and if it was continued, then the achieved transmission efficiency for pure HE;; mode was more than
99%.

Here, we have proposed a novel model of the HEq; miter bend, which is a hybrid structure of the
above techniques. The proposed design of HE1; miter bend contains two overmoded circular corrugated
waveguides and one flat mirror along with a demountable water cooling system, TM7; to HEq; mode
converter, and corrugated up-taper. The schematic of the proposed model is shown in Figure 1. It is
proven that the transmission of high-power at millimetre-wave with low loss is achieved with overmoded
circular corrugated waveguide wall [11,18]. The proposed design is tricky as it incorporates a mode
converter on one hand and up-taper on the other hand. Section 2 describes the various losses in HEq;
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Figure 1. Schematic of proposed model.
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miter bend. The proposed approach for the HE;; miter bend is illustrated in Section 3 along with its
simulation result that has been carried out in CST Microwave Studio software. Section 4 elaborates
the fabrication of HEq; miter bend along with its integrated assembly. Finally, the conclusion has been
incorporated in Section 5.

2. THEORETICAL LOSSES FOR HE;; MITER BEND

The predicted loss of miter bend in terms of gap length (L) in a waveguide of diameter (D = 2a) at a
wavelength (M) for the predicted loss (D > \) is given by Equation (1) [11].

HEN 0

This loss value comes to approximately 0.5126dB at an operating frequency 42 GHz and radius as
15.875 mm. The schematic of the predicted loss having gap length (L) is shown in Figure 2.

— — 234._
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Figure 2. Schematic of predicted loss.

The HEq; miter bend theory involves three types of losses: diffraction loss, ohmic loss, and
misalignment loss [13, 18]. These losses give the estimation of overall loss before the actual simulation
of the component is carried out. The losses are discussed in detail [13]. In a high power transmission
line system, the loss of the overall system is highly dependent on the loss of miter bend; therefore, it is
necessary to quantify the losses accurately [19].

In this proposed model of HE{; miter bend, the corrugated wall is continued up to the mirror
surface, so expected losses are described in Equation (2) [11] where L = D (D = 2a). L is the distance
between the centre of the plane mirror and the exit plane of the TM1; to HE 1 mode converter and exit
plane of up-taper; ‘D’ is the diameter of the waveguide section. This design reduces the loss by a factor
two.

3
2
Diffraction loss= HE1; = 2.4 <%> dB (2)

The theoretical diffraction loss for the HE;; miter bend is ~ 0.255dB (~ 5%) as conversion losses
encountered in the miter bend design approach.

3. PROPOSED DESIGN AND SIMULATION RESULTS

The proposed design of the HE;; miter bend is shown in Figure 3(a). The design incorporates the
mode converter TMi; to HEq; (made up of Al-6061T6), support block (Copper), mirror-finished
reflector (Copper), and corrugated up-taper (Al-6061T6) to match the corrugated waveguide as shown
in Figure 3(a). The magnified portion of the miter bend block is shown in Figure 3(b), indicating
grooves on both sides of miter bend, which is due to TM;; to HE{; mode converter and corrugated
up-taper.

Direct simulation of HEq; miter bend is not possible in CST Microwave studio software because it
does not contain the excitation facility of HE1; mode (85% TE;; and 15% TM;j; modes), so TMy; /TEq1;
to HE1; mode converter is required to be designed (here, we have considered TM;; to HE;q; mode
converter). TMi; to HEq; mode converter has been designed using either linear or nonlinear methods,
which were already described in [6]. Both of them have their advantages and disadvantages. The
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Figure 3. (a) Proposed HE;; miter bend design (All dimensions are in mm). (b) Magnify the part of
HE{; miter bend for better visualization of the internal structure.

nonlinear approach gives a compact structure and high mode conversion efficiency compared to linear
method. However, it has manufacturing limitation as it requires accuracy better than 0.1 um, which is
very difficult to achieve and has to pay high manufacturing cost.

On the other hand, the linear technique gives low manufacturing cost because it requires 10 um
accuracy, which can be achieved using a computer numerical controlled (CNC) machine having 8 pm
machining accuracy. However, it provides low mode conversion efficiency, and the structure is relatively
longer. The proposed TMy; to HE1; mode converter has been designed and fabricated in two parts. In
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Figure 4. The schematic design of TM1; to HE1; mode converter in CST software (All dimensions are
in mm).
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Figure 5. Mode power of TM1; to HE{; mode converter.

the first part, the depth of corrugations varies from 0 to % linearly and in the second part varies from

% to % non-linearly (to reduce generations of higher-ordered modes). The integrated assembly of both
components is shown in Figure 4. The scattering parameters of the proposed mode converter are shown
in Figure 5. It represents that the proposed mode converter converts more than 97% TM;i; power into
HE;; mode. The input and output mode patterns of the mode converter are shown in Figure 6(a) and
Figure 6(b).

Similarly, corrugated up-taper is designed to match the diameter of miter bend with corrugated
waveguide shown in Figure 7, which carries the power to the plasma or dummy load. The diameter of the
corrugated waveguide is 63.5 mm, so we have matched 31.75 mm diameter to 63.5 mm using corrugated
up-taper. Like HE 1 miter bends, it is not possible to simulate corrugated up-taper in CST Microwave
Studio software, so we have connected TM1; to HEq; mode converter to excite HE{; mode.

The return loss of corrugated up-taper is shown in Figure 8 that gives better than 25 dB in operating
bandwidth of gyrotron. Figure 9(a) and Figure 9(b) show the input and output mode patterns of
corrugated up-taper. The electric field conversion and flow inside the TM7; to HE1; mode exciter and
the corrugated up-taper is shown in Figure 10. The output radiation pattern (Gaussian profile of the
electric field) of the corrugated up-taper along with the TM;;-HE;; mode exciter is shown in Figure 11.

Individual components are optimized and assembled with compatible vacuum O-rings. This design
is flexible concerning external flange connections, which can be replaced whenever it is required. The
proposed design assembly is simulated using CST Microwave Studio software which is installed in
workstation PC Xeon e€5-1620V4 having a 96 GB RAM, 2 x 2 TB HDD, and 4 GB GPU with 2 hours
battery backup. At 42 GHz, the integrated assembly of HE;; miter bend (88.06 x 88.06 x 124 mm ™3
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Figure 6. (a) Input TM;; mode and (b) output HE;; mode.
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Figure 7. Cross-sectional view of the corrugated up-taper along with the TM;;-HE; mode exciter
(All the dimensions are in mm).
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Figure 8. Return loss of the corrugated up-taper.

and made-up of copper having p 8930 kg-m~—3) along with mode converter (¢ 31.75 mm,
length = 294.55 mm, and made-up of aluminium having p = 3260 kg-m~3) and corrugated up-taper
(diameter varies from 31.75mm to 63.5mm, length = 401 mm, and made-up of aluminium having
p = 3260 kg - m~3) generated mesh cell 252489933 (at \/15 compared to \/20, otherwise at A/20 mesh
cells became too much large and take more than 1 months for simulation), which took almost 3 weeks for
simulation. In the simulation, we have taken the actual dimensions, which are mentioned in Figure 1(a)
without any scaling. The scattering parameters of the proposed design are shown in Figure 12, which
combines TEq; and TM;; mode contents. The cross-sectional field flow of HE{; miter bend is shown in
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Figure 9. (a) TM;; input and (b) HE;; output mode.
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Figure 10. The electric field flow inside the corrugated up-taper.
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Figure 11. Radiation pattern of the E-field at output of the corrugated up-taper along with the
TM;i:-HE1; mode exciter.

Figure 13(a), and the output mode pattern is shown in Figure 13(b). The theoretical radiation pattern
of TM;; and HE;; mode is shown in Figure 14(a), and the corresponding simulated radiation pattern
is shown in Figure 14(b).
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Figure 12. Output mode Power of HE;; miter bend.
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Figure 13. (a) Cross-section view of HE;; miter bend. (b) Output mode of HE;; miter bend.
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Figure 14. Radiation pattern. (a) Theoretical pattern of TM;; mode. (b) Simulated Radiation pattern
of HE{; miter bend.

4. FABRICATION AND TESTING

The manufacturing of HE;; miter bend along with mode converter and up-taper is quite challenging,
hence individual fabrication was carried out. Before actual fabrication, it was necessary to carry
out sensitivity analysis of mechanical parameters in terms of microwave performance. The sensitivity
analysis was already applied on TEg3 to TEg2 mode converter [20], which concluded that the mechanical
tolerance required achieving desired performance was +100 um, and it is equally applicable to the
proposed design. Hence, the proposed components of HE 1 miter assembly were fabricated along with
same mechanical tolerances. A fabricated version of the proposed HE;; miter bend along with mode
converter and up-taper is shown in Figure 15. The schematic of microwave test setup for HE;; miter
bend is as shown in Figure 16. It is tested with the help of vector network analyser ZVA50, and measured
results are shown in Figure 17.
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Figure 15. Fabricated HE{; miter bend along with TM;;-HE;; mode converter, corrugated up-taper,
and demountable cooling system.
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Figure 16. Schematic of test set up for HEq; miter bend.
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Figure 17. Measured result of integrated assembly of HE;; Miter bend.
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5. CONCLUSION

The design and investigation of HE;; miter bend along with TMy; to HEq; mode converter and
corrugated up-taper (931.75 mm to ¢63.5 mm) have been proposed in this paper. The internal surface
finishing is approximately 8 pm which is achieved using a CNC machine. It gives low insertion loss
and good transmission efficiency within the operating bandwidth of gyrotron (42 4+ 0.2 GHz). The loss
generated by HE{; miter bend depends mainly on the purity of HE{; mode that is converted from
TM7; mode. For all the pressure and vacuum compatible accessories are mounted on HE;; miter bend
for its functional operation. In the end, hands-on experience of the design and fabrication of such a
complicated millimetre-wave component are given.
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