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Design of a quasi-optical mode converter for a 170 GHz gyrotron
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Abstract: A high efficiency Denisov-type quasi-optical mode converter for a 170 GHzTE,, ymode gyrotron is pre-
sented. The mode converter comprises a dimpled-wall launcher and a mirror system. Based on the coupled mode
theory, the advanced launcher having two stages of perturbations is investigated. A mirror system of the converter
is optimized and designed by using the vector diffraction theory. Simulation results show that the good Gaussian
mode is converted from the circular waveguideTE;, ; mode and the mode conversion efficiency of a quasi-optical

mode converter is 93. 7%.
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Introduction

Gyrotrons are fast wave devices which can generate a
megawatt power level in the continuous wave (CW) opera-
tion at frequencies of a 110~170 GHz. They have been
widely used in Electron Cyclotron Resonance Heating
(ECRH) at the International Thermonuclear Experimental
Reactor (ITER), plasma diagnostics and material process-
ing"™. In order to increase the output power, the gyrotrons
usually operate in the high order transverse electric mode.
However, the RF power is not suitable for the direct use
due to the radiation polarization. So, the high order output
modes of the gyrotron must be converted to linearly polar-
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ized Gaussian modes. Quasi-optical (Q0) mode converter
has proven to be high conversion efficiency and low loss
method of transmission. It is one of the crucial components
for CW operation of high power gyrotrons®”. The converter
consists of a cylindrical waveguide section with a radiation
launcher followed by a mirror system. The advantages of
the quasi-optical mode converter are:

1) The converter separates the electromagnetic wave
from the electron beam.

2)This quasi-optical system can produce linearly po-
larized Gaussian beams which is appropriate for various
applications.

According to the different launcher type, the QO
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mode converter is classified into Vlasov-type and Den-
isov-type. A Vlasov-type converter proposed by Vlasov
has a simple structure, but it has high diffraction loss
(15%-20% ) which cannot be accepted for high-power gy-
rotrons™*". In order to reduce diffraction losses and the
dimensions of focusing mirror system, the advanced
launcher has been proposed by Denisov et al. "', The
launcher uses an irregular waveguide section which
bunches the radiation into Gaussian beams.

In this paper, study of Denisov-type QO mode con-
verter for a 170 GHz gyrotron is described. A QO mode
converter with a Denisov-type launcher and four mirrors
is investigated. The converter is used to transform the
TE,, ;waveguide mode produced by a 170 GHz gyrotron
oscillator to a Gaussian beam.

1 Design of pre-bunching launcher

The Denisov-type launcher consists of a pre-bunch-
ing section with a helical-cut aperture. The purpose of
the launcher is to obtain a mode mixture generating a
Gaussian beam.

A Gaussian beam can be obtained by means of a su-
perposition of nine specific waveguide modes with
matched amplitudes and relative phases. The field distri-
bution of a two-dimensional description can be approxi-
mated by equation (1)
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This function shows that the formation of a Gaussian
beam requires interference with nine waveguide modes in
the longitudinal and radial directions bunching. This

should satisfy the following rules :

R,
AB=12l,Am=iz,cosﬁ=i=é , (2)

L, 0

where m is the mode index, y,,is the root of Bessel func-
tion’ s derivate, L, is the cut length of the launcher, R, is
the caustic radius. For the TE, ; mode, we have
6 = m/3, the ratio of caustic (R,) to cavity radius (R) is
approximately 0. 5. The modes necessary for the superpo-
sition are shown in Table I.

The launcher has a tapered dimpled-wall. The taper
is used to avoid parasitic oscillations in the launcher. To
excite the necessary modes, the inner wall has two stages

of perturbations described by the following equation "'

R(bz) =R, + az + 6, cos(AB,z — [,¢)

+8, cos(AB,z — 1,z) , (3)
where refers to the average radius, ais the taper slope
(a =0.002), 8, .5,are the magnitudes of the disturbance
which are optimized to form a Gaussian distribution. ¢ is
an azimuthal angle. [,.l, .AB,.AB,are defined as

I, =+(m, —m,)==+1 , (4)

L, =+(m, - m,)=+3 , (5)
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Propagation in a slightly irregular waveguide surface
disturbance can be described by a set of coupled wave
equations. In general, the equations for coupling be-
tween forward-going propagating waves are given by

A
d= =-jBA + Z‘Cq;Ak , (8)

where TM mode is ignored, we consider only TE mode.
The coefficientC,is written as e
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' ZR kzikzp \/XI;Izlpl - m% \/X/;)zzpz - m%
X’2
[ ]Y;ZZPZ (X7;12|1)| —mm,) + Aﬁkngmlmz]eim& . (9)

where x,, is the root of Bessel function’s derivate.

The design procedure for the launcher is performed
in two steps. Firstly, the irregular waveguide mode con-
verter is analyzed by using coupled mode theory. Sec-
ondly, the radiated fields are calculated from the wave-
guide cut using the vector diffraction integral. By opti-
mizing the wall perturbation, a 170 GHz TE, ymode
Denisov-type launcher is designed. The power distribu-
tion of each mode along the length of the converter is
shown in Fig. 1. At the same time, the wall deforma-
tions are given in Fig. 2. From Fig. 1, we can see that a
pure TE, ;mode is injected. As the wave travels up-
wards along the z axis, the TE,, ;mode is coupled into
eight satellite modes through the wall perturbations.
The four satellite modesTE,, ,, TE,, , (the two modes
coupled with TE; ¢, as shown in Fig. 3 azimuth bunch-
ing) , TE,, , TE,,  (the two modes coupled withTE,, ,
as shown in Fig. 4 longitudinal bunching ) are strongly
coupled from the TE, ; mode. These four modes are
then weakly coupled to the other four modesTE, ,,
TE,, 5, TE;s ,, TE,, ;. The electrical field on the unrolled
waveguide wall calculated by coupled mode theory is
shown in Fig. 3. It is obvious that the field intensity has
been transformed from a uniform distribution to Gauss-
ian distribution. The simulations show that the scalar
Gaussian content is 98% at the aperture of the launch-
er. The field intensity at the edge of the aperture is
much lower than that at the center of the beam spot.
Thus, the field intensities on the cuts are very low (The
cutline is indicated by a green line). After calculation
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and optimization, the cut length is 40 mm and the total
length of the advanced launcher is 200 mm. The fields
are radiated from the cut of the launcher and feed the
mirror system.

Table I Nine TE modes and their relative powers to
form a Gaussian-like distribution

x1 BMEEHSHBHAMEXR BRI ES

Azimuthal bunching

TE,, ,(1/36) TE,, 4(1/9)
TE, 4(1/9) TE,, 4(4/9)
TE,, ,(1/36) TE,,  (1/9)

TE 5 ,(1/36)
TE,, ,(1/9)
TE,;, , (1/36)

Axial bunching
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Fig. 1 Relative power of each mode along the length of the
TE,, , launcher
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Fig. 2 The wall deformations of the launcher
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2 Design of a mirror system

Radiated from the launcher, the electromagnetic
wave is focused and reflected by the mirror system and
travels upwards towards the output window. In the pa-
per, four mirrors are designed by applying Gaussian op-
tics theory. In rectangular coordinate systems, the mirror
surface profiles are given by "’

o/rad

c
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Z/mm

Fig. 3 Azimuth bunching with only 6, = 0
B3 0, =0mFBf e

d/rad
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Fig. 4 Longitudinal bunching with onlys, = 0
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X? A
Y= IF. + IF , (10)
where F , F, are the focal lengths of the mirror surface in
x and z directions.

The first mirror is used to focus the divergent beam
radiating from the launcher. The final three mirrors with
different focal length in different directions shape the
beam along one axis respectively. Figure 6 shows the ar-
rangement of the whole mirror system. Starting from z =
0, the mirror M1, M2, M3, M4 are in the forward direc-
tion along the z axis, and the last mirror is the output win-
dow.

In the design, it is found that the size, center posi-
tion, focal lengths and inclination angle of the mirrors
have strong influence on the results. The central position
and size of the mirror determine how much energy it can
trap from the wave radiated by the upper mirror or the
launcher, and its focal length determines the degree of
beam bunching. If the focal length is too small or too
large, a part of the energy will be emitted into the space
and will not be intercepted by the lower mirror. The incli-
nation angle mainly adjusts the propagation direction of
the wave. The size of gyrotron output structure should al-
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Fig. 5 Electric field distribution on the unrolled waveguide wall (a) 3D plot (b) intensity contour map
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so be considered in the design.

In the calculation, each reflector is considered as
an ideal conductor mirror. The field on the first mirror is
calculated by equation (11-12) "%,

S W[ﬁxm?’)}g(z?nﬁ-E’<7'>]V'g<?,r'>}

, (11)
H(F) = 35,,d5/|_iw8[ﬁ X E(7)]g(ir) + i - H(T) V(R

, (12)

The field on the second mirror, third mirror and out-
put window is calculated by equation (13-14):

EG) = IR+ (- vwglas', (13)

0@ = Lxvelas . (4

The electric field distribution of each mirror is
shown in Fig. 7 to Fig. 10. The field distribution of the
output window plane is given in Fig. 11 and Fig. 12.
The parameters of mirrors are listed in Table II. Table
III gives the performance of the mirror system. As
shown in Fig. 12, a Gaussian-like beam is obtained.
The conversion efficiency of the converter is about
93.7%.

To further examine the Gaussian quality of the
beam, the correlation coefficient of the radiation field to
an ideal fundamental Gaussian mode (TEM,) is de-
scribed : the scalar correlation coefficient 1. and the vec-

tor correlation coefficientn, , which can be given as "'*’

E | -|E,|ds
I
el e e

, (15)

n,=
H|E1| |E0‘exp[j(d>l - d’o)]ds : H‘El‘ |E0|exp[j(d>o - d)l)]ds

\ﬂ‘El ‘st . ﬂ\‘Eo‘zds
., (16)
where‘ Eé" ‘ represents the field distribution of the radia-

s .
| an ideal funda-

tion field at the output window and’ E,

mental Gaussian beam, respectively. Based on the above
discussion, the scalar correlation coefficient is about
98%, and the vector correlation coefficient is more than

92%.
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Fig. 6 The schematic of the mirror system
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Fig. 7 Electric field distribution at the first mirror
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3 Conclusions

A Denisov-type quasi-optical mode converter has
been designed to convert the TE;, ; mode at 170 GHz to a
Gaussian beam. The converter consists of a dimpled-wall
launcher and three focusing reflectors. Coupled mode
theory is used to analyze the Denisov-type launcher. The
reflectors, designed with geometric optics and vector dif-
fraction theory, have smooth shaping surface. The struc-
ture parameters of the mode converter are obtained. The

Fig. 9 Electric field distribution at the third mirror
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field distributions of the launcher, mirrors and output
window are numerically simulated. The simulation re-
sults show that an efficiency of more than 93.7% has
been achieved. The energy loss in the process of trans-
mission and reflection is about 4. 3%. Future work will
further optimize the disturbance structure of the launcher

and improve the quality of the Gaussian beam by adding
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Fig. 12 Electric field 3D distribution on the output window
12 e g 3 4E oA

Table 2 Parameters of mirrors

X2 EHEZH

Mirror center Mirror Focus length
Mirror number
(mm) size (mm) (mm)
F =50
M1 (10,60,0) 150*100
F=1700
F =110
M2 (-10,-80,60) 140*100
F =365
F =60
M3 (0,60,130) 120*100 ’
F =1200
F =379
M4 (0,-90,235) 80*80 :
F =210
M5 (0,80,235) 60%60

Table 3 Performance of the mirror system

&3 EEMEE

Collected normal-  Power transmission

ized power efficiency(%)
Ml 0.9929 97.93
M2 0.9723 99.23
M3 0. 9648 99.23
M4 0. 9579 99. 86

0. 9566

Output window

a phase correction mirror. This work can bring guidance
to the development and design of QO mode converter for
a 170 GHz gyrotron.
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