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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 GHzTE31，8mode 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 waveguideTE31，8 mode and the mode conversion efficiency of a quasi-optical
mode converter is 93. 7%.
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170 GHz回旋管准光模式变换器的设计
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摘要：针对 170 GHz回旋管研究，设计了一种高效Denisov准光模式变换器，该回旋管工作在TE31，8模式。模式

变换器由微扰结构的辐射器和镜面系统组成。基于耦合模理论和矢量绕射理论，研究了两级微扰辐射器，优

化设计了镜面系统。仿真结果显示，TE31，8模式转换为高斯光束，其输出功率转换效率为93.7%。
关 键 词：准光模式变换器；Denisov辐射器；回旋管

中图分类号：TN12 文献标识码：A

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［1-5］. 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⁃

ized Gaussian modes. Quasi-optical（QO）mode converterhas proven to be high conversion efficiency and low lossmethod of transmission. It is one of the crucial componentsfor CW operation of high power gyrotrons［6-7］. The converterconsists of a cylindrical waveguide section with a radiationlauncher followed by a mirror system. The advantages ofthe quasi-optical mode converter are：1）The converter separates the electromagnetic wavefrom the electron beam.2）This quasi-optical system can produce linearly po⁃larized Gaussian beams which is appropriate for variousapplications.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 Vlasovhas a simple structure，but it has high diffraction loss
（15%-20%）which cannot be accepted for high-power gy⁃rotrons［8-10］. In order to reduce diffraction losses and thedimensions of focusing mirror system， the advancedlauncher has been proposed by Denisov et al. ［11］. Thelauncher uses an irregular waveguide section whichbunches 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 modeconverter with a Denisov-type launcher and four mirrorsis investigated. The converter is used to transform theTE31，8waveguide mode produced by a 170 GHz gyrotronoscillator 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 ofthe launcher is to obtain a mode mixture generating aGaussian beam.A Gaussian beam can be obtained by means of a su⁃perposition of nine specific waveguide modes withmatched amplitudes and relative phases. The field distri⁃bution of a two-dimensional description can be approxi⁃mated by equation（1）［12］

f (ϕ,z ) = (1 + 12 e
j πθ + 12 e

- j πθ ) (1 + 12 e
j 2πL ϕ + 12 e

- j 2πL ϕ ) ,
（1）This function shows that the formation of a Gaussianbeam requires interference with nine waveguide modes inthe longitudinal and radial directions bunching. Thisshould satisfy the following rules：

Δβ = ± 2πLc ,Δm = ±
π
θ , cos θ =

m
χmn

= Rc

R , （2）
where m is the mode index，χmnis the root of Bessel func⁃tion’s derivate，Lc is the cut length of the launcher，Rc isthe caustic radius. For the TE31，8 mode， we have
θ = π 3，the ratio of caustic（Rc）to cavity radius（R）isapproximately 0. 5. The modes necessary for the superpo⁃sition are shown in Table I.The launcher has a tapered dimpled-wall. The taperis used to avoid parasitic oscillations in the launcher. Toexcite the necessary modes，the inner wall has two stagesof perturbations described by the following equation［13］：

R (ϕ,z ) = R0 + αz + δ1 cos (Δβ1 z - l1ϕ )+δ2 cos (Δβ2 z - l2 z ) , （3）
where refers to the average radius，αis the taper slope
（α = 0.002），δ1、δ2are the magnitudes of the disturbancewhich are optimized to form a Gaussian distribution. φ isan azimuthal angle. l1、l2、Δβ1、Δβ2are defined as
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l2 = ±(m1 - m2 ) = ±3 , （5）
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（7）
Propagation in a slightly irregular waveguide surfacedisturbance can be described by a set of coupled waveequations. In general，the equations for coupling be⁃tween forward-going propagating waves are given by

dAi
dz = - jβi Ai +∑k Cip Ak , （8）

where TM mode is ignored，we consider only TE mode.The coefficientCipis written as［14］
Cip = jδ

2R kzikzp χ '2m1 p1 - m21 χ '2m2 p2 - m22

[ χ
'2
m2 p2

R2
( χ '2m1 p1 - m1m2 ) ± Δβkzpεm1m2 ] e± jΔβz , （9）

where χ'mp is the root of Bessel function’s derivate.The design procedure for the launcher is performedin 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 TE31，8modeDenisov-type launcher is designed. The power distribu⁃tion of each mode along the length of the converter isshown in Fig. 1. At the same time，the wall deforma⁃tions are given in Fig. 2. From Fig. 1，we can see that apure TE31，8 mode is injected. As the wave travels up⁃wards along the z axis，the TE31，8 mode is coupled intoeight satellite modes through the wall perturbations.The four satellite modesTE28，9，TE34，7 （the two modescoupled with TE31，8，as shown in Fig. 3 azimuth bunch⁃ing），TE32，8，TE30，8（the two modes coupled withTE31，8，as shown in Fig. 4 longitudinal bunching）are stronglycoupled from the TE31，8 mode. These four modes arethen weakly coupled to the other four modesTE29，9，TE27，9，TE35，7，TE33，7. The electrical field on the unrolledwaveguide wall calculated by coupled mode theory isshown in Fig. 3. It is obvious that the field intensity hasbeen transformed from a uniform distribution to Gauss⁃ian distribution. The simulations show that the scalarGaussian content is 98% at the aperture of the launch⁃er. The field intensity at the edge of the aperture ismuch lower than that at the center of the beam spot.Thus，the field intensities on the cuts are very low（Thecutline is indicated by a green line）. After calculation

and optimization，the cut length is 40 mm and the totallength of the advanced launcher is 200 mm. The fieldsare radiated from the cut of the launcher and feed themirror system.

2 Design of a mirror system
Radiated from the launcher， the electromagneticwave is focused and reflected by the mirror system andtravels upwards towards the output window. In the pa⁃per，four mirrors are designed by applying Gaussian op⁃tics theory. In rectangular coordinate systems，the mirrorsurface profiles are given by［15］

Y = X 2

4Fx
+ Z2

4Fz
， (10)

where Fx，Fz are the focal lengths of the mirror surface inx and z directions.The first mirror is used to focus the divergent beamradiating from the launcher. The final three mirrors withdifferent focal length in different directions shape thebeam 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 mirrorshave strong influence on the results. The central positionand size of the mirror determine how much energy it cantrap from the wave radiated by the upper mirror or thelauncher，and its focal length determines the degree ofbeam bunching. If the focal length is too small or toolarge，a part of the energy will be emitted into the spaceand will not be intercepted by the lower mirror. The incli⁃nation angle mainly adjusts the propagation direction ofthe wave. The size of gyrotron output structure should al⁃

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

表1 叠加成高斯分布的九个模式及相对功率分布
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Fig. 1 Relative power of each mode along the length of the
TE31，8 launcher
图1 TE31，8辐射器各模式相对功率沿纵向的分布
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Fig. 2 The wall deformations of the launcher
图 2 辐射器扰动幅度沿纵向的变化
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and optimization，the cut length is 40 mm and the totallength of the advanced launcher is 200 mm. The fieldsare radiated from the cut of the launcher and feed themirror system.

2 Design of a mirror system
Radiated from the launcher， the electromagneticwave is focused and reflected by the mirror system andtravels upwards towards the output window. In the pa⁃per，four mirrors are designed by applying Gaussian op⁃tics theory. In rectangular coordinate systems，the mirrorsurface profiles are given by［15］
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where Fx，Fz are the focal lengths of the mirror surface inx and z directions.The first mirror is used to focus the divergent beamradiating from the launcher. The final three mirrors withdifferent focal length in different directions shape thebeam 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 mirrorshave strong influence on the results. The central positionand size of the mirror determine how much energy it cantrap from the wave radiated by the upper mirror or thelauncher，and its focal length determines the degree ofbeam bunching. If the focal length is too small or toolarge，a part of the energy will be emitted into the spaceand will not be intercepted by the lower mirror. The incli⁃nation angle mainly adjusts the propagation direction ofthe wave. The size of gyrotron output structure should al⁃

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

表1 叠加成高斯分布的九个模式及相对功率分布
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so be considered in the design.In the calculation，each reflector is considered asan ideal conductor mirror. The field on the first mirror iscalculated by equation（11-12）［16］：

E( r) = ∮
S'dS′

ì
í
î

ïïïï

ïïïï

ü
ý
þ

ïïïï

ïïïï

iωμ [ ]n̂ × H ( r′ ) g ( r, r′ ) + n̂ ⋅ E( r′ ) ] ∇′g ( r, r′ )
+[ n̂ × E( r′ ) ] × ∇′g ( r, r′ )

，（11）
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-iωε[ ]n̂ × E( r′ ) g ( r, r′ ) + n̂ ⋅ H ( r′ ) ] ∇′g ( r, r′ )
+[ n̂ × H ( r′ ) ] × ∇′g ( r, r′ )

，（12）
The field on the second mirror，third mirror and out⁃put window is calculated by equation（13-14）：

E( r) = i
ωε ∬

s′
[ k2Jg + (JS ⋅ ∇′)∇′g ] dS′，（13）

H ( r) = ∬
s′
[ JS × ∇′g ] dS′ . （14）

The electric field distribution of each mirror isshown in Fig. 7 to Fig. 10. The field distribution of theoutput window plane is given in Fig. 11 and Fig. 12.The parameters of mirrors are listed in Table II. TableIII gives the performance of the mirror system. Asshown in Fig. 12，a Gaussian-like beam is obtained.The conversion efficiency of the converter is about93. 7%.To further examine the Gaussian quality of thebeam，the correlation coefficient of the radiation field toan ideal fundamental Gaussian mode（TEM00） is de⁃scribed：the scalar correlation coefficient ηsand the vec⁃tor correlation coefficientηv，which can be given as［16］

ηs = ∬s || E1 ⋅ || E0 ds

∬s || E1
2
ds ⋅ ∬s || E0

2
ds

，（15）

ηv = ∬
s

|| E1 ⋅ || E0 exp [ j (ϕ1 - ϕ0 ) ] ds ⋅ ∬
s

|| E1 ⋅ || E0 exp [ j (ϕ0 - ϕ1 ) ] ds

∬
s

|| E1
2
ds ⋅ ∬

s
|| E0
2
ds

，（16）
where| E1ejϕ1 | represents the field distribution of the radia⁃
tion field at the output window and| E0ejϕ0 | an ideal funda⁃
mental Gaussian beam，respectively. Based on the abovediscussion， the scalar correlation coefficient is about98%，and the vector correlation coefficient is more than92%.

（a） （b）

Fig. 5 Electric field distribution on the unrolled waveguide wall (a) 3D plot (b) intensity contour map
图5 波纹波导内壁上表面电场分布（a）3维分布（b）幅度分布曲线

Fig. 6 The schematic of the mirror system
图 6 模式变换器整体仿真图

3 Conclusions
A Denisov-type quasi-optical mode converter has

been designed to convert the TE31，8 mode at 170 GHz to aGaussian 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
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

Fig. 7 Electric field distribution at the first mirror
图7 镜面1上的电场分布

 X/mm

Z
/m

m

 

 

-60 -40 -20 0 20 40 60

0

20

40

60

80

100

120

-30

-25

-20

-15

-10

-5

Fig. 8 Electric field distribution at the second mirror
图8 镜面2上的电场分布
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Fig. 9 Electric field distribution at the third mirror
图9 镜面3上的电场分布
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Fig. 10 Electric field distribution at the fourth mirror
图10 镜面4上的电场分布

 

X/mm

Z
/m

m

 

 

-20 0 20
205

225

245

265

-30

-25

-20

-15

-10

-5

Fig. 11 Electric field distribution on the output window
图11 输出窗上的电场分布
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a phase correction mirror. This work can bring guidanceto the development and design of QO mode converter fora 170 GHz gyrotron.
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Fig. 12 Electric field 3D distribution on the output window
图12 输出窗上电场的3维分布

Table 2 Parameters of mirrors
表2 镜面参数

Mirror number

M1

M2

M3

M4
M5

Mirror center

（（mm））

（10，60，0）

（-10，-80，60）

（0，60，130）

（0，-90，235）
（0，80，235）

Mirror

size（（mm））

150*100

140*100

120*100

80*80
60*60

Focus length

（（mm））

Fx=50
Fz=1700
Fx=110
Fz=365
Fx=60
Fz=1200
Fx=379
Fz=210

Table 3 Performance of the mirror system
表3 镜面性能

M1

M2

M3

M4

Output window

Collected normal⁃

ized power

0. 9929
0. 9723
0. 9648
0. 9579
0. 9566

Power transmission

efficiency（（%））

97. 93
99. 23
99. 23
99. 86

562


	Introduction

