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Detailed investigations on double confocal waveguide for a gyro-TWT
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Abstract：The electromagnetic characteristics of the double confocal waveguide for a gyro-TWT is investigated in
details. The eigenvalue and the field distribution of two kinds of steady-state modes in a double confocal wave⁃
guide，namely the superposition mode and the ring mode，are calculated with the scalar formulation of Huygens’
Principle，the theoretical results agree well with those from the commercial CST software. When the anti-phase
superposition mode TE06 mode is chosen as an operating mode in a gyro-TWT，the diffractive loss of the potential
parasitic modes is far greater than that of the operating mode. It means that the potential parasitic modes can be
suppressed by means of its own diffractive loss in a double confocal waveguide. The mode density in a double
confocal waveguide is higher than that in a single confocal waveguide，but far lower than that in a cylindrical
waveguide. Compared to the single confocal waveguide，a higher beam-wave interaction efficiency can be ob⁃
tained in the double confocal waveguide for a gyro-TWT，it is an appropriate choice to choose a double confocal
waveguide as the beam-wave interaction structure in a gyro-TWT.
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双共焦波导回旋行波管高频结构的电磁特性研究

张 晨， 王 维， 宋 韬， 黄 杰， 曹毅超， 刘頔威*， 胡 旻， 张开春， 吴振华，
周 俊， 钟任斌， 赵 陶， 龚 森， 刘盛纲

（电子科技大学 电子科学与工程学院 ，太赫兹研究中心，四川 成都 610054）
摘要：研究了双共焦波导回旋行波管高频结构的电磁特性。根据惠根斯原理的光衍射理论，分析得出双共焦

波导中的两类本征模式（叠加模和环形模）对应的截止频率和场分布情况。理论分析结果与商用仿真软件

CST的仿真结果一致。其中用作回旋行波管工作模式的“反相叠加TE06模”的损耗明显小于其他模式，这种不

同模式损耗不同的特性将有效抑制竞争模式带来的寄生振荡。双共焦波导的模式密度略大于传统单共焦波

导的模式密度，但是明显小于圆波导的模式密度，因此双共焦波导适合用作回旋行波管的高频结构。
关 键 词：双共焦波导；回旋行波管；太赫兹；叠加模；环形模
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Introduction
High average-power gyrotron traveling-wave tubes

（gyro-TWT）have abroad applications in modern commu⁃nication and radar systems［1-3］. Conventional gyro-TWTcan operate at Ka and W band with high output power，but they face significant obstacles in extension to operate

at higher frequency with high average power. The reason
is that these devices utilize the fundamental or low-order
modes of the interaction structure to avoid mode competi⁃
tion；the power capability and ohmic loss in such small
structures are inevitable to limit the average power at
high frequency. In 2003，a single confocal waveguide gy⁃
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ro-TWT has been proposed by MIT. This quasiopticalmode-selective interaction structure allows a stable sin⁃gle-mode operation in the overmoded interaction struc⁃ture at high frequency and high power［4-6］.The drawback of the gyro-TWT with a single confo⁃cal structure is the relatively low beam-wave interactionefficiency because the conventional annular electronbeam is located in the region with different strength of thecoupling to the operating mode. One of the possible solu⁃tions for mitigating this drawback is to use a double confo⁃cal structure. A double confocal waveguide consists oftwo identical but perpendicular single confocal wave⁃guides in x and y direction，respectively，as shown inFig. 1. The transverse field distribution in a double con⁃focal waveguide is more uniform than that in a single con⁃focal waveguide，so the conventional thin annular elec⁃tron beam can interact more efficiently with the RF fieldin a double confocal waveguide. The theoretical analysisand PIC simulation confirmed that the beam-wave inter⁃action efficiency increases obviously in a double confocalwaveguide［7-8］.

In order to utilize a double confocal waveguide as abeam-wave interaction structure in a gyro-TWT，it is nec⁃essary to make clear the eigenmodes and their corre⁃sponding electromagnetic（EM）characteristics in a dou⁃ble confocal waveguide. In this paper，the EM character⁃istics of a double confocal waveguide for a gyro-TWT willbe investigated in details. The rest of this paper is orga⁃nized as following. The investigation on eigenmodes in adouble confocal waveguide is presented in section 1，insection 2，the diffraction loss is discussed. Summary andconclusion are presented in section 3.
1 Eigenmodes of a Double Confocal
Waveguide

The double confocal waveguide is an open structureformed by four identical symmetrically placed curved cy⁃lindrical mirrors，in which four mirrors with a radius of
Rc and a mirror width of 2a are separated with a distanceof d. EM wave is reflected among mirrors. There are twokinds of stable modes with different reflection paths in adouble confocal waveguide. The first steady-state mode，

namely，the superposition mode，is superposed by twoperpendicular in-phase or anti-phase field，as shown inFig. 2（a）. The second steady-state mode，namely，thering mode，is formed by the consecutive reflection of thefield among four mirrors in clockwise or counterclockwisedirections，as shown in Fig. 2（b）.

All resonator dimensions are assumed large com⁃pared to a wavelength；the eigenmodes of the resonatorare therefore obtainable from a self-consistent field analy⁃sis using Huygens’Principle. The Fresnel field Up at thepoint of observation is given by the surface integral［9］
Up = jk

4π ∬A Ua

e-ikρ

ρ
( )1 + cosθ dS , （1）

where k is the propagation constant，ρ is the distancefrom a source point on the mirror to the point of observa⁃tion and θ is the angle between ρ and the normal of thesource point.
1. 1 Superposition modesFor a superposition mode，which is superposed bytwo perpendicular standing wave in x and y direction，re⁃spectively，and the eigensolution of the standing wave isas follows. In Fig. 3，the field U2（x2）on mirror S2 can beobtained in term of an integral of the known field U1（x1）on mirror S1 in y direction with eq.（1）.

U2 (x2) = jk
2πd ∬A U1 (x1) e-ikρ dS1 . （2）

The eigenfunctions of the modes in a confocal wave⁃guide can be obtained by making sure that the field distri⁃bution over S1 can reproduce itself with a constant over

Fig. 1 3-D configuration of a double confocal waveguide
图1 双共焦波导的3维结构

（a） （b）

Fig. 2 The diagram of the modes in a double confocal wave‐
guide（a）Superposition mode;（b）Ring mode
图 2 双共焦波导中两类模式的构成形式（a）叠加模的构型；
（b）环形模的构型

Fig. 3 Confocal waveguide with spherical reflectors
图3 单共焦波导横截面几何结构图
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S2，namely，U2（x2）= bmU1（x1），where bm is general com⁃plex，including both the amplitude and phase changes.In this case，eq.（2）can be rewritten as following
bmU1 (x1) = jk

2πd ∬A U1 (x'1) e-ikρ' dS'1 , （3）
with

ρ' = d - x1x'1 d . （4）
For this general solution，the eigenvalues can be ex⁃
pressed asbm = exp ( - pm - ikd + iΔm). The amplitude
of bm is related to the diffraction loss，and the phase of bmdetermines the phase shift of the mode from S1 to S2，where kd is the geometric phase shift and Δmis the addi⁃tional phase shift. The phase shift of a complete field re⁃flection in the cross section of the resonator must be aninteger n times of 2π，namely. kd - Δm = nπ. By solv⁃ing eq.（3），the cut-off wavenumber of the superpositionmode can be written as

kt = πd (n + m2 + 14 ) . （5）
The field between S1 and S2 can be calculated based onHuygens’Principle as presented in eq. （1）. Approxi⁃mately，the field distribution between S1 and S2 can beconsidered as a superposition of two Gaussian beams.The membrane function of standing wave（superpositionof two Gaussian beams）can be written as［10-11］：

Ψmn (x，y) = w0
w ( )y

ϕm

é

ë
ê
ê - 2 x

w ( )y
ù

û
ú
ú × {cosξ，n = 2，4，6，...sinξ，n = 3，5，7，...

，（6）where
ζ = kt x2

2R ( )y
+ kt y - (m + 12 ) arctan 2yktw20 , （7）

R (y) = y é
ë
êê1 + ( kw202y )

2ù

û
úú ,w (y) = w0 1 + ( )2y

kw20

2
,（8）

ϕm (τ) = Hm (τ) exp (-τ2 2 ) , （9）
here， Hm（τ） is the Hermite polynomial and w20 =
d kt 2Rc d - 1.

Similarly，the field distribution between two mirrorsin x direction can be calculated in the same way. The su⁃perposition mode can be considered as a liner superposi⁃tion of two in-phase or anti-phase standing waves，andthe membrane function can be expressed as following：
Ψ in

mn (x,y) = Ψmn (x,y) + Ψmn ( - y,x)
Ψanti

mn (x,y) = Ψmn (x,y) - Ψmn ( - y,x) , （10）
whereΨmn (x，y) has been expressed in eq.（6）. With the
membrane functions Ψ in

mn (x，y)and Ψanti
mn (x，y) of the super⁃position modes in a double confocal waveguide，by solv⁃ing the Maxwell’s equations in a Cartesian coordinatesystem，the field components of TEmn mode can be ob⁃tained.The magnitude of the transverse electric field of the

superposition mode in a double confocal waveguide ispresented in Fig. 4. Fig. 4（a），（b），（c）and（d）arethe field of the superposition TEin06，TEanti06 ，TEin15and
TEanti15 modes simulated by commercial CST software，thetheoretical results of the field are presented in Fig. 4
（e），（f），（g）and（h）. The theoretical results agreewell with those obtained by the commercial CST soft⁃ware. It is worth noting that the theoretical calculationonly includes the central area surrounded by the mirror，and the diffraction field between the mirrors is not includ⁃ed in the theoretical calculation.

（a） TEin06 mode

（c） TEin15 mode

（e） TEin06 mode

（g） TEin15 mode

（b） TEanti06 mode

（d） TEanti15 mode

（f） TEanti06 mode

（h） TEanti15 mode

Fig. 4 The magnitude of electric field of the superposition
modes in a double confocal waveguide（a）,（b）,（c）and（d）are
the results simulated by commercial CST software;（e）,（f）,（g）
and（h）are the theoretical results.：（a），（b），（c）和（d）是仿真软件CST的计算结果，（e），（f），（g）和（h）是理论计算结果
图4 双共焦波导部分叠加模横向电场幅值分布图
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In the Cartesian coordinate system，the couplingfactor（Form factor）characterizing the Lorentz force onelectrons can be expressed as［2］
Ls = | 12π ∫0

2π 1
kt ( ∂∂X + i ∂∂Y )Ψmn (X,Y) dθ |

2
, （11）

X = rb cos (θ ), Y = rb sin (θ ) , （12）
Fig. 5 presents the normalized beam-wave coupling fac⁃tor of the double confocal mode TEanti06 and the single con⁃focal modeTE06 versus the guiding center radius Rb，andthe beam-wave coupling factor in a double confocal wave⁃guide is greater than that in a single confocal waveguide.

1. 2 Ring modesThe other kind of mode in a double confocal wave⁃guide is the ring mode. The ring mode is formed by theconsecutive reflection among four mirrors in clockwise orcounterclockwise directions.

Based on the scalar formulation of Huygens’Princi⁃ple in eq.（1），if we know the field distribution U1（y1）on mirror M1，we can calculate the field U2（y2）on mirrorM2. Then，the field U2（y2）is reflected to M3 in the sameway to form U3（y3）. It is conceivable that after multiplereflections the field will eventually reach a steady state.
U3（y3）and U1（y1）satisfy the following relationship：U3
（y2）= bmU1（y1）. The resulting integral equation is pre⁃sented as follows

bmU1 (y1) = ∬
M2
dS2 ∬

M1
dS1 K12K23U1 (y1') , （13）

In eq.（13），Kmn are defined as

Kmn = jk cosθ
2π

e- jkρmn

ρmn
, （14）

where ρmn represents the distance between any two pointson mirror Mm and mirror Mn
［12］.

ρmn = l + ym yn cos2θ l + (ym - yn) sinθ
-(y 2m + y 2n ) cos2θ éë( )l - Rc cosθ 2lRc cosθùû

,（15）

For this general solution，the eigenvalues can be ex⁃
pressed asbm = exp ( - pm - i2kl + iΔm). By solving eq.
（13），the cutoff wavenumber of the ring mode TE0n canbe written as

kt = π2l (n + 3
2π ) , （16）

where n is an integer for the mode index which representsthe number of maxima from M1 to M3. The electric field atarbitrary point between M1 and M2 can be obtained by cal⁃culating the integral of eq.（1）with U1（y1）presented ineq.（13）.The field distribution between two adjacent mirrorsalso can be considered as a standing-wave field formedby the superposition of Gaussian beams propagatingclockwise and counterclockwise. The expression of themembrane function of the ring mode can be written as：
Ψ ring0n (x,y) = Ψ0n (x - Rc

2 2 ,y) + Ψ0n (x + Rc

2 2 ,y) +
Ψ0n ( - y + Rc

2 2 ,x) + Ψ0n ( - y - Rc

2 2 ,x), （17）
where Ψ0n (x，y) has been expressed in（6）.The transverse field distribution of the ring modes isshown in Fig. 7. Fig. 7（a）and（b）is the simulation re⁃sult of the field distribution from CST，Fig. 7（c）and
（d）is the theoretical calculation result. The theoreticalresults agree well with those obtained by the commercialCST software.
1. 3 Mode densityTable I gives the cutoff frequency of the modeswhose cutoff frequency is around 263GHz in a doubleconfocal waveguide with Rc=3. 6mm and a=1. 2mm.Clearly，the cutoff frequencies of the superposition modeand the ring mode calculated by eqs. （5） and（16）agree well with the simulation results from CST.The mode densities in a double confocal waveguide，in a single confocal waveguide and in a cylindrical wave⁃guide are presented in Fig. 8，it is obvious that the modedensity in a double confocal waveguide is higher thanthat in a single confocal waveguide，but less than that ina cylindrical waveguide. This is because there are morestable paths for the modes in a double confocal wave⁃guide than in a single confocal waveguide. In addition，the in-phase superposition mode and the anti-phase su⁃perposition mode are the degenerate mode，so only onecurve is used to represent these two modes in Fig⁃ure 8（c）.

Fig. 5 Normalized beam-wave coupling coefficient versus Rb.
图5 归一化的注-波耦合系数随波导半径的变化

Fig. 6 Coordinate systems for the ring mode
图6 环形光学谐振腔横截面几何结构图 .
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2 Diffraction losses
For a double confocal waveguide，it is possible todiffract part of power out of the waveguide by means ofthe gaps among the mirrors；it is helpful against the para⁃sitic oscillation in a gyro-TWT. Table II gives the diffrac⁃tive loss of different modes in a double confocal wave⁃guide with Rc=3. 6mm and a=1. 2mm. It is found that thediffractive loss of the anti-phase superposition mode TE06mode is far less than that of the potential parasitic modes.Fig. 9 shows the effect of the gap size on the diffrac⁃tion losses of the anti-phase superposition mode TE06mode，which is expected to be the operating mode of theGyro-TWT.

3 Conclusion
The electromagnetic characteristics of the doubleconfocal waveguide for a gyro-TWT is investigated in de⁃tails. There are two kinds of steady-state modes in a dou⁃ble confocal waveguide，namely，the superposition modeand the ring mode. The superposition mode includes in-phase and anti-phase superposition mode. With the sca⁃lar formulation of Huygens’Principle，the eigenvalueand the field distribution of these two kinds of modes

have been calculated，and the theoretical calculation re⁃sults agree well with those from the commercial CST soft⁃

（a） TE08 mode

（c） TE08 mode

（b） TE09 mode

（d） TE09 mode

Fig. 7 The magnitude of the electric field of the ring mode,（a）
and（b）are the results from the commercial CST software;（c）
and（d）are the theoretical results.：（a），（b）是仿真软件 CST的计算
结果，（e），（f）是理论计算结果
图7 双共焦波导部分环形模横向电场幅值分布图

Table 1 Cut-off frequency of Eigenmodes
表1 各本征模的截止频率

Mode
TE09（ring mode）

TE06（superposition mode）
TE08（ring mode）

TE15（superposition mode）

Theoretical
279. 2 GHz
260. 4 GHz
249. 8 GHz
239. 6 GHz

Simulation
277. 8 GHz
260. 1GHz
249. 5GHz
237. 2 GHz

（a）

（b）

（c）

Fig. 8 Dispersion curve.（a）Dispersion curve in a cylindrical
waveguide.（b）Dispersion curve in a single confocal waveguide.
（c）Dispersion curve in a double confocal waveguide.
图 8 波导色散曲线（a）圆波导的色散曲线（b）单共焦波导的
色散曲线（c）双共焦波导的色散曲线

Table 2 Total loss
表2 总的传输损耗

Mode
TE09（ring mode）

TE06（in-phase superposition mode）
TE06（anti-phase superposition mode）

TE08（ring mode）
TE15（in-phase superposition mode）
TE15（anti-phase superposition mode）

Total Loss
（dB/cm）
28. 2dB
17. 8
2. 03
13. 9
4. 8
30. 1

Interaction
Forward
Forward
Forward
BWO
BWO
BWO
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ware. Meanwhile，the diffractive loss has also been cal⁃culated with CST software. If the anti-phase superposi⁃tion mode TE06 mode is chosen as an operating mode in agyro-TWT，the diffractive loss of the potential parasiticmodes，such as the ring mode TE08 and TE09 modes，thesuperposition mode TE06（in-phase）TE15（in-phase andanti-phase）modes is far greater than that of the operatingmode. It means that the potential parasitic modes can besuppressed effectively by means of its own diffractive lossin a double confocal waveguide. The mode density in adouble confocal waveguide is higher than that in a singleconfocal waveguide，but far lower than that in a cylindri⁃cal waveguide. Compared to the single confocal wave⁃guide，a higher beam-wave interaction efficiency can beobtained in a double confocal waveguide for a gyro-TWT，

it is an appropriate choice to choose a double confocalwaveguide as the beam-wave interaction structure in a gy⁃ro-TWT.
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