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Abstract

For the measurement of electron cyclotron emission from the high temper-

ature plasma, a band rejection filter in the range of 40~60 GHz is designed to

reject the 53.2 GHz signal with large amplitude from the gyrotron for the purpose

of plasma electron heating. The filter developed with ten sets of three quarters-

wavelength coupled by TEm mode of tunable resonant cavity has rejection of 50

dB and 3 dB bandwidth of 500 MHz. The modified model of Tschebysheff type for

the prediction of rejection is proposed. It is confirmed that the measured rejection

as a function of frequency agrees well with the experimental results for small cou-

pling hole, and also clarified that the rejection ratio increases for the large coupling

hole.

KEYWORDS : electron cyclotron emission, electron cyclotron heating, cavity, band

rejection filter, Tschebysheff



1 Introduction

For the conventional diagnostics of the electron temperature of high temperature plas-

mas, electron cyclotron emission (ECE) in the range of millimeter wave has been measured

with a multi-channel radiometer system. To heat plasma electrons, the electron cyclotron

heating (ECH) at the fundamental frequency and higher harmonics as the simplest method

has been carried out in the toroidal magnetic confinement devices. In the compact helical

system (CHS), the millimeter wave from the 53.2 GHz gyrotron with 100 kW of power

produces the plasma by the second harmonic ECH. A horn antenna connected to the

radiometer in the frequency range of 40~60 GHz picks up the 53.2 GHz signal from the

gyrotron as a stray with the level as high as the local oscillator in the radiometer. The

normalized bandwidth of the gyrotron oscillation is around 10~6. To observe the second

harmonic ECE from all the regions of the plasma during the second harmonic ECH, a

rejection filter with the narrow band and the high attenuation is required, since the ECE

just near the ECH frequency is especially important. The development of such kind of

the filter is also essential in the application of the collective ion Thomson scattering.

In Wendelstein-7 AS, the band rejection filter at 70 GHz has been used for the fun-

damental ECE measurement during ECH [1,2]. It consists of a piece of straight E-band

waveguide and five cylindrical cavities, which are spaced by three-quarter wavelength in

the waveguide. The waveguide is aligned perpendicular to the axis of the cylindrical cavity.

The transverse magnetic field component of the fundamental waveguide mode is coupled

to the longitudinal magnetic field in the cavity by a hole in the waveguide side wall. The

diameter of the coupling hole is 1.7 mm that is determined experimentally. In this case,

to get the high Q value, the coupling mode in the cavity is chosen to be TE 0 U mode.



As this mode is not the fundamental mode of the cylindrical cavity, spurious resonances

may occur. To study the propagation of heat wave by ECH in CHS by means of

ECE, we have developed series of three quarter-wavelength coupled resonant cavity. The

typical design method for a band rejection filter which is a quarter wavelength coupled

resonant cavity is well known as a Tschebyscheff type [3]. By introducing an inductance

and a capacitance in the resonant circuit, the rejection characteristics is calculated from

the Tschebyscheff polynomial. It is necessary to satisfy a specific attenuation value and

band width at the resonant frequency of the filter in the ECE measurement during ECH.

To compare experimental results with theoretical ones, we take the finite ohmic loss in

the cavity and the frequency-dependence on the waveguide between cavities into consid-

eration. The method extended from the traditional design method of a Tschebysheff type

is also applicable for the band pass filter.

The paper consists of five sections. The aspect of the filter design is described in

section 2. Experimental results are given in section 3. In section 4, the results applied to

the full band width 40~60 GHz for the ECE diagnostics are described. Conclusions are

given in section 5.

2 Design of the band rejection filter

A band rejection filter with the [/-band rectangular waveguide (4.8 mm x 2.4 mm)

is developed for easy insertion in the radiometer. Here, we take a tunable frequency and

adjustable attenuation and a narrow bandwidth determined by Q value in resonant circuit

into consideration. The schematic drawing of the filter is shown in Fig. 1. A waveguide

made by cutting an aluminium block and the aluminium plate with ten coupling holes of



which interval is 5.3 mm are prepared. The interval is equal to the 3As/4 at 53.2 GHz.

Here, Xg is the wavelength in the waveguide. On all the holes the tunable resonant cavities

are connected.

2.1 Q value of cylindrical cavity

The unloaded Q value Qo of TEm n l mode [4] determined by the dimension of the

cylindrical cavity at the frequency u>0/2x is given by

2 [ 4 + 2 2 D 3 / 4 / 3 + ( i } / 2 / v ) 2 ( l - Z } c a v / / c a v ) ] 6 '

Ac = £cavMx m nA) 2 + (A:av/2/cav)
2 , (2)

where DCSiV and /cav are the diameter and the length of the cavity, and 8 = J'2/uj/.ioa

and Ao are the skin depth and the wavelength in free space, respectively. Here, /.iQ is

the permeability in vacuum and a is the conductivity of the wall material. The value

of Xmn is the n-th root in derivative of Bessel function J'm{x) a n ^ is 1.8411 for TEn

mode. To maximize Qo, Dcav and /cav are selected to be 4.0 mm and 5.0 mm, respectively.

The length of cavity is adjusted by movable tuning plunger. The calculated Qo of the

aluminium cavity is 4120.

The attenuation factor a between the waveguide and the cylindrical cavity [4] is given

by

a _ lQ-l.6y/l-{1.7d/\0)
2(t/d) ^ ^

where d and t are the diameter and the thickness of the cavity hole, respectively. The

aluminium plates with various sizes of d = 1.4,1.6,1.8,2.0 and 2.4 mm with / = 0.4 mm

are prepared. To couple with the Bx and Bz components in the {/-band waveguide, the

position of coupling holes is deviated from the central line. The configuration of holes is



shown in Fig. 2. The coupling of TE10 mode in the [/-band waveguide with T E n mode

in the cylindrical cavity by the magnetic field is examined in Appendix I. The external Q

value QE with coupling hole of d = 2.0 mm is calculated to be 7730. It should be noted

that QE is proportional to d~6 (see appendix I).

2.2 Equivalent circuit

In order to analyze the performance of the band rejection (or pass) filter such as the

Tschebyscheff type, equivalent circuit [4] including an inductance L and a capacitance

C as resonant circuit was used. Here, the coupling of the waveguide with the cavity

is treated with an ideal transformer model with the turn ratio n. However, it is not

sufficient to estimate the transmission property of the band rejection filter by only L

and C, because ohmic losses are not negligible in the range of the millimeter wave. It is

noteworthy especially that the total ohmic loss relates with the value of an attenuation at

the resonant frequency. Introducing the resonant cavity of a resistance R spaced by the

arbitrary length I into the consideration as shown in Fig. 3, we modify the conventional

design of Tschebysscheff type filter. The frequency dependence of the multi-band rejection

filter with JV cavities is discussed in terms of parameters of QQ , R and n. The impedance

ĉav [4] and resonant frequency CJO/2TT of single resonant circuit are given by

_ n2i? _ nRZ0

1 +JAUQ0/UJ0 l+jAwQ0/u>0

LU0 = 1/y/LC . (5)

Here, the Qo value (that is defined as UJQRC) is the unloaded Q value of the resonator

and UR = n2R/Z0- The value of /\u (that is defined as w - u;0) is a deviation from the

resonant frequency. As shown in Fig. 3, the band rejection filter is composed of many sets



of the resonant cavity and transmission. Here, the susceptance ji?hoi due to the coupling

hole [5] is neglected. In analysis for wide band we include jBhoi as discussed in Appendix

II.

The F-matrix of this system as shown in Figs. 3, 4 are expressed as

[Fhoi][Fcav][Fwg](Fhoi][Fcav] =

\

(6)

[F] = [Fo][Fhol][Fcav][Fwg][Fhol][Fcav][Fwg]---

A B

C D

where [Fo], [FhOi],[Fcav] and [Fwg] are the F-matrices for the element of the generator, the

scattering from the coupling hole, the cavity and the waveguide between adjacent cavities,

respectively. The matrices of [Fo], [F^o\], [Fcav] and [Fwg] are given [5] by

[Fo] =
Zo

\

1 0

1 Zc&v

0 1

(7)

(8)

(9)

(10)

js'm9/Zo cos8

where 6 = 2ivi/\g and I is the length of the waveguide. In the present system we adopt

I =3A9/4, where \g = 6.97 mm at Ljo/2ir = 53.2 GHz.

The voltage Ea and the current Ia at the input [a = i) and the output [a — o)



terminals [6] are related by

\ / \
A B

I
C D

Eo

I
(11)

The circuit, which consists of the power supply with the voltage Ei and the load with

Zo, is expressed by the combination of elements with impedance B/A, power supply

with the voltage of E/A and the terminal load Zo as shown in Fig. 4. By using the

maximum available power Pmax = \Ei\2/AZo, the power consumed by the terminal load

font, transmission coefficient of the band rejection filter 7" is calculated as

out — P T
— -t max -*

T =

(12)

(13)

The transmission coefficient T depends on A and B of F-matrix elements as parameters

of Qo and nR = n2R/Z0 = QO/QE-

The reflection coefficient F is derived from Fig. 4 by F-matrix [G\

[G] =

[Fcav] [Fwg] [Fhol] [Fcav] [Fo] =
AG BG

CG DG I

F =
Q — Bo/' D

(14)

(15)
o + BG/DG

Although \g can be assumed to be constant near u> = u0 such as \Au/u;0\ < 0.0025. in

the wide range of 40~60 GHz, we take both dependencies of Xg on frequency and j B\xo[

into consideration. The assumption of constant Xg results in the error within 0.01% for

53.2 ±0.133 GHz.



The transmission and reflection coefficients in the system for any number of cavity

are calculated as follows, for the assumption of constant Xg and ji?hoi = 0.

4

To =

(16)

A = d*U
•Lo —

(17)

where y = Zca.v/Zo. The subscripts are the number of the cavities. In Figs. 5(a) and (b).

the calculated results for n# = 0.50, 1.0 and Qo = 500, 1000 are shown at N = 5 and S,

respectively. It is noted that the frequency-dependence and the rejection and the return

loss at u = UJQ of the filter are determined by Qo and nR and that rejection increases

proportionally with N.

3 Experimental procedures and results

We measure the insertion loss as a function of frequency. As a signal source the sweep

generator is used and weak output signal as low as micro volt from the Schottky diode

detector is observed by using the lock-in amplifier.

To compare the theoretical n# with the experimental one, we use single cavity filters
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(JV= 1) with various d. With the aid of eq.(16), the best fitted n# is obtained from the

frequency dependence such as Fig. 7 mentioned below. By QE which is proportional to

d~6 given in Appendix I, the theoretical n# = QO/QE is derived. In Fig. 6, UR is plotted

as a function of d. The experimental results show good agreement with the theoretical

curve. Thus, we adopt d ~ 2.0±0.5 mm for the present band rejection filter. To measure

the rejection of the filter with N = 10 at first, each cavity in the band rejection filter is

tuned so as to locate the center frequency of the attenuation at 53.2 GHz by scanning the

frequency. The rejection characteristic for AT— 10 is measured. Secondly, by inserting the

plunger at the final cavity inward completely, performance of the band rejection filter with

N — 9 is examined. By the same procedure, the next cavity is closed and the measure-

ment for N = 8 is carried out. The Schottky diode detector is calibrated by the calibrated

attenuator when all the cavities are closed. In Fig. 7, experimental results for the band

rejection filter with the smallest coupling hole of d = 1.6 mm are plotted as a parameter

of N. The attenuation (dB) is proportional to A" approximately. All the measured values

for various N agree fairly with the calculated curves by eq.(16) when Qo = 700 and TIR

— 0.20 are assumed. The attenuation measurements for different coupling holes with d

= 2.0 and 2.4 mm are carried out. In Fig. 8(a), rejections at u> = u0 are plotted as a

function of N. Although the rejection for smallest coupling hole increases almost linearly,

results from d = 2.0 and 2.4 mm increase nonlinearly. From the calculation with jB\xo\

= 0 described in the section 2, this nonlinear dependence of the attenuation on N can

not be expected. But this noticeable character can be explained by the mutual coupling

{JBhoi / 0) between neighboring holes as discussed below. Practically, this enhancement

of the attenuation is convenient in getting high attenuation at the center frequency.



In Fig.8(b) the experimental and the theoretical return loss (dB) from eq.(17) axe

shown as a function of N for d = 1.6 mm. As predicted theoretically, with increasing

N, return loss does not increase monotonously due to the increase in the absorption by

the cavities but approaches fixed value after some oscillations by cancellations between

scattered waves.

To study the nonlinear rejection for large coupling hole, three quarter-wavelength

separated double cavity filter is used. At first, second cavity is closed and the frequency

UJQI/'2TT at the maximum attenuation by the first one is tuned at 53.2 GHz. By decreasing

the resonant frequency of second cavity ujO2/2ir from 56 to 51 GHz with a step of 0.1 GHz

by opening the second cavity, dependence of UJQI and attenuation in 10 = co>0i on VJQI with

double-cavity system is estimated from the trough of attenuation by frequency scanning.

Here, three rejection filters with the double cavity of which coupling hole is d — 1.6, 2.0

and 2.4 mm in diameter are experimentalized. Figures 9(a)~(c) show the frequency and

the attenuation at the maximum attenuation corresponding to the first cavity from the

measurement of frequency dependence for different d. Even if UJQ2/2T decreases from 56 to

51 GHz in Figs. 9 (a), uoi/2r of the first cavity does not change and attenuation increases

as the superposition of rejection profiles. Here, the total attenuation is not additive and

asymmetric profile at LO/2TT = 53.2 GHz is observed. As for d — 2.0 mm, when the second

cavity is opened, U>01/2TT increases by 0.11 GHz. With decreasing UIO2/2TT, UJOI/2K reaches

53.2 GHz which is the initial value. The rejection becomes maximum at UJQ2/2-K = LCO1/2K

= 53.2 GHz. With reducing OJ^I'^-K from 53.2 GHz, CJOI/27T increases to 53.27 GHz. For

the largest coupling hole of d = 2.4 mm as shown in Fig. 9(c), the shift of c^Oi/27r is -0.10

GHz when the second cavity is just opened. With decreasing U;02/2TT, U>QI/2K reaches the
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minimum of 52.8 GHz and then increases up to 53.4 GHz. At the same time, the attenua-

tion around LU/2TT = 53.2 GHz strongly increases. As a result of mutual coupling between

cavities, the coupling coefficient TIR increases and rejection rate is enhanced strongly in

the multi-cavity system. The further study of the mechanism of the mutual coupling is

left for the future.

4 Application of the band rejection filter

In Figs. 10(a) and (b), the attenuation and return loss of the band rejection filter

with 10 cavities {d = 2.0 mm) in the whole frequency range for the second ECE measure-

ment of 40~60 GHz are shown with the calculated result including finite ji?hoi. In the

calculation, parameters UR and Q$ are selected as 1.2 and 1000 which are best values in

fitting the experimental attenuation data around resonant frequency for N = 10 and d =

2.0 mm. In the heterodyne radiometer system for CHS, the filter with coupling holes of

d = 2.0 mm is used from the viewpoint of attenuation level and the band width. The full

width at half maximum (band width of the attenuation over 3 dB) at tx>o/'2ir = 53.2 GHz

is around 0.5 GHz and the rejection of 50 dB at CJO/2TT = 53.2 GHz is obtained.

Experimental results show the peak around 40~45 GHz in Figs. 10(a) and (b). The

exact calculation (9^ 3TT/2) including the frequency dependence of Xg in the waveguide be-

tween cavities by using eqs.(13), (15) and non-zero susceptance j-Bhoi = ji47r<Z3l'osin' {x/a)/3Xga
2

in [Fhoi] (see Appendix II) are shown in Figs. 10(a) and (b) as shown with solid curves. It

is concluded that the peak at CJ/2TT = 40~45 GHz, and many small peaks results manily

from the mismatching between the waveguide and the coupling holes.
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5 Conclusion

The band rejection filter is fabricated by using a series of three quarters-wavelength

coupled cylindrical cavity with coupling hole installed in the waveguide. The obtained

attenuation at 53.2 GHz is around 50 dB with the 3 dB bandwidth of 0.5 GHz for N — 10,

d = 2.0 mm. By making the model which is represented by Tschebysheff polynomial with

finite ohmic loss and the susceptance in the coupling hole, the comparison of the experi-

ment with the model is performed and the good agreements are obtained. For the large

diameter of coupling hole, it is confirmed experimentally that the strong mutual coupling

between cavities exists. The developed band rejection filter satisfies the requirement from

the ECE diagnostic system to eliminate the 53.2 GHz signal from a high-power millimeter

source of the gyrotron for the purpose of plasma electron heating. From the experimental

viewpoint, the size of holes and the number of cavity strongly affect observation because

the emission from the plasma is very weak in comparison with the 53.2 GHz signal from

the gyrotron. The optimum values of d and N are determined experimentally by taking

the experimental requirements for ECE. In the present filter, the piston mechanism for

adjusting the resonant frequency makes Qo low (theoretical value is four times larger than

the experimental one). Full electrical contact by the contact finger in the gap and the

fine tuning mechanism for adjusting the resonant frequency in the cavity is required for

increasing QQ.
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Appendix I (Calculation of the external Q)

Calculation of QE for coupling of TEio mode in the rectangular waveguide with TEU

circular mode in the cavity was reported [8]. Let consider the coupling of TE10 mode in

the rectangular waveguide with TEm mode in the cylindrical cavity by rf magnetic field.

The Cartesian coordinate in the system is shown in Fig. 1-1. The electromotive forces

E+ and E~ for +z and -z directions are given by

E± = T{h*±K)-JmQ, (1-1)

where J m 0 is the magnetic current in the cylindrical cavity and the subscription 0 means

the value at the coupling hole. Here, h* is the complex conjugate of the TEio mode

function of the rectangular waveguide with a = 2b given by

i. 2 • r x / • ( • - > \

Ko = — s i n — , • (1 — 2a)

a a

hy0=Q, (1-26)

hz0 = - ; - T C O S — , (I - 2c)
a' a

where a and b is sizes (4.8 mm x 2.4 mm) of the waveguide. The value of Xg is 6.97 mm

for TEio mode and x/a is equal to 7/16 at the coupling hole. Because the value of h:0 is

assumed to be zero, only the x component of J m 0 is considered.

15



The resonant magnetic fields of TEm mode in the cylindrical cavity normalized

with the stored energy W= 1 is given by

COS<j)
cos— ,

t cav

( I -3a )

J<n Ji (2Xnr/Dcav)
COStp

cos
I ffy-ti

[ I -36 )

Kn =
1

where fj,Q is the magnetic permeability and Ao satisfies eq.(2). The symbol (r, 6, Q is the

cylindrical coordinate in the cavity and lcav is the length of the cavity.

The magnetic dipole currents JmOa — juoiioaMHcO (& = r, <p) at C = 0 are obtained by

4aM
( I - 4 a )

(1-46)

where a is given by eq.(3)and M = d3/6 is the polarizability of magnetic dipole and t0

is the dielectric constant in the free space. The value of 2r/Dcav is 0.3/4.0. The power

transmitted from the coupling hole derived from the magnetic current is expressed by P£

= \E+\2/2Zv, where Zu = (As/A) Zo. By substituting (j> = 0 in eqs. (1-4o) and (1-46), we

have Jmor — Jmox and Jm0<i> = Jmoz- Thus, QE is given by

From eq.(I-5), the external Qg is estimated to be 7730.
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Appendix II (Derivation of Component in

By taking the perturbation to waveguide due to the finite size of coupling hole, we

improve an analysis of attenuation and return loss for wideband characteristics. The ma-

trix elements in polarizability of the magnetic dipole M can be assumed to be Mxx ^> Mzz

due to the configuration of the hole as discussed in Appendix I. The scattering matrix S'u

[5] is calculated by mode function hx0 in Appendix I;

ju

The value of Sn is equivalent to the parallel susceptance ji?hoi;

= -2SuY0 = 3 2

sin'—,
OAgO, ID

(II - 2)

where x/a = 7/16 is substituted in /iro- The F-matrix by cavity hole is expressed as

1 0
( I I - 3 )
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Figure captions

Fig. 1: Schematic drawing of the band rejection filter developed.

Fig. 2: Configuration of cavity and its holes. The center of coupling hole is not on the

axis of the cavity. The interval between cavities is 5.3 mm which is equal to 3As/4 at the

frequency of 53.2 GHz.

Fig. 3(a): Equivalent circuit of band rejection filter which is three quarters-wavelength

coupled resonant cavity ; an element Zo connected to the power supply represents the

impedance of power supply. The resonant circuit is expressed by the capacitance C/n2,

the inductance Ln2 and the resistance Rn2, where n is coupling coefficient corresponding

to the turn ratio in transformer model. The susceptance ji?hoi shows the scattering from

the coupling hole.

Fig. 3(b): Distributed constant circuit for the band rejection filter. Here, Zo is the

impedance of the generator and matched load ; Zcav and Zy,s are the impedance of the

resonant cavity and waveguide between cavities, respectively. The susceptance jB\loi

shows the scattering from the coupling hole.

Fig. 4: The equivalent circuit including F-matrix. The upper (lower) figure shows the

circuit for calculating the transmission coefficient (the return loss).

Fig. 5(a): Example of calculated attenuation for different Qo and UR. Here, thick solid,

thick dotted, thin solid and thin dotted curves shows the calculations for (n/j = 0.50, Qo

= 1000, JV= 5), (nR = 0.50, Qo = 500, N= 5), (nR = 1.00, Qo = 1000, Ar = 5), and [nR

= 1.00, Qo = 1000, iV= 8) respectively. Calculations are carried out with the assumption

18



of the constant Xg and ji?hol = 0.

Fig. 5(b): Example of calculated the return loss with different Qo and UR. Here, thick

solid, thick dotted, thin solid and thin dotted curves show the calculations for (TIR = 0.50,

Qo = 1000, N= 5), (nR = 0.50, Qo = 500, N= 5), (nR = 1.00, Qo = 1000, A r= 5), and

(n/{ = 1.00, Qo = 1000, N = 8). The thin dotted curve is superposed on the thin solid

curve. Calculations are carried out with the assumption of the constant \g and jB^oi =

0.

Fig. 6: Comparison of the experimental UR with theoretical one. Solid circles show the

value of riR obtained by fitting the experimental frequency dependence of the rejection

for N = 1. The solid line shows the result from the theoretical calculation with dipole

approximation from eq.(I-5).

Fig. 7: Measured and calculated rejection characteristics of the band rejection filter with

d — 1.6 mm for various N. The curves are calculated from eq.(16) with TIR — 0.2, Qo =

700. Here, CJO/2TT = 53.2 GHz. Calculations are carried out with the assumption of the

constant Xg and jB^o\ = 0.

Fig. 8(a): Attenuation as a function of N. For the large hole with d = 2.0 mm the curve

increases nonlinearly.

Fig. 8(b): Return loss as a function of N. Solid circles are experimental data for d = 1.6

mm. The dashed line and open circles are theoretical calculation for same d with HR =

0.2, Qo = 700.

Fig. 9: In the rejection filter with double cavities, when U^IJIT: at the maximum of the
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attenuation by the second cavity is changed, the attenuation (•) and the frequency (o)

u;oi/27r at the maximum of the attenuation by the first cavity. Figures (a), (b) and (c)

are experimental results from d — 1.6, 2.0 and 2.4 mm.

Fig. 10(a): Calculated attenuation characteristics (solid line) with taking frequency de-

pendence of \g and susceptance of the coupling hole into account for full bandwidth of

40~60 GHz. The experimental results with d — 2.0 mm and N = 10 are plotted as open

circles. The calculation conditions are d = 2.0 mm, UR = 1.2 and QQ = 1000.

Fig. 10(b): Return loss by the band rejection filter. Open circles show experimental

results of d = 2.0 mm and N = 10. The solid line shows the result of the theoretical

calculation with taking account of the frequency dependence of Xg and susceptance of the

coupling hole. The calculation conditions are d = 2.0 mm, UR = 1.2 and Qo = 1000.

Fig. 1-1: Radiant voltage from the dipole stimulated by the coupling hole of cavity.
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