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Abstract : Transmission and reflection coeflicients of HEp, hy brid modes in the slid-
ing waveguide are discussed on the basis of mode matching method and multi-mode
relwork theory. The sliding waveguide s composed of the corrugated waveguide
with 88.9 mm¢ and the smooth-wall waveguide with 110 mmé in inaer diameter. 1
is confirmed that 1he decrease in power of < 0.2% al 84 GHz is obtained f{or 2 cm
in gap of the sliding waveguide. Al the sliding length near mulii-hali-wavelength in
vacuutn, transmission and reflection powers in the shiding waveguide change dightly.
because the very small amouni of standing wave of higher-order T'E or TM modes is
produced resonantly.
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1 Introduction

There has been considerable interest in
plasma production, heating and current drive of
fusion-oriented plasmas by high-power electron
cyvclotron waves in the range of millimeter wave
[1-7]. In a fusion-relevant devices such as ITER [8],
the rescarch and development of electron cyclotron
heating is being continued. The clectron cyclotron
heating system is mainly composcd of gyrotrons.
oveorsized transmission lines and antennas. It is
well-known that alignment of an oversized waveguide
transmission line is important because deformation
due to thermal expansion, its own weight or mis-
alignment produces spurions modes and reduces
transmission cfficieney . When the injection port
for clectron cyelotron heating power is completely
fixed, no change in transmission length and direc-
tion arises. In a super-conducting device, vacuum
vessel is slightly displaced during cooling-down
phasc of coils. In tokamaks, the plasma disruption
produces vibration of vacuum vesscl.  To absorb
movement and vibration, wavegnide bellows or
quasi-optical components arc uscd. Combination
of miter-hends with sliding waveguides 1s able to
ahsorb perpendicular two-dimensional displacement
on the waveguide axis and change in the length. In
the large helical device [1], sliding waveguides are in-
stalled from the first cooling phase onwards. In this

paper, a thearetical analysis of a <liding wavegnide

is given on the base of the mode-matching method
and mulfi-mode network techniques. Transmission
and reflection characteristics including higher-order
modes excited in the component and formation of
standing wave arc described.

2 Theoretical Analysis and
Discussion

A sliding wavegnide which consists of mov-
able and sleeve waveguides is shown In Figure 1{a).
Two rorrugated waveguides with the inner diame-
ter 20 = 88.9 mm are inscried inte the smooth-wall
wavegulde which has an inner diameter of 2b = 110
mm. The sliding surface is coated with MoS, and
sealed with a silicon O-ring. Main purposce to ana-
lyze this transmission clement is to make an estima-

- tion of the mode-conversion loss and the mode trap-

ping in the waveguide gap. By using an clectromag-
netic {EM) analysis in the mode-matching method,
we take reflection from the discontinnous junction
plancs into consideration. The complex amplitude
of cigen wavegnide modes in both transmission and
reflection can then be calculated. As shown in Figure
1{b). waveguide diameter at the junction of sliding
section increases or decreases In conneetion with in-
jeeting direction of EM wave. Hereafter. we label this
wavegnide (junction) as the up-step or the down-step
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Figure 1: {a} The sliding waveguide with gap length
L (b) the up-step {down-step) waveguide and (¢) the
smooth-wall waveguide. Herc, A and B are incident
and reflected complex amplitudes. The cntrance and
exit ports are defined as ¢ and 5 in suffix.

waveguide (junction). At the junction surface, the
tangential EM ficlds should be continuous. Equa-
tions satisfying the boundary condition at the june-
tion plane of the down-step waveguide are given by

el + icne; = iDmE; (1)
n ™m

hy +Y Cuhy = DnH[ +2hiH(a) (2)

where, all the vectors signify their tangential compo-
nents and relations of ef = e} and h} = —h are
satisfied from power flow. Here, m, n are mode num-
ber , {4, -) 1s the traveling direction of cach mode.
EM-fields (e, k), (e, k) arc the incident and re-
flected modes in the input waveguide and (B}, H)
transmitted mode to the output waveguide, respec-
tively. In Eq. 2, the term which includes the Heviside
function H is the induced field at the ring-shaped
metallic cnd of the corrugated waveguide when the
EM-wave in the smooth-wall waveguide is injected
info the corrugated wavegnide. As for the junction
of the up-step waveguide, the term 2ht H{a) is ex-
cluded. Here, we take N HE, EH modes in the input
and output corrugated waveguides and also N TE
and TM meodes in the smooth-wall waveguide. To
determine the cocfficients €, and D,,. I'v for the
least square method is introduced:

_ Jsled + 2.7 Cuer — ST DnBLEGS |

I'n N
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If ¥ =co, I',, is equal to zero. In finite mode num-
ber N,

oFx

acr =0 (4)
Ol Y
E =0 6)

(3)

are satisfied in order to minimize I'y. Because C;
and D; are complex value in general, we have 4§
simultancous lincar equations:

Q=) CiTy;+y DU, (6)
3 7

Ro==3 CVij+ > D,Wy; (7)
¥ 3

where,

Tiy=[e7" e]dS/K. + [h]"- k] dS/K3,

Uij=[e;" EfdS/K. + fh;" - HdS/F;,

Vij=fE]" -ejdS/K.+ [ HI"-h;dS/K.

W.;=[E}r-EldS/K. + [ HT*. HdS[K,,

Q: = [ e el dS/K+ [ hT*-(h§ —2hi H(a))dS/ K.

Ri= [E* el dS/K.+ [ H*-(hf —2bF H(a))dS/ K,

K. = flef|*dS, and K} = [ |hT|2dS.

Because EM fields (ef, hf) (E+, H"{} on boundaries
arc is chosen to be real, T, ;, Ui Vi Wy Q, and
R, arc real and then coefficients C; and D, become
rcal also. To carry out numecrical integration. data
files of two dimensional data, which are sampled at
64 x 64 points, arc provided for all the modes. Here,
the radius of corrugated waveguide is divided by 24
points.

The EM characteristics are analyzed by mrulti-
mode network theory. A waveguide capable of propa-
gating 2N modes is represented in term of 2N trans-
mission lines with propagation constant 3q. In Fig-
ure 1(b} the up-step (down-step) waveguide with dis-
continuity has rcal two ports. Thus 4N virtual ports
with TE;,, TM;,, HE,, and EH;, transmission lincs
forp=1~N(p=2~N+1for EHy,) are con-
sidered owing to angular symmetric property. In the
up-step (down-step) junctions, the incident, reflected
and transmitted modes are related via the scattering
matrix S as follows:

Be'[ Ael
Bfg Af'z
- - S]l I S]Z .- -

= 8
Bs] ( 521 | 52‘2 As'! ( )
Bs2 A.e?

where, the suffixes ¢ and s indicate the entrance and
exit ports, respectively. The incident and reflected
hybrid modes are denoted by A., and B4, TCSpeC-
tively. As for incident and reflected TE/TM modes,
A,y and B, are used:

A = AeliBye ooy AeNit) = AeEHinn s



Figure 2: S-Matrix of the step waveguide for N = 7.

Aa = AR, - Agngy = AT

Bet = Betimys -0 Benvgry = Bering, - - -
Bo = Barpys - Bawgny = Baragyy - -
Selutions €; and D, for various incident mode
(ed. hg) give S-matrix elements. In Figure 2, the
contour and wire-frame plots of S-matrix for ¥ =7
at 84 GHz are shown. The choice of value N in-
fluences the absolute transmission power and mode
trapping In gap of sliding waveguide. Because EM
ficlds of higher-mode with large p In very large
N arc not represented exactly to the smallest de-
tails with the present sampling points, calculations
of T,,,U,,.V,;,W.,;, @ and R, arc iruncated at
A = 7. The S-matrix shows that injection of HE
or EH mode to the smooth-wall waveguide into the
up-step junction is almost completely transmitted as
TE and TM medes: 5, ; >~ 0 (for 7 and j = 1 ~ 14).
As for injection of HE,; mode in the up-step waveg-
wde, 51‘15 = —0.817, 51 16 — 0.22%. 51'17 = U.OT,..
and 5y 2s = —0.522 which are coupling factors to
TEq;. TEqz, TE{3 and TAM;, modes are obtained.
It is noted that this values are different from well-
known S, , for a = b: 5115 = —0.919, 57 16 = 0.028,
Sg‘zz = 40.38211 and 51,23 = —0.08 for TE]] y TE”,
TM;; and TM,;. This result shows that the cou-
pling of HE,; mode with the TE (TM) mode de-
creases (increases) when the diameter of smooth-wall
waveguide becomes larger. On the other hand. TE
and TM meodes at the down-step junction are par
tially reflected by the end of the corrugated waveg-
uide when these modes are injected into the corru-
gated waveguide: 5, ; # 0 (for » and j = 15 ~ 28).
For example. in 28 modes of TEq,. TM;,. HE;, and

(SH(S)

28

Figure 3: 5,5* calculated from Figure 2. The matrix
S is nearly unitary.

calculation of 5;5 shows that the off diagonal terms
are close to zero and that the diagonal terms except
(S¢5%Joe = 0.82, (5,57 )77 = 0.07. (55" )12,12 = 0.84,
(S:S*hg!m = 008. (S:S*)H'H = (.03 arc close to
unity as shown in Figure 3.

This attributes a truncation due to finite mode
number and therefore the analvsis 1s invalid for
higher-mode injection with large p. For instance, the
mode coupling of HE;7 mode needs mainly (TEq+,
TM77) modes and requires more higher modes which
1s truncated. As for injection of a dominant HE,;
mode or higher-inode with small p, the system al-
most conscrves encrgy in spite of the finite mode
number and therefore it is clear that the truncation
has no significant impact on the analysis. When the
shiding length L increases, the multi-reflection of TE
and TM modes between step junctions excites more
higher modes. In a seattering transfer deseription {9].
(B¢, Asqg) and (A.,. B.,) are related with seaétering
transfer matrices U and D for up-step and down-step
waveguide components with L as follows:

B‘sl \ Aer
By Aes
Uy & Uiz
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Figure 4: The transmitted power In the output of
sliding waveguide as a function of the sliding length
L.

Uy = —51_21511~ Uy = S5 Dip = S — 5135;1522.
Drz = SHSZ—‘I. Dg-[ = —5.2_1] 522, and D22 = S;]-I
For the straight waveguide component of Figure 1(¢).
scattering transfer matrix F is given by

B-ﬂ Ae]
Bs‘.! Aeﬂ
o b _fFi] o0
A —( 0 !ng) B, (11)
A.q2 B?Z
where,
e~ 0 0
ry=| 0T e
= , 12
(Fn : 0
0 0 0 e 18w
and
e 0
) 0 et a (13)
Faz } = 13
( : : : 0
0 0 0 gffex

where, Fy1 and Fzs are matrices related with 4z and
—z propagating mode. The value 6, is the phase an-
gle of TE {for ¢ < N ) and TM (for ¢ > ¥) modes
and represented by §; = 3, L with propagation con-
stant J,. The sliding waveguide is given three cas-
caded networks with trarsfer matrices U, F and D.
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Figure 51 The reflected power in the Input of sliding
waveguide as a function of the sliding length L.

Finally, the relation of output modes to input ones
for the sliding waveguide is obtained by taking the
ordered product of the individual matrices:

le A—el
BSZ Aez
. _ o .
5| =DIRF AU | 5= (14)
Asz Bf.z

Considering an HE;; mode of 84 GHz is in-
jected into the sliding waveguide, transmitted modes
B, and reflected modes B, arc solved numerically
as a function of the the sliding length L by substi-
tuting Aoy =1, Ay = 0 (forg # 1), and 4,, =0. In
the case of an HEq, injection, B,, and By arc ob-
tained by A.y = 1, Ag = 0 (for ¢ # 2) and A,, = 0.
In Figure 4 and Figure 5, transmitted and reflected
power fractions of HEq, and EH;, modes are plotted
as a function of sliding length L for mode number of
N = 7 when only the HE|; mode is injected into
the sliding waveguide. It is confirmed that transmis-
ston power of HE{; mode at I = 0 becomes close to
unity when NV increases: this value for § =3.8,7, ..
is 0.0994, 0.9996, 0.9997, .... Because phase differ-
ence between TE;; and TMy,; modes incroases with
L. power fraction of transmitted HEq; mode, which
is composition of TE;; and TMy; modes. decreases.
Typically, for L = 2 em, the transmission loss of
HE,; mode is less than 0.2%. which includes reso-
nant dips. With increasing L. periodic changes in



the transmission and the reflection modes are ob.
served: the depth of the troughs inereases and the
period is almost a half-wavelength in vacunm Ao/2.
To show the periodicity and the evolution of dips in
detail. in Figure 6. the transmitted HE(; power to
the output of sliding waveguide s shown as a fune-
tion of L. Here, cach curve is displaced vertically
by three half-wavelengths in vacunum. The number
n, shows the period between L = (n, = 11A¢/2 and
nprof2.  As discussed later. the depth and width
of the first (sccond) dip results from resonances of
TMys. . (TEj3. TEqy. TE;j5, ...} modes. Near the
first and second half-wavelength periods the trans-
mitted power increases, and then resonant dips and
the shelf appear.

In Figure 7. the transmitted power HEyy for
various N around L = 9A5/2 are shown as a function
of L. Figures 7 {a) to (g} corresponds to N = 1t0o 7.
respectively. For reference. the positions of ninth half
waveguide-lengths of TE and TM modes are plotted
by vertical dotted lines. As N increases, the frans-
miited power increases gradually. and dips appear in
the region indicated by the vertical lines. The first
and second dips arise at N > 3 and N > 6. respec-
tively. The dips originate in formation of a partial
standing wave of higher-order TE and TM modes
with large p. By substituting the calculated complex
amplitudes B, of the reflected HE and EH modes to
the input waveguide and the given incident complex
amplitudes (A =1l and A, = 0for ¢ # 1) inEq. 9,
+z and —z propagating modes amplitades A, and
B,y with TE and TM modes at the junction plane
arc obtained.

As shown in Figure 8, the total transmitted
power ({+z propagating power) — (~—z propagating
power)) at the up-step junction remains constant and
the total +: propagating power at the same junction

TRANSMITTED HE,; POWER

LENGTH L {mm/av)

Figure 6: The transmitted HE;; power. The curves
arc displaced in ecach case by every three half
wavelength in vacuum. The vertical value of the
ion horizontal line i unity.  The curvee are dia
placed downwards in cach casc by one vertical divi-
siom. which corresponds to 0.001. The mumber n,
shows the period between L = {n, — 1)A;/2 and
tipha /2.
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Figure 7: The transmitted HEq; power around L =
QXy/2 = 16.06 mm: figure (a) to (g) corresponds to
N =1to 7 Vertical dotted lines indicate locations
which are equal to ninth half waveguide-length of TE

and TM modes.
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Figure 8 The transmitted and +: propagating pow-
ers in the smooth wall waveguide as a function of
L. Powers of 4: propagation and transmission for
down-step junction are denoted by 4z and T.
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Figure 9: The polar plot of complex amplitude in 4=
and —z propagating waves at the up-step junction.

shows two peaks of which values are more than unity.
This attributes the increase in fotal —= propagat-
mg power. Although TE;:y, TE; and TMy; modes
are almost traveling wave, Thi;z, TE;3 TEq¢ and
TE15 modes are partial standing waves in the sliding
waveginde. At the special length near every half
wavelength period. trapped TMy,; and (TE 3. TEq4
and TE;s} modes gencrate first and second dips of
the transmitted HE;¢ as shown in Figure 7.

By comparing thosc results with that shown
in Figure 7, it scems that cascade decay to higher-
mode with large p by low reflection of higher-mode
with small p produces standing wave. With relation
to Figure 8, the By of 42 and —= propagating TE,
and TMy; modes as typical cxample at the up-step
Junction is polar-plotted in Figure 9. From the point
of L = 16.06 mm denoted by the square, the tra-
Jectories rotate clockwise rapidly and move slowly
near the real axis when L inereascs. This behavior
is also seen for higher TE and TM modes. A large
rotation with an imaginary part relates with the dip
formation mentioned previously. To obtain field pat-
tern |Ey| and [H ;| at any position z in the smooth-
wall waveguide with given I, complex fraction of 2
propagating modes can be caleulated as follows:

Bs‘l Aﬂ
qu AE'Z
A | = RF 48R, U | 5= (15)
A:?Z BF2

where 6, in F is redefined as 8, = 3,z. The total
field {F,] and [H.| are obtained as the sum of TE
and TM mode pattern with weighting factor of frac-
tion calculated. In Figurces 10 and 11, the normalized
ciectric ficlds in the smooth-wall waveguide for spe-
cial lengths of L = 16.10 and 16.21 mm arc plotted
as a function of z. In the peripheral region, standing
wave patterns with nine peaks due to higher modes
of TM in Figure 10 and TE in Figure 11 arc observed
clearly due to small amplitude of low-order mode.

=3 y
E o = 18.10mm
e

5 10 I
DISTANCE z (mm)

Figure 10: Normalized |Ey| in the smooth-wall
waveguide for L = 16.10 min of the first dip in Figure
8.
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Figure 11: Normalized |E,| in the smooth-wall
waveguide for L = 16.21lmm of the second dip in
Figure 8.
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Figure 12: Comparison of the transmitted HEq,
mode: (a} the sliding waveguide with 2¢ = 88.9 mm
and 26 = 110 mm (b) with absorbers on the end of
the corrugated waveguide arc added and (¢) when
the straight smooth-wall waveguide with 2b = 88.9
mim is inserted n the gap.

In the central region nearly traveling wave patterns,
which is similar to the HE 3 mode, are also abserved
in both figures. Apparently the standing wave is pro-
duced by reflection between the the ends of waveg-
uide when they are inserted.

When the EM absorbing material 1s to be
placed in front of the ends of corrugated waveguide,
no multi-reflection arises as shown in Figure 12(b).
When a straight waveguide with the same inner di-
ameter {2a = 2b = 88.9 mm) is inserfed in stead
of the smooth-wall waveguide in sliding waveguide.
the multi-reflection also ceases as shown in Figure
12{¢). Because the wavepumber difference A3 be-
tween TEq; and TMj mode in 2¢ = 26 = 88.9 mm
is larger than that in 2¢ = 88.9 mm and 26 = 110
mm, the mode-conversion loss Increases.

In all the cases the total mode-conversion loss
is less than 0.2% at L = 2 em. The similar calculated
results at 168 GHz arc also obtained [1]: the periodie
behavior of transmitted and reflected modes is also
obscrved and the mode-conversion loss decreases to
<01%at L =2cm.

3 Summary

A theoretical analysis of shding waveguide
with 2b = 110 mmd, which conneets corrngated
waveguides with 20 = 88.9 mme. has been per-
formed by a combination of mode-matching and scat-
tering matrix techniques. The results are as follows:
{1) small amount of higher-order modes in reflee-
tion and transmission is excited and that an $4GHz-
HE,;; mode is transmitted with the loss of < 0.2%
including the resonant effect at the sliding length
L =2 cm: (2) at a special length near the mulri-half-
wavelength, mode-conversion loss is enhanced due to
the presence of the standing wave in the gap. It can

Tin mernmmdnd dhat canscandt Ainog nea arvmanthad Aacen
e . Al'\l TURLT LLICLL 1L DRrridesL kl.JkJﬂ LAV SYRAANFAUZ1 ALY A1 ANEUS WY U

~1

when corrngated wavegnides with ronaded out or -
clined ends nx the sliding waveguide are adopted
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