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ABSTRACT

The performance of oversized transmission elements for millimeter waves 1s mea-
sured and compared with the calculation which is based on the superposition of plane
wave (SPW) and on Fresnel approximation in the Huygens-Kirchhoff integral. ~ Mode-
conversion in the split waveguide is discussed from the viewpoint of on- and off-axes
and 90-degrees elbow bend on phase correction is examined by using the SPW method.
The design and experiment on the whispering gallery mode generator are described.
A preliminary analysis of the rectangular waveguide with two corrugated plates and
two plane walls is also carried out to obtain the Gaussian beam with a waist size of

x-axis different from that of y-axis.

Keywords:radiation pattern, FFT, coupling of split waveguide, phase-correction
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§ 1. Introduction

In the recent device for fusion reseach, high-power millimeter waves have been
increasingly used in the electron cyclotron heating and current drive of toroidal plasmas.
At present, power level is being increased up to MW-class.  As mode of transmission
for millimeter waves, hybrid mode such as HE-mode is used recently due to their low
loss and linear-like polarization.  In this paper we describe a evaluation-method for

performance of transmission elements and designs for some transmission elements with

HE;; mode.

§ 2. Radation Pattern and Detection

The diffraction in electromagnetic wave and light has been calculated tradition-
ally by using the Huygens-Kirchhoff principle. ~ More recently the radiation pattern
derivered from the superposition of plane wave (SPW) in different directions by using
the only transverse electric fields (E, and E,) and Maxwell equation [1].  We modify
the SPW method in order to draw radiation patterns for near field by both transverse
electric and magnetic fields (H, and H,).  For far field, we apply Fresnel approxima-
tion in the Huygens-Kirchhoff integral.  Here, FFT and inverse FFT are adopted for
the advantage of increase in the calculation speed. ~ When wave whose amplitude is
normalized by the orthnormal relation propagates along z-direction, EM-field at any z
can be written in terms of their spectrum functions S, (kz, k,) and O; (k,, k,) which
are calculated from the Fourier transformation of the transverse EM-field Etwg (z1, 11)

and ﬁmg (z3, y1) at the aperture (2; = 0);

(1) Selbarky) = [ [ Bawglor, v )expliChazs + byy))doadin

(2) Cjt(km ky) = /]ﬁtwg(xla yl)exp[i(kle + kyyl)]dfldyl-

The longitudinal spectrum functions for E, and H, are determined by - S = 0 and
- Q=0. Radation pattern is given by

.8 k
3)  Ezy,2) %J]fk = (ke S exp—i(kaz + byy + k,2)]db,dk,

7 1 kz ] - k ) ] -?z .
@ A=y [ [2¥ fc O ik + by + ko),
Here, k. depends on £, and k,

(5) ko= \B—F—k when K>k 4k



(6) k.= —i\[k§ — k2 — k2 when k}<kZ+El

The fields of E twg and H twg at the aperture of the waveguide are calculated by incident
fields to the aperture Ef, (z1, y1) and Hy (z1, y1) with reflection coefficient T,

(7) Brg= (1+T)E,
(8) Etwg = (1 - F)Eti
(9) T=(1-3)/(1+5s)

(10) s= Hyf[(1 x Bu)Zo]

where, Zj is the intrinsic impedance in vacuum and s = A/}, for TE mode and s = A, /A
for TM mode.  For HE and EH modes, s must be directly evaluated by the result from
transverse fields in the corrugated waveguide [2].  Except for the high higer-mode in
the oversized waveguide, s is nearly equal to unity.

The opening surface A on z; — y; plane with the size of L x L consists of the
aperture and the exterior surface of the aperture.  The transverse electric field over
the exterior surface is zero. Here, H, is assumed to be zero on the waveguide surface.
This is increasingly better approximation as the aperture size increases. In order to
perform DFT, the surface A on z; —y; including the aperture is sampled with M x M.
In the spectrum plane on k,/27 — k, /2, function exp{—ik,z) is also sampled in the
same way. 1t is required that the phase change in this function between neighboring
sampling points is less than 7. The phase change to any sampling points (m,, n,)
with k./27 = m,/L and k, /27 = n,/L (-M/2 < m,, n, < M/2) is approximately
given by |(27 /1) - d{k.z)/dk,| < =, where, k, = \/m This equation can be

wrltten as

11 m? + n? < —'——--( =R
( a) s s =1 (22_/[)2 SPW

L2
2 .2 2
(11b) m,+n, < (2)\2) for large z

where m2+n? < (L/A)? corresponding to the propagation in free space is automatically

satisfied. Because FFT and inverse FFT are in use of the calculation, it is noted that



the total surface size on £ — y plane at any z becomes the same as L x L on z; — 1,
plane.  The calculated radiation pattern with M/2 < Rgpw for certain z is valid
over all the opening surface A at z - y plane.  Even if M/2 > Rpsw, the numerical
calculation is valid for the region B satisfying eq.(11).

Because the region B becomes small for large z in far field, we put the Fresnel
transformation (FT) by approximating the Huygens-Kirchhoff integral to practical use
with the aid of FFT in stead of SPW;

- 1 2wzt v

(12 Eda,v,2) = Sexp(-—Jexpl- (e + )]

Az
— o
[ [ Buslon m)exsl—= (a3 + 52)

2wt
XeXP[“E(Ilm + y1y)ide dy;.  etc.

Because the sampling width on 2; — y; plane is Az/L, the total opening size is equal
to MAz/L x MAz/L. It should be noted that the sampling width becomes larger
when distance z increases. It is necessary that the phase change between neighboring
points in exp [—(i7/Az) - (27 + y?)] is less than 7 as discussed before. ~ We obtain

(13) m? +n? < (A2M?J21%)? = RE,

3 5

It should be pointed out that the center of radiation pattern is displaced in the FFT
calculation according as z.  We obtain the radation pattern whose center is located
at m, = pp and n, = gy by puting back the displacement and considering the aliasing
effect.  The displacements p and ¢ from m, = p; and n, = g; along z- and y- axes
are written as [3]

L? L?

(14) pP=poy—r ad ¢=gor—r

where py and gy is the sampling number at the center on the opening surface A. By
comparing eq.(11b) with eq.(13), the SPW method should be adopted for z < L*/AM.
When the radiation is detected by the standard waveguide (for instance WR-10) in-
stalled along z-direction, two configurations of waveguide are performed for the pur-
pose of measurement in normal and cross polarizations.  From Maxwell equation,
we obtain Poynting flux P,, and P, with E, = 0 and E, = 0 for normal and cross

polarizations, respectively.

(15) Prn = (1/2)Re[(ky| By > — k- EyE2) [ (ko Zo)]



= (1/2)Re{(k HZH. — k:{H:[*) Zo/ ko]

(16) P = (1/2)Re[(k|EL[* — b L) (ko Zo)]
= (1/2)Re[(kyH;Hz - }CZIH.VP)ZO/]CO]

For TE mode, P,, and P,. are proportional to |E,|* and |F,|?, respectively. ~ With
respect to TM mode, those are proportional to |H,|* and |H,[*.  For hybrid modes
(HE and EH modes) having both small E, and H, fields, P., (P..) is approximately
proportional to |E,[? or |H.{* (|E,|? or |H,|?).

We measure the radiation patterns from the HE{;-mode convertor and compare
with the calculation.  Figure 1 shows the experimental and calculated results of
radiation pattern with normal and cross polarized configurations for the corrugated
waveguide with 16.25 mm in diameter as a parameter of 2. The calculation is carried
out with pure HE;; mode.  Normal pattern at z = 2 and 30 cm, however, suggests
little mixing with of EH,» mode.  Cross polarized pattern is asymmetric because of
the existence of EH;5 mode.  The experimental Ponaz/Prma= Which is the ratio of the
maximum in P, to that in P,, is — 28 £ 2 db and the calculated value is — 45.8 db
for various z.  The difference is caused by sprious EH;, mode of 0.16 %.

When the corrugated waveguide with 16.25 mm in diameter is connected to the
tapered corrugated-waveguide to 88.9 mm in diameter measured radation patterns
are in good agreement with HE;; mode including EHy; mode.  Here, experimental
Prmoz/ Prmaz 1s equal to — 28 db. It is shown that no suprious mode increases when

the tapered waveguide is connected.

§ 3. Coupling Analysis of Split Waveguide

Split waveguide system consists of the lauching waveguide and the receiving one
with the gap distance z.  The system is ideal for the DC break in the transmission
line and for radial extraction of electron beam from the gap in the gyrotron. ~ We
restrict our attension to the mode purity and its content in the split waveguide with
on- and off-axes receiving waveguide.  As discussed in § 1, an amplitude of reflected
wave [ is nearly equal to zero for low higer-mode in the oversized waveguide. The
analysis is carried out by neglecting a reflected wave at the waveguide aperture. In
the £ — y plane at z where the receiving waveguide is located, the EM-field E {z, 9, 2)
and H (z, y, z) radiated from the waveguide aperture is written by
(17) E=Y An(2)Em+ E o

m

[



(18) EZZAm(Z)gm"{“ﬁout

where A, is complex amplitude of electric and magnetic fields for m mode in the
receiving waveguide, and E,, (H wut) 15 the EM-fields outside of the receiving waveg-
uide.  In the receiving waveguide, the orthogonality and the following relations for

the exterior surface are also satisfied;

(19) /(meﬁ;)dgz mn
(20) / (B x d2)-d5 =0
(21) /(E’m x A )-d§=0

From eqs.{17) — (21) coupling coefficient A,, is given by,
(22) Anlz) = ](E‘ x f7y.d§ = ](E‘,,, x £)-d§

The content of m mode in the receiving waveguide is equal to |4, because of the
orthnormal relationship on EM-field.  This formulation can be applied to the off-axis
recelving waveguide by shifting the numerical data of 7 and H* in the on-axis receiving
waveguide by the amount of the off-axis distance.

The mode analysis in the various receiving-waveguide size (diameter d, = 95.25,
101.6 and 107.95 mm) is carried out when TE;;5,, mode at 84 GHz is radiated from the
waveguide with d, = 101.6 mm.  Figure 2(a) shows power transmission coefficients for
TE1s,2, and normalized total input-power coefficient P., as a function of z. As shown
in Fig. 2(a) for d, = 101.6 mm, the radiated TE ;5,; power of 90 % is transmitied at
z=15mm. In Fig. 2(b), a considerable content (20 %) of mode-converted TEs,s
is excited in d, = 107.95 mm even if high P,,.  As shown in Fig. 2(c), around 15%
of mode — converted TE;s,; is excited for d, = 95.25 mm and main TF;s,; mode is as
small as 15 %.  The optimized d,, where an amount of sprious mode is as small as
posible, is equal to d;.

For the HEy; mode in the corrugated waveguide with d; = d, = 88.9 mm, 99.8
% of HE;; mode is transmitted at z = 2.5 ¢m as shown Fig. 3. For reference, the
result derived from analytical formula 1.3\/(Az/2R%)® (db) [4] is slightly larger than

the numerical calculation.



When the receiving waveguide is in a off-axis position with displacement along
E.y, cross-polarized hybrid mode (XHE,; ) or its degenerated mode TMy; is excited.
The calculation for 3 mm displacement of 88.9 mm waveguide at z = 10 mm shows
0.5 % of the sprious mode and 98.6 % of HE;; mode propagates.  The content of
sprious mode at z = 0 mm is almost the same.  For the 45-degrees diplacement to
Ey the sprious mode of HE,; and XHFE,; modes or TEy and TMy; modes which are
degenerated are excited.  For the displacement of z = y = 2 mm, 0.2 % of HE,; and
XHE,; modes or 0.2 % of TEy; and TMy, modes exists at z = 10 mm.  Total content
of the sprious mode is 0.4 %.  These results show that no careful adjustment of the

axls 1s necessary.

§ 4. Phase-Correction Bend

The mode-conversion losses in a 90-degrees HE;; bend with flat mirror are cal-
culated by substituting z = 2 R for the split waveguide.  For a bend with 2 R =
88.9 mm, the calculated mode-conversion loss at 84 GHz is 1.2 % ( — 19 db) as shown
in Fig. 3. The experimental results from normal and cross radiation patterns show
that mode-conversion losses for E- and H-bends are — 18 db and — 22db, respectively.
The comparison of the experiment with the calculation is in good agreement.  The
phase correction ¢ to make the largest power transfer is obtained by compensating the

sum of wave phase at the flat mirror injected from each inlet of the elbow bend ;

(23) ®(z,y, 2) = —arg[E,y(z,y, R — y)] — arglEy(z, v, R+ )]

The calculated contour ® on the fiat mirror for every 10 degrees, and the phase changes
along the vertical direction for z = 0, 12.7 and 25.4 mm are plotted in Figs. 4(a) and
(b).  The correction for optimum curved mirror is as small as 38 degrees (0.377 mm)
compared with the periphery of the mirror due to the large diameter of corrugated

waveguide.

§ 5. Rectangular Corrugated Waveguide

The Gaussian beam with the waist size of z-direction different from that of y-
direction is necessary for the limitation in port-size of the vaccum vessel and for the
rectangular window in the gyrotron installing internally the Vlasov convertor. The
rectangular waveguide with a x b has two parallel corrugated plates with anisotropic
impedance wall and the other two wall being plane metalic. ~ The dispersion rela-

tion, EM-fields and attenuation constant are evaluated.  In the system, y- and z-



components of the Herz vector are zero and z-component of Herz vector 11, is given by

(24) T, = sin(—) exp(~iy)  exp(ir(y — b)lexp(~ifz2)

Here, plus (minus) sign represents symmetric (anti-symmetric) mode and n is the mode

number along z-axis. The EM-fields are calculated from

(25) E = —jwpoV x i

(26) A=rI+vv-Ii

The dispersion relation is obtained from the equation where the surface impedance of

the corrugated plate Z,,, is equal to Z,, = £,/ H, on thesurfaceof y = band y = 0 :

) 7 iW 7, tan(kody/1 — (nA/2a)?)

r 1— (nA/2a)?

_iyZy  tan(yb/2)
ko [1—(nA/2a)%]

(28) Dy = for symmetric mode

_iyZy  cot{yb/2)
(29) Zu= ko [1-(nA/2a)?]

for anti — symmetric mode

where, d, P and W is depth, pitch and width of corrugation.  For body mode v is
real and for surface mode y imaginary. In Figs. 5(a) and (b), |f| (rad/cm) and
lvb/7| as a function of D(= df(A/4)) is shown for W/P =05 n=1a=b= 1625
cm and w/ 2 # = 84 GHz. It is shown that v is equal to {x/b ( | = odd (even)
number for symmetric (anti-symmetric) mode).  The attenuation constant « (db/m)
calculated by using the perturbation method is also shown in Fig. 5(c).  The fields
of E, and H, components have cos(nn{/a)cos(lrn/b) when the corrugated depth is
A/ 4. Here, the origin of (£,7) is in the cenier of waveguide. Forn=1=1
and a = b, the function is approximately equal to Jo(rxe/R} of HE;; mode in the
cylindrical corrugated waveguide with the radius of R when a = Rxv/2/xo;.  Thus,
the conversion from the circular waveguide to rectangular one is easy.  The exact

calculation of conversion efficiency is now under the way.

§ 6. Rotating-Whispering-Gallery Mode Generator



The rotating-whispering-gallery (RWG) mode with TFE5,3 is designed and fab-
ricated.  The generator is the oversized circular waveguide wound helically by the
rectangular waveguide where the only dominant TE;; mode propagates.  Helical

pitch @, of rectangular waveguide is detemined by the phase velocity of TEq5,; mode
at the wall.  The wavenumber of RWG mode at the wall is

(30) by = k2 — k2
(31) kg - m/R
(32) k. = \/ki— k2

where k. = Xmqa/R is the cutoff wavenumber and ko the wavenumber of §-direction.
The rotational direction of RWG mode is determined by the sign of k5.  The angle
g between the rectanglar waveguide wound and wavevector k, of RWG mode at the
wall is equal to |arccos {(ky/ky)].  Here, k, is the wavenumber at the wall of oversized
waveguide excited by the curved rectangular waveguide and |k, | = (/k; + k2. The
angle ¢,, of k., with respect to the z-axis is | arccos(k./k,)].  Thus, the pitch angle
of the rectagular waveguide ¢, by

(33) ©p = Py £ Pguy-

Because another propagating wave for +z direction is also excited in the case of
minus sign in eq.(33), we choose ¢, with larger angle than RWG mode.  The EM-
field emits in the oversized waveguide from the multiholes on the rectangular waveguide
through the H-plane coupling (H.- and Hy-coupling) or the off-center E-plane coupling
(E,-, H,- and Hp-coupling).  The calculation shows the total coupling coeflicient to
the main waveguide is the order of — 40db.  As shown in Figs. 6 (a), (b) and (¢},
contours of Poynting flux | P|, radiating angles of Poynting flux § = arctan (P, /F,) and
¢ = arctan (P./,/P2 + PZ} at z = 8 mm radiated from 84GHz rotating TEys,3 mode
in the waveguide of 33 mm in diameter are calculated by the SPW method.  Rays
emitiing from the coustic and going to the coustic strongly interference with small
flux |P| for r < R.  In the peak of |P| for r > R, the angle ¢ is as larger as the
bounce angle of TEi;,; mode in the waveguide, and the angle #, however, is much
smaller than arctan(z/y) in the waveguide. ~ Experimental radiation pattern with the

E-plane coupler shows existence of other higher-mode in addition to rotating TEqs,3



mode. Low higer-mode can be diminished by inserting the resistive rod in the center
of the generator.  In the H-plane coupler, low higher-mode almost disappears.  The

experiment on the connection with the Vlasov anntena is being carried out.

§ 7. Summary

The radiation from the oversized transmission elements for millimeter waves is
measured.  The experimental results are compared with the calculation based on the
superposition of plane wave method and on the Fresnel approximation in the Hugens-
Kirchhoff integral. It is confirmed that the fabricated transmission elements have
a good peformance.  Analysis on split waveguide for whispering gallery mode of
TEqs,2 and hybrid mode of HEy; is carried out from the viewpoint of on- and off-
axes.  The results are useful the split waveguide for gyrotron with radial extracted
beam and the dc-cut for waveguide component. By using superposition of plane wave
method, the phase correction for a 90-degrees bend is calculated.  For large diameter
waveguide with HE;; mode the correction near the periphery is as small as 40 degrees.
We design rotating whispering-gallery-mode generator which is the oversized circular
waveguide wound helically by the rectangular waveguide.  The calculation on the
direction (¢ and ) of Poynting flux of TE15,3 radiated from the circular waveguide
shows strong interference with small flux within the diameter of wavegnide and 4 is

much smaller than arctan{z/y) and ¢ is as larger as the bounce angle.
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FIGURE CAPTIONS

Fig.1: The experimental and calculated radiation patterns with normal (E,) and cross
(E.) polarizations for various z. The distance z is 2, 30 and 100 ¢m for top, middle and
bottom pafterns, respectively.  The calculation is performed for pure HE;;-mode.
All the contours are plotted by every 2 db for experimental patterns and 5 db for
calculated ones.  The calculated patterns are normalized by the maximum.  Here,
P, oz ) Pamer which is the ratio of maximum power in cross- to normal-polarization is
—28+ 2db in the experiments and — 45.8 db in the calculation.

Fig.2: (a) Power transmission coefficients for TE5,, mode and suprious-mode contents
of TE 15,1 and TE;5,3 modes and total input power to the recieving waveguide P, vs.
gap distance z.  Here, an 84-GHz HE,; mode is radiated from the waveguide with
101.6 mm in diameter and is detected with the waveguide of the same diameter.

(b} The calculation condition is the same as that in Fig. 2(a) except the receiving
waveguide with 107.95 mm in diameter.

{c) The calculation condition is the same as that in Fig. 2(a) except the receiving

waveguide with 95.25 mm in diameter.

Fig.3: (a) Power transmission coefficients for HE;; mode and total input power to the
recieving waveguide P, vs. gap distance z.

(b) Mode content of HEy, and HE;3 modes vs. gap distance.  Here, an 84-GHz HE;
mode is radiated from the waveguide with 88.9 mm in diameter and is detected with
the receiving waveguide with the same diameter.  Analytical result of 1.3/(Az/2R?)3
(db) is also plotted in Fig. 3(a).

Fig.4: (a) Calculated contour of phase with 84-GHz HE,; mode on the flat mirror in a
90-degrees bend with 88.9 mm in diameter for every 10 degrees.
(b) Phase variation along z = 0, 12.7 and 25.4 mm corresponding to Fig. 4(a).

Fig.5: Characteristics of the rectangular waveguide with two corrugated plates and two
plane walls of a = b= 16.25 mm ,W/P = 0.5 and n = 1 for w/2x = 84 GHz.

(a) The propagation constant |3| (rad/cm) as a function of the normalized corrugated
depth D.

(b) Eigen value |yb/x| as a function of D.

11



(c) Attenuation constant & {dB/m) as a function of D.

Fig.6: Charcteristics of radiation at z = 8 mm from the rotating 84-GHz TE;s,; mode
in the waveguide with 33 mm in diameter. Here, the size of screen is 13.2 x 13.2 cm
and the radius of the waveguide is referred to as R.

(a) Contour plots of Poynting flux |P| and profile of | P| along z-axis.

(b) Contour plots of § =arctan(P,/P;) by every 60 degrees.

(c) Contour plots of ¢ =arctan(P,/\/F? + P?) by every 10 degrees and profile of ¢
along z-axis.
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