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Mode Converters for _enerating the HE11

(Gaussian-Like) Mode from TEO1 in Circular Waveguide

J.L. Doane

Princeton University, Plasma Physics Laboratory

Princeton, New Jersey 08544

Abstract

The HE11 mode in corrugated waveguide has a field distribution very close
to that of an ideal gaussian mode. 1Its radiation pattern is symmetric about
; the waveguide axis and exhibits virtually no cross polarization. This work

reports measurements on mode converters to transform the TEO1 mode into HE11

for electron cyclotron heating (ECH) experiments.

The first mode converter is a 28 degree bend in 1.094~-inch I.D. circular
wavaquide which generates TM11 from TE01 with a measured efficiency of over
5% at 60 GHz. A second converter consists of a straight corrugated waveguide
section of the same I.D. in which the corrugation depth increases gradually
from zero to necminally a guarter wavelength. This section converts TM11 to

HE11 with an efficiency of about 37%. The overall efficien.y of conversion

from TEQ01 to HE11 exceeds 91% over a measured range of 59.2 to 60.1 GHz.
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I. INTRODUCTION
The transmission, polarization, and radiation of hundreds of kilowatts of
millimeter wave power 1s presently of considerable interest for heating plasma
devices at the electric cyclotron resonance frequency. Gyrotrons, which at
present are the only available sources for such heating, usually generate one
or more TEON circular electric modes. Such modes are good for power
transmission in long runs of straight circular waveguide since they dissipate

only small amounts of power in the wavequide walls. They are, however,

unpolarized and generate an undesirable conical radiation pattern from open

ended waveguide, Therefore we wish to consider converting the power into a

nore suitable propagating mode.
The HE11 mode in corrugated waveguide 1is in many respects ideal for use

near plasma devices. Its radiation pattern from open-einded waveguide has a

narrow central beam containing 98% cf the radiated power. The radiation is

linearly polarized with virtually no cross polarization. Furthermore, the

transmission loss in straight waveguide is about as low for HE11 as for TED1
(Clarricoats et al., 1975) and, for a given loss, corrugated bends propagating
HE11 can be made smaller than those propagating TE01 (Doane, 1981). Since the
field distribution of the HE11 mode inside corrugated waveguide is a close
approximation to a gaussian, the HE11 will couple efficiently to a free space
gaussian mode (see the review by Kogelnick and Li, 1966) which is ideal for
quasi-optical propagation using mirrors inside a crowded tokamak. Such
propagation will be used to generate the extraordinary mode from the inside
wall of PDX (Goldman, 1982).

The superiority of the HE11 radiation pattern relative to that of TE01 is

shown in Fig. 1. These patternn were calculated for 2.5-inch I.D. wavegquide

at 60 GHz using far-field expressions given in Thomas, 1971, suitably
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normalized for unit powar. The pattern for the TEll mode from ordinary smooth
circular waveguide is similar to the HE11 pattern shown in Fig. 1 with the
following differences: the on-axis power is 0.8dB higher for TE11, the E-plane
beam width is narrcwer but with sidelobes that are about 10d4B higher than for
HE11, an¢ the maximum cross polarized power (in the 45°-plane) is about 204%
below the on-axis peak for the desired polarization. The radiation pattern
from polarizing antennas of the Wengenroth type (Wengenroth, 1978) is more
complicated since it is the result of the superposition of several wavequide
modes (cf. Table IV of Hashimoto, 1976).

Figure 2 depicts the HE11 mode in a corrugated waveguide whose diameter
is much greater than a wavelength and whose corrugation depth is nominally a
quarter wavelength. The straightness of the field lirzs leads to low cross
polarization, while the taper in the field distribution toward the walls leads
to low sidelobes. The field varies with radius as the Jg Bessel functiorn, and
couples efficiently at open ended wavequide to a gaussian beam with beam waist
radius w, = 0.6435a (Abrams, 1972).

The HE11 mode can be generated from TEO1 by the two-step process shown in
Fig. 3. [If necessary, the TE01 itself can be generated from ancther TELN
mode present at the gyrotron output by a simple and efficient rippled-wall
converter (Moeller, 1982).] First, a smooth waveguide is bent at the proper
angle to convert virtually all of the TEO1 power to TM11. This mode is now
polarized with a polarization perpendicular to the plane of the bend, but it
has higher loss and also a very undesirable radiation pattern. To convert
TM11 to HE11 with low spurious mode generation, we can use a waveguide whose

corrugation (slot) depth is tapered gradually from zerc to nominally one-

quarter wavelength.



The basic mechanisms used in these converters can be understood with
reference to Fig. 4, which shows the longitudinal propagation constants Bz
relative to TE01 for various important modes at 60 GHz in 1.094-inch I.D.
corrugated waveguide. The case for zero slot depth corresponds to smooth
waveqguide, in which TM11 and TE01 have identical 52. Constant curvature
continually couples TEO1 to TM11; we only have to truncate the bend at the
proper angle in order to obtain TM11 from T301. Then by gradually increasing
the corrugation (slot) depth we move "adiabatically" on the curve from TM11 to
HE11 without hopping to another mode. Note that the character of the HE11
mode is well established for slot depths as small as about /8.

Because the relative propagation constants are inversely proportiocnal to
the square of the waveguide diameter, various unwanted modes get too close for
practical converters to be made in 2.5-inch I.D waveguide. The smaller I.D.
was chosen to shorten the required converter length, while still maintaining
relatively low loss transmission and high power handling capability. The
1.094-inch diameter is available commercially in the form of precision WC109
smooth circular waveguide. The TM11 to HE11 converter is ele.troformed, and
an electroformed corrugeted taper with fixed slot depth is used to bring the

diameter back to 2.5 inches.

II. TE01-TM11 CONVERTER
In practice, the smooth TEO! to TM11 converter must be made long enough
to prevent the generation of other unwanted modes while still being relatively
short to minimize dissipation in the high-loss TM11 mode. To analyze the mode
conversion, first consider the coupled mode equations for two modes (Rowe and

Warters, 1962):
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Ga(z) = Kel(z)e G1(z) B (1a)

ez = -K*c(z)e-ArzGo(Z) , (1b)

where GO and G4 represent the (complex) amplitudes of the two modes, and the

difference in propagation constants is
A = hx + JOB = (ao - a1) + J(ﬁo - ﬁ1) . (2)

The propagation factors exp(-gz - jBz) have been removed so that Egqs. (1a) and
(1b) relate only to mode conversion effects. The prime denotes
differentiation with respect to z.

If we let Gy and Gy represent TE01 and TM11, respectively, then we have
AB = 0, and c(z) represents the curvature. Furthermore, the effect of nonzero
Aa is small in this case, so we can set AT' = 0. The solution of Eg. (1) when

Gg(0) = 1 and G4(0) = 0 is then very simple:

IX| z
G1(z) = - ¢ sin [ix] c{’c(z)dz} . (3)

Since the integral of the curvature in Eq. (3) is simply the total bend angle

6, we have
l6 ()12 = sin®(Ixl %) . (4)
To make ]G1| = 1, we then choose

6, = (Z)/IXI (5)



for the total converter angle 8.+ The curvature coupling coefficient K is

given in Rowe and Warters, 1962:

K(TEO1-TM11) = § %ﬁ . (6)

which when combined with Eq. (5) yields

_ 3.8317) (1

8 —
Z/2 a

c

For 2a = 1.094" and f = 60 GHz (A = 0.2"), we find |K| = 3.2 and 0, = 28
degrees.

Other undesired modes will be generated if the 28 degree bend is too

short. The most important mode coupling in the TEG! in TM11 converter is

depicted in Fig. 5. Curvature couples TE0O1 with TM11 and TE11, and TE21 with

TM11 and TE11. In the process of bending, some ellipticity is invariably

produced in the waveguide which couples TEG1 with TE21 and TM11 with TE11.

To predict the amount of spuriocus mode power leaving the TEG1 to TM11

converter, generalization of Egs. (1a) and (1b) to a set of four

simultaneously coupled differential equations is required. The coupling

coefficients K for these equations are listed in Table I. For curvature

coupling, K is multiplied by the curvature c(z) as in Egs. (1a) and (1b). For

ellipiticity coupling, K mast be multiplied by a,(z), which expresses the

= a:

elliptic deformation of the cross section with nominal radius r

r(¢.2) = a + az(z) cosZ¢ (8)




Here ¢ is the polar coordinate with ¢ = 0 in the plane of the bend. The
ellipticity induced by bending is such that as is negative. Far above cutoff,
the curvature K are proportional to af, while the ellipticity K are

proportional to a‘qf"‘, where f is the frequency.

TABLE I.
Coupling Coefficients for Curvature and

Ellipticity in Smooth 1.094 inch I.D. Clrcular Waveguide at 60 GHz

Coupled Modes Coupling Coefficient K
TEO 1-TM11 j 3.20

TE03 “E21 3 2.1 in~?
TEQ1-TE11 j 3.21
TM11-TEN j 0.7 in~?
TM11-TE21 j 2.83
TE11-TE21 j 5.19

Numerical integration of the coupled mode equations shows that at 60 GHz
for a bend in 1.094-inch (WC109) waveguide, constant curvature produces less
spurious mode power than a variable c{(z). The effect of ellipticity is shown
in Fig. 6. The ellipticity a,(z) is assumed to be constant throughout the
bend Jjust as the curvature is. For the shorter bend, elliptic~ity increases
the TE21 level (Fig. 6a). For the longer bend (Fig. 6b), ellipticity
decreases the level of TE21 from its value at zero ellipticity, which is
already quite low. The power in TE11 is reduced by about a factor of 2 from
Fig~. 6a to Fig 6b. These expectations are in accord with the measured data,

which is described next.



A view of the longer TE01 to TM11 converter is shown in Fig. 7.
A 57-inch piece of straight WC109 waveguide was annealed in a vaéuum furnace
and then was bent against a smooth form inside the aluminum frame shown. The
form was machined so as to produce a 28-degree bend with constant radius of
curvature over a 48B-inch arc length. Steel pins pressed into precisely
located holes then prevent the wavequide from moving outward again. The
spacing between top and bottom plates is just slightly larger than the WC109
O.D. in order to suppress the ellipticity caused by bending. This bernding
frame is similar to one reported earlier that was used to bend a section of
dielectric-lined waveguide to make a low loss bend (Kindermann, 1965).

A TED1 launcher-receiver pair supplied by C. Moeller of General Atomic
Co., San Diego, California, was used to measure the total TE01 insertion loss
through two back-to-back TE01 to TM11 converters. The insertion loss from
59.2 to 60.1 GHz oscillated within the limits of 0.3 and 0.5 dB. Taking into
account the possible in-phase and out-of-phase addition of the spurious modes
generated in each converter, this is consistent with an ohmic loss of 0.15d4B
{(~ 3%) and spurious mode loss of about 0.05dB (~ 1%) per converter. This
ohmic loss in turn is consistent with a theoretical TM11 ohmic loss of 0.21
d3/meter in ideal WC109 waveguide, since the total converter length is 1.45
meter (57"}, and from (4) the average ohmic loss over the bend should be one-
half of the ™11 loss.

The above estimate of spurious mode loss is also consistent with the
direct measurements. WNear 60 GHz the amount of TEO1 received at the converter
output varied between 0.1 to 0.3% of the input power, whereas the output TE11
power {(as measured by a nonlinear taper and circular-to-rectangular TE11 to
TE10 transducer) varied between 0.3 and 0.5% of the TEO1 input. These

measurements agree with Fig. 6b at the expected ellipticity of 2-3 mils

{.002-.003 inch}.
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For comparison, the directly measured TEO1 and TE11 levels at the output
of the shorter converter with a 36 inch bend length varied between 0.2 and
0.4% and 0.7 to 1.0%, respectively, of the input TE01 power. Again, the
measurements are in close agreement with Fig. 6a at an expected ellipticity of
4-6 mils (the spacing between the converter top and bottom plates was somewhat
larger than for the longer converter).

The only way to measure the spurious TE21 mode power was through
radiation pattern measurements using the eguipment pictured in Fig. 8. Just
as for the direct measurements described above, the 60 GHz power was produced
by a gunn oscillator externally modulated at 1 kHz and detectec by a
millimeter detector and an SWR meter responding to 1 kHz. The measured
E-plane pattern is superimposed on the ideal far-field TM11 radiation pattern
in Fig. 9. The right peak in the measured 60 GHz pattern was adjusted to
coincide with the thecretical peak. The noise level in the measurements is
about 264B below that peak.

The presence of cross polarized enerqgy indicates TE01 or TE21, since TM11
ideally radiates no cross polarized component in the E-plane patterns. Cross
polarized power was detected between B8 and 22 degrees away from the axis and
peaked at a level 22-23 dB below the main peak in Fig. 9. Comparison with
theoretical TE0O1 and TE21 patterns (which are almost identical) shows that the
TEO1/TE21 power at the output of the longer converter is about 2538 below
TM11, or about 0.3% of the input TE01 pover. Comparison with the directly
measured TEO01 power shows that the TE21 power cannot be much larger than the
TZ01 power, in agreement with Fig. 6b. For the short converter, on the other
hand, the cross polarized radiation indicated that the TE01/TE21 power was
about 3% of the TEO1 input. This value is much larger than the directly
measured TEO1; hence we conclude that the TE21 power was about 3%, again in

guod agreement with Fig. 6a for the expected 4~6 mil ellipticity.
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The fill-in of the radiation pattern on the axis (0 degrees) is due to
TE11 and also to residual near-field contributions. The peak in the
theoretical TE11 pattern is 4 @8 above the TM11 peaks; the measured fill-in
(Fig. 9) which is 18 d8 below the TM11 peaks thus shows that TE11 must be at
least 22 dB below the output TM11 level. This level of TE11 is close to the

directly measured valune (see above).

IIi. TM11 ~ HE11 CONVERTER

Conversion of TE17 to HBE11 and TM11 in a corrugated circular wavequide
with slowly varying corrugaticn sliot depth has been investigated theoretically
(Kerzhentseva, 1971) and experimentally (Thomas, 1972). Thes measurements in
Thomas, 1972, performed at a relatively small wavegquide diameter to wavelength
ratio, indicated empirically that the conversion efriciency improved with the
length of the converter. 1In our case the waveguide diameter 2a is much larger
than a wavelength, and we must determine the converter length and cliot depth
variation for acceptable coaversion efficiency.

Unwanted mode hopping in a TM11 to HE11 converter is associated primarily
with the nearby TE11 to EH11 bLranch (see Fig. 4). The varying slot depth D
only couples mode branches with the same first index (Dragone, 1977) so that
TE21 and TM21, for example, are not a problem. The coupiing can be degcribed

by equations similar to (1):

z
"(z) = dp .
6i(z) = o(D) & exp(JcJ;Ade) Gylz) (9a)
dp 2
G)iz) = -o(D) o~ exp(~][Apdz) G,(z) , (9b)

Q




where G4 represents the TM11 to HE11 mode branch, and G, represents the TE11
to EH11 branch. The exponential factors are more complicated than in (1),
because the difference in propagation contants Af = B4 ~— B2 changes with D.
The coupling coefficients c(D) are easily obtained from Eqs. (141) and (142)
of Dragone, 1977, by a change of variables. To calculate c¢(D), the
propagation constants 51 and ;32 must first be calculated from Eq. (20) of
Dragone, 1977. These are most easily found by following the Bessel funct: an
roots as D 1is gradually increased from D = 0 and using Newtoun-Raphson
techniques. The root for TE11-EH11 becomes imaginary for 2 slot depth greater
than about 0.1 )\/4, representing the fact that this mode branch becomes a
surface wave. Eventually the attenuwation a for this branch becomes quite
large as D increases and the field becomes more tightly bound to the walls.
We can neglect this attenuation in (9), however, because the coupling c(D)
becomes very small at these D (Fig. 10).

To design the converter, we require that the coupling in Eg. (9) be a
constant K,, and hence AD = K Az/c(D). In this way we increase the slot depth
most slowly near the beginaing (D 2‘ 0) where the coupling is strongest. The
constant K. is determined iteratively by the reonireme~t that the slot depth
must raach the desired value at the end of the converter. In generating the
D(z) profile, a small correction was made for the reduction in Xj caused by
the finite width between slots; that is, the mechanical slot depth was
increased relative to the desired electrical slot depth profile.

To prevent the power in EH11 or EH21 surface waves from causing
breakdown, we truncated the converter at D = 0.5 ()/8 slot depth). EH21 can
result from residual TE21 leaving the TE01-TM11 converter (see Fig. 4); EH11
can come from residual TE11 dgenerated in that converter or from mode hopping

in the TM11-HE1?! converter. For larger D than 0.5, the peak electric field




12

for a given power carried by EH11 or EH21 increases as the nurmalized surface
reactance X, = tan(0.57D). At D = 0.5, the theorstical power-handling
capability in EHt1 or EH21 for a given breakdown field is 4% of that which can
be carried by TEOt. The residua: TE1! and TE21 from the TE01-TM11 converter
is low (Fig. 6b), and the power coupled into EH11 is small for reasonable
TM11-HE11 converter lengths (Fig. 11). Hence breakdown should not be a
problem. The price paid is only that the peak in the radiation pattern main

lobe for HE11 is reduced by 0.12dB at D = 0.5 as compared with D = 1.0
(X/4 slot depth).

The corrugation period was made /8 = .025", which is considerably
smaller than A\/2, in order to avoid higher order space harmonics. The gquide
wavelength Zn/ﬁz can become dquite small for EH11 or EH21 at large D
(about 3//2 at D = 0.5 and in general ~ A/JT_Iﬂfgy). The slot width is
nominally half the corrugation period.

The actual converter tested at 60 GHz is pictured in Fig. 12. Its
overall length is 15 inches. Even though the expected level of undesired EH11
and EH21 surface waves is quite low, especially with the longer TE01-TM11
converter, the TM11-HE11 converters were electroformed of nickel rather than
copper in order to increase the attenuation of any residual surface wave
power.

The measured output H-plane pattern of the TM11-HE11 converter is shown
in Fig. 12 superimposed on the ideal pattern. Tha input to the TM11-HE19
converter was fed from the TE0O1-TM11 converter of Figs. 7 and 9. The measured
E-plane pattern was virtually identical to the H-plane pattern, as expected
theoretically. We conclude that a highly pure HE11 mode was generated.

The measured insertion loss of the TM11-HE1!1 converters was about 0.12dB

per converter. This loss was determined by first inserting and then removing

g

o



two back-tc-bask TM11-HE11 converters between two TEO1-TM11 converters.
Comparison with Fig. 11 suggests that there was little added ohmic loss in the
desired mode due to the higher nicl.el wall resistivity. Original insertion
loss measurements made soon after cleaning were about 1.5dB higher, presumably
due to the presence of moisture in the corrugations.

The overall TE01 to HE11 conversion efficiency was measured between 59.2
and 60.1 GHz. The measured insertion loss from TE01 to HE11 and back through
a pair of TEO1-THM11 converters and a pair of TM11-HE11 converters was 0.8dB or
less accross this band. We conclude that the loss from TEO0O1 to HE11 was less

than 0.4dB and hence that the conversion efficiency was better than 91%.
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FIGURE CAPTIONS

Ideal radiation patterns for oper endcd 2.5-luch I.3. ciccular
wavegquide carrying the TE0O1 or HE11 mode at 60 GHz. Power received
in a small probing antenna with 10 dB gain located 40 inches from
aperture of waveguide, which is transmitting power at a 0dB reference

level.

The HE11 mode in wavequide with a/\n >> 1. The radial field

distribution is close to gaussian.

Generation of HE11 from TEO1. TM11 and HE11 _.re polarized

perpendicular to the plane of the bead.

Propagation constants relative to TE01 in 1.094-inch I.D. corrugated

circular waveguide as a Ffunction of slot depth at 30 GHz.

Important modes in the TE01 “o TM11 converter. Curvature coupling is
represented by arrows around the perimeter of the diamond;

ellipticity coupling by arrows across the diamond.

Theoretical spurious mode power at the output of 1.094 - inch I.D.
constant curvature TE0O1 to TM11 converters at 60 GHz as a function of
ellipticity induced by bending.

a) Bend arc length = 36 inches

b) Bend arc length = 48 inches

|
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Fig. 7 TEO1 to TM11 converter, 48-inch bend length, 57-inch overall length.

Fig. 8 Experimental apparatus uged to measure radiation patterns.

TN SRS 1

9 Measured E-plane radiation patterns of #7-inch TE01 to TM11 converter

Fig.
(indicated by points X) superimpoged on ideal TM11 pattern.

1 Separation of transmitting and receiving apertures is 20".
1
i
% Fig. 10 Coupling coefficient for branch hopping from TM11-HE11 to TE11-EH11
- due to changing slot depth at 60 GHz in 1.094-inch I.D. wavequide.

Fig. 11 Theoretical mode conversion loss versus length of a TM11 to HE11

converter in 1.N94-inch I.D. corrugated waveguide at 60 GHz. The
slot depth profile 1is assumed to give constant coupling and is

truncated at D = 0.5 (A/8 slot depth).

I
|
!

Fige 12 TM11-HE11 converter, 15-inch overall length.

Fig. 13 Measured H-plane radiation pattern at the output of the HE11

converter (indicated by points X) superimposed on ideal HE11 pattern
for 1.094-inch I.D. Converter is fed by the TE01 to TM11 converter

of Fig. 7; separation of transmitting and receiving apertures is 20".
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