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Abstract

Recent gyrotron traveling-wave amplifier experi-
ments in the TE~

k
mode have led to the developing of

2-port and 4-per devices useful as input couplers,
severs, and beam-rf separators for collector designs.
We present analytical and experimental results.

Introduction

Recent experiments with a gyrotron traveling-wave
amplifier operating in the TE ~ circular waveguide
mode [11 have spurred interes? in developing circular-
electric mode components. The recently reported am-
plifier experiments [1], which operate at 35 GHz,
attained 30 dB gain in a single stage with 10 kW out-
put. The useful small signal bandwidth was on the
order of 1 GHz. The input coupler in this amplifier
consisted of a TE coaxial mode to TEO1 circular
mode junction. T~& TEO1 coaxial mode was produced

rectangular waveguide by a coaxial sector
;:~~:$g ,aper.

A taper study is described in the
companion paper [2]. The work has expanded beyond
the original coupler development and has resulted in
devices potentially useful in circular-electric mode
amplifiers and oscillators or designs with circular-
electric outputs [3,4].

Background

The initial design for the 2-port input coupler
was derived from the Marcatili 4-port circular hybrid
junction [5,6]. The 4-port hybrid is shown in
Figure 1. An input at port A excites TE~l and TE~2
propagating modes at z=O in the gap region. The outer
guide radius Ro.is small enough to be cut off to
circular-electrlc modes above TE~2 and therefore the
excited TE” and above modes are evanescent.

?t
RI is

placed at ~e TE~ electric field null. When !, is
adjusted such tha

(%-%)’=‘2”-1)” (1)

where kgOl and 1 are the waveguide wavelengths and
‘?~en the TE~l and TE~2 modes are inn is an Integer,

the phase relationship to couple most of the energy to
port B in the T~l mode. When:

(2)

then most of the energy is coupled to port C in TE~l.
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FIGURE 1. MARCATILI 4-PORT HYBRID COUPLER

Equations (1) and (2) do not take into account the
small phase shifts introduced by evanescent fields.
Power division can be accomplished by in-between
adjustments of the gap length Q. This hybrid has
good bandwidth (>20%) and a transmission loss at the
center frequency of-O.3 dB [5]. The device as is
would make an effective sever for traveling-wave
ampl i fiers. Marcatili made no further improvement
[5] in the hybrid. We now show that the ratio of the
wall radii Ri/Ro can be adjusted to obtain certain
advantages. We extend the concepts to other uses and
a more advanced coupling scheme using three modes.

The input coupler used in the 35 GHz gyrotron
traveling-wave amplifier [1] was made by placing a
plane reflector at z =!/2 to make a 2-port junction
between port A in TE~l and port D in TEO1. A sec-
torial waveguide taper from TE o rectangular wave
guide produced the TEO1 coaxia 1 input. A small hole
in the reflector allowed entrance of the electron beam
for interaction with the TE~l mode in the central
circular guide. The input coupler is shown in
Figure 2 and it measured reflection properties in
Figure 3. The experimental gyro-TWA [I] in which it
was used is shown in Figure 4.

The devices thus far described utilize two prop-
agating modes and will be referred to as 2-mode
devices. Calculations and experiments show that
3-mode coupling is possible and such 3-mode devices
have advantages over 2-mode devices in certain appli-
cations.
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FIGURE 3. REFLECTION MEASUREMENTOF THE INPUT
COUPLER OF FIGURE 2

Coupling Theory
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The coupling coefficients can be found by solv-
ing for the mode voltages of the modes, given the
boundary conditions and transverse electric field (or
an approximate field) in the waveguide at the junc-
tion [71. In this case:

(3)
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FIGURE 4. THE EXPERIMENTAL

Fiqure 5 shows Dlots of the
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cour)linq coefficients to

where~t is the transverse electric field at the

L
junction for instance, the TE~ mode at z = O in

kFig. 1), ei are the TE mode vec ors, ~ are the TM
mode vectors, and V; and V! are TE and TM mode vol-
taqes res~ectivel.y. B.Y the orthogonality of the mode

(4)

In this circular symmetrical geometry with TEon exci-
tation TM modes will not be excited. If the mode
vectors are normalized

Jl

;e -e .

1“ ‘n 1
s

then

If
;e se

. . ei ds= Ce.
J lJ

s

(5)

(6)

defines the voltage coupling coefficient for excita-
tion of?: byte.

i!The mode v ctors are given by

Jee . .

‘z
x Vt $e (7)

where for the circular electric modes

/
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As an example, using the above expressions, we find
that the coupling coefficients to the TE~ mode at
z = O when excited by a TE~l input at Por~Ain
Fiaure 1 is

“

Coz . 2
I

J2(X01)
J2(x~2)RiRo

fi ‘l(%’)J1(%lpdp

(1

97

th~ first six TE~n modes in the’ gap-region as a func-

tion of Ri/Ro as excited by a TE~n input at port A.
Suppose the gapl is adjusted for equation (2). Then
coupling from port A to the output, port C, can read-
ily be calculated. Calculating the coupling from a
coaxial port to the modes and adjusting L for equation
(1) the coupling from port A to port Bean be readily
calculated. Figure 5 shows the power transmission
from port A to port C for 2-mode coupling as a func-
tion of Ri/R . Three-mode coupling is accomplished
by making th~ radius of the gap region above TE”3 cut-
off. ?However, 3-mode coupling is successful on y for
specific values of R. in order to obtain the proper
relative phasing between the mode vectors as given by

-W(+f=m[(+)%?l
where fcon is the cutoff frequency of the TEO modes
in the gap region and m is an integer. The ~~mode
coupling shown in Figure 6 is for m = 2 and the smal-
lest solution forRo (still cutoff to TE~4). Note
that the 3-mode coupler transmission is more efficient
than the 2-mode coupling, especially for Ri/R < 0.6.
At Ri/Ro = 0.69 the coupling loss of both 1.s the same,
0.07 dB. At this point the coupling to the TE~ mode
goes to zero. $Not only is the 3-mode coupler g n-
erally more efficient, but is physically much larger
than the 2-mode coupler. In the 35 GHz experimental
couplers to be described, R. = 1.181 cm for the 2-mode
and R. = 1.687 cm for the 3-mode solution given above.
The gap length increased from 2.76 cm for the 2-mode
to 6.71 cm for the 3-mode case. The increase in size
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FIGLIRE 5. COUPLING COEFFICIENTS FROM PORT A
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is an advantaae for usina the outer

+ “/Ro
1.0

PORT A

wall as a beam.
collector or for a beam-if separator which requires
room for the beam to exit out of port B as guided by
magnetic field lines. In this application we would
also want Ri/Ro to be small and still maintain effi-
cient coupllng to port C. The 3-mode coupling is more
efficient at the smaller ratios. Also, one could set

Ri/Ro = 0.69 and utilize the TE~4 mode as the third
mode making the overall size even larger. Possibly
even larger sizes could be made since coupling to the

TE55
and higher modes is -26 dB or lass and may not

seriously impair performance.
We have performed experiments measuring the

2-mode and 3-mode coupling just described. In both
couplers Ri/Ro = x’ /x’ = 0.546. The midband mea-gl 02
sured loss 35 to 3 GHz for the 2-mode coupler was

0.2 to 0.4 dB. The transmission bandwidth edges
for 1 dB loss were -34.0 to 40.0 GHz. The reflection
coefficient from port A was ‘-15 dB from 34.5 to 40.0
GHz and much lower at midband. Figure 7 shows the
measured reflection coefficient of the 3-mode coupler.
The 3-mode coupler has an almost rectangular window
about 2 GHz wide centered at 35 GHz with a reflection
coefficient of -23 dB or less at the band edges and
going down to -30 dB or less at midband. The measured
transmission loss was on the order of 0.05 dB over
the 2 GHz band. The 2-mode coupler could be tuned to
optimum performance at other center frequencies by
varying the gap length !,. As expected, the 3-mode
coupler could not be tuned and only worked well near
its designed frequency of 35 GHz.

Some discrepancy is observed between calcula-
tions and experiments. The calculation of coupling
for the 2-mode hybrid coupler of Figure 6 at Ri/Ro =
0.546 indicates about 1 dB loss should occur. Exper-
iments by both Marcatili [5] and for this paper indi-
cate a ‘0.3 dB or less transmission loss occurs.

The coupling coefficients predicted in this paper
were calculated on the basis that all the modes with
significant coupling were below cutoff. The 2-mode
coupling of Figure 6 was then calculated as if the

TEof . and higher mode energy was being wasted, when in
rea lty, the existence of coupling to evanescent modes
results in modified coupling to the propagating modes
and output power is coupled to all the ports instead
of the desired one port. Figure 6 is then most accu-
rate when coupling to evanescent modes is small, i.e.,
when Ri/Ro S.64 in the 2-mode coupler and Ri/RQ S .48
in the 3-mode coupling, etc. A fuller theory IS in

progress.
One interesting application for a beam-rf sepa-

rator would be to start with large R (well above
TEO cutoff but below TE~4 cutoff) a? z = O for
Ri!i+o = 0.69 and taper down to below TE~3 cutoff at
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FIGURE 7. MEASUREO REFLECTION COEFFICIENT FROM
PORT A OF THE 3-MODE COUPLER OF FIGURE 5

Z=k. The TE~
$

is not excited at R./R. = 0.69 and
hence no loss o match will occur. the electron
beam could therefore travel almost straight through
the device. Figure 8 shows a possible design (un-
tested as yet) for operation at 35 GHz. The taper
must not introduce significant mode conversion.
Tuning could be accomplished with a sliding tube
arrangement in the straight sections.
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FIGURE 8. SUGGESTEO BEAM-RF SEPARATOR

Conclusion

We conclude by noting that, by the analysis and
experiments performed, wideband and efficient
circular-electric mode coupling schemes can be used
for several applications in circular-electric mode
amplifiers and oscillators. In this summary we have
only introduced a few possible applications and others
become apparent as one investigates.
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