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Abstract. A fast directional switch (FADIS) is described, which allows controlled switching
of high-power microwaves between two outputs. A possible application could be synchronous
stabilization of neoclassical tearing modes (NTM). Generally, the device can be used to share
the installed EC power between different types of launchers or different applications (e.g. in
ITER, midplane / upper launcher). The switching is performed electronically without moving
parts by a small frequency-shift keying of the gyrotron (some tens of MHz), and a narrow-band
diplexer. The device can be operated as a beam combiner also, which offers attractive
transmission perspectives in multi-megawatt ECRH systems. In addition, these diplexers are
useful for plasma diagnostic systems employing high-power sources due to their filter
characteristics.

The principle and the design of a four-port quasi-optical resonator diplexer is presented. Low-
power measurements of switching contrast, mode purity and efficiency show good agreement
with theory. Preliminary frequency modulation characteristics of gyrotrons are shown, and first
results from high-power switching experiments using the ECRH system for W7-X are
presented.

Key words: Diplexer, Power combiner, Millimeter Wave transmission, Electron cyclotron
Heating.
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1. Introduction

An attractive feature of electron cyclotron resonance heating (ECRH) and current drive (ECCD)
systems for tokamaks is the control of MHD instabilities by directing narrow EC wave beams to the
resonant layer [1]. For ITER, the suppression of neo-classical tearing modes (NTM) is a main purpose
of ECCD applied from the upper launchers. The highest efficiency for NTM stabilization is reached
when ECCD is applied in the center (the "O-point") of the island. As the islands rotate with
frequencies of typically 1 to 10 kHz, injection of the launched power synchronous with the rotating
islands may be required [2].

Up to now, synchronous current drive is performed by power modulation of the gyrotron [1], with the
disadvantage that half of the installed power is wasted. An alternative for power modulation could be
synchronous toggling of the gyrotron power between two launchers directing the beam to poloidal or
toroidal planes, which are about 180° apart from each other with respect to the phase of the NTM.
Alternatively, the power of one output can be used for synchronous NTM stabilization, while the other
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output feeds a launcher for an independent ECRH or ECCD experiment (e.g. ITER, switching between
the upper and the midplane launcher).

The switching is performed with a fast directional switch (FADIS), while the source operates
continuously. The FADIS is based on a small frequency-shift keying of the gyrotron between f; and f>
performed by modulation of the gun anode or the beam acceleration voltage, and a narrow-band
frequency diplexer, which directs an input beam into one of two output channels [3], as sketched in
figure la. Note that for the tiny frequency shifts f; — f = 4f; of some tens of MHz needed for the
switching, no remarkable change of the deposition radius in the plasma occurs.

As any diplexer can be designed as four-port device, two gyrotrons can be fed into it. If both gyrotrons
are shifted between frequencies f; and f,, but in opposite phase ("push-pull"), then the power of both
gyrotrons is combined into one of the two outputs, and is switched between output 1 and 2 in the
rhythm of the frequency-shift keying (see figure 1b). Thus, depending on the experiment, there is no
need to increase the number of launchers, else one could even reduce the number of launchers by
using this device.

As long-term perspective, switching of a high-power beam generated from several continuously
operating sources can be provided by using a multiplexer fed by a set of frequency-controlled
gyrotrons [3, 4, 5, 6, 7]. Infinitely variable beam steering could become possible with a phased array
fed by a set of gyrotrons (or high-order-mode gyroklystrons) which are phase locked to a common
low-power reference oscillator via electrically controlled phase shifters [4, 5, 7, 8, 9, 10].

Note that the diplexers discussed here are of interest as well for plasma diagnostics especially when
they employ a combination of high-power sources and sensitive receivers. For the measurement of the
power deposition zone in NTM stabilization experiments, the “Line of Sight” scheme [11] exploits the
gyrotron transmission line in the reverse direction as an electron cyclotron emission (ECE) antenna,
thus ensuring that the ECE observed originates from the same location as where the ECRH is
deposited. The high-power beam can be fed via the resonant channel (corresponding to f; in figure 1a,
but reverse direction) of the diplexer to the launcher, while the ECE signal is coupled out via the non-
resonant channel (f; in figure 1a) to the detection system. This scheme decouples the source from the
receiver, and the notch-filter function of the non-resonant channel suppresses the gyrotron stray
radiation in the receiver with high efficiency, in contrast to quartz plates used for this purpose [12].
Collective Thomson scattering systems [13] may additionally benefit from this device, as the resonant
channel can be used to purify the frequency spectrum of the gyrotron source.

High-power diplexers can be realized in various forms [4, 14, 15]. In this paper, a FADIS prototype
based on a compact quasi-optical cavity is discussed. Calculations and low-power measurements are
presented. Results of preliminary frequency modulation experiments are shown, and first high-power
tests using the ECRH system for W7-X are described. A note on the integration of such a FADIS into
(corrugated waveguide) transmission lines follows. Other concepts for realizing a resonant diplexer
are specified in section 7. Finally, future development steps are discussed.

a) M1 M2 b) M1 M2
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Figure 1: FADIS based on the Fabry-Perot interferometer. In the principle sketches a and b, M1 and M2
are partially reflecting mirrors, In 1,2 and Out 1,2 are (directions of) input and output beam, and f; and f,
are non-resonant and resonant frequencies of the beams, respectively. a) Principle for switching by
frequency-shift keying, b) combination of two sources with small frequency difference, c) high-power
design using a 4-mirror quasi-optical cavity with grating couplers.
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2. Design of the Quasi-optical FADIS

The principle design for a resonant diplexer/FADIS is sketched in figure 1. For high power
applications, where only reflecting optics are available, we use a version consisting of a quasi-optical
ring resonator with a high Q-factor with two integrated diffraction gratings as input and output
couplers (figure 1c). If we denote the scattering coefficients of the gratings for 0™ order as ry, for -1
order as ry, and take internal (ohmic, diffraction) losses into account by the scattering coefficient r, for
the unloaded resonator, then the quality factor Q of the resonator is given by

0 = - 2k L W
2 0n(7)+2 Onr,)

Here, L is the round-trip length of the resonator and k is the wave-vector of the radiation. The

amplitude transmission coefficients from the input to output 1 and 2, respectively, are given by

1- [ AkL ’ AKL/2
LK) = 0 r‘fpr(’_ ) f(OK) = oAkl )
1—‘7"/0 exp(iAkL) 1—|rqr02|exp(iAkL)

with |r12| +|r02| =1, and Ak =2711[Af /¢, Of being the detuning of the resonator from its resonant

frequency. Note that all angles of incidence and diffraction on the grating are equal (45° in the present
design). For high-power applications, the normalized power in the cavity is of interest, which in
resonance condition is given by:

2
PResl,max — |t2 (0)| (3)
P, N
in the region before the beam comes to the grating working for resonance output and
2
PRes2,max - |t2 (O) BO (4)
P | r,

In

after being reflected from
this grating.

This type of diplexer has been
investigated in detail for high-
power multi-channel
transmission  [5, 6]. As
prototype for a high-power
switch, a diplexer/combiner for
140 GHz, 1 MW was designed,
consisting of a ring resonator
with L = 24 m, and two
coupling gratings with
(designed) efficiencies in on
and -1* order of Ry = |rof =
0.755 and R, = |r[ = 0.245,
respectively. This results in a
free spectral range (distance of
resonances) of 125 MHz. The
beam waist radii on the grating
mirrors in the resonator are of
wo = 32.0 mm and wy = 45.3

Figure 2: Set up of the quasi-optical diplexer consisting of the ring mm, respectively. At 1 MW
resonator (top and - non-visible - bottom mirror and left and - non- input power, the maximum
visible - right grating mirror, as well as 4 two-mirror matching optics electric field in the resonator (as

for incoming and outgoing beams.
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calculated from (3) and including the fields of the coupled beams) corresponds to an energy-flux
density of 0.83 MW/cm?, which is below the I MW/cm? threshold of atmospheric air breakdown. This
allows the high-power test of the device under normal atmosphere. Therefore, the matching mirrors for
the incident beams from two gyrotrons and the two output beams were designed to fit into the ECRH
installation for W7-X at IPP Greifswald [16]. The complete set up is shown in figure 2.

3. Low-Power Test

Detailed low-power measurements using a vector
network analyzer and calorimetry have been
performed. The input beam was coupled by a
scalar horn and a matched mirror. A good
agreement with the calculations is achieved. As an
example, figure 3 shows a calorimetric
measurement of the transmission functions for the
resonant and non-resonant channel, yielding
efficiencies of about 93 % and 98 %, respectively.
From the fits of theoretical curves (2) to the
measurements, the following results were
obtained: The grating depth was slightly lower due
to a low number of data points for manufacturing,
the corresponding efficiency in minus first order
was R; = 0.218. The round-trip loss in the
resonator was measured to be < 1.3 % and is near
to the theoretical value of about 1% determined by
the ohmic loss, atmospheric attenuation, and beam
truncation of the resonator mirrors. The measured
quality factor (eq. 1) is Q = 14000; thus, for the
FADIS application, a good switching contrast can
be reached for 4f; > 30 MHz.

norm. output power

f-f (MHz)

Figure 3: Low-power measurement of the
transmission functions of the diplexer. Squares:
non-resonant output 1; triangles: resonant output 2;
small open squares: 0™-order efficiency of the
coupling grating. Lines: Calculated curves (eq. 2)
with parameters given in the plot.

A broadband frequency scan of the transmission function is plotted in figure 4. The envelope of the
transmission maxima shows that the operating range (97-%-bandwidth) of the device is at least 500
MHz, i.e. fully sufficient for the frequency variation of a monomode gyrotron (cf. chapter 4.). Note
that the reduction of transmission at frequencies outside the centre frequency is caused by the
dispersion of the coupling gratings, leading to a frequency-dependent misalignment for larger
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Figure 4: Broadband frequency scan of the transmission
function for the resonant channel showing a bandwidth of

more than 500 MHz.

frequency offsets.

At the outputs of the FADIS, beam patterns
were recorded with a small waveguide
probe and an x-y-scanner. The patterns
measured at the maxima of the non-resonant
and the resonant outputs (see figure 5) show
a high quality of the output beams. The
Gaussian beam mode analysis yields a
TEMy, content of 99.0 % and 99.8 %,
respectively.

The peak amplitudes of the patterns
measured at the minima of the non-resonant
and the resonant outputs have levels, which
are 15dB and 20dB lower than the
corresponding values for maximum output,
and thus confirm the contrast between
minimum and maximum transmission
measured by calorimetry (figure 3).
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4. Gyrotron Frequency Control

20 40
x (mm)

Figure 5: Amplitude (left) and phase (right) patterns of the output
beams of the non-resonant channel (top) and the resonant channel
(bottom), measured at the frequencies for maximum transmission.

A fast frequency control of a
free running single-mode
gyrotron can be achieved
only by changing an
operation  voltage:  the
change transforms electron
beam parameters, including
the reactive part of RF
conductivity, and finally
results in a frequency shift
[8]. For the high-power test
of the FADIS, the TED
prototype gyrotron
"Maquette" [17] with
depressed collector was
used; the control voltage is
applied between the
collector and the RF cavity
("body") [18].

Measurements of  the
frequency characteristics of
the TED Maquette gyrotron
show the following: For
about 0.5 s after switch-on,
the gyrotrons exhibit a
(output  power-dependent)

strong frequency chirp of up to 300 MHz (figure 6a), which is due to heating and thermal expansion of
the cavity. After thermalization of the cavity (> 1 s), the frequency is stable within 5 MHz for the
investigated pulse lengths of up to 160 s. If a modulation is applied by the body voltage modulator
[18], the frequency variation is, obviously, accompanied by a modulation of the output RF power. The
frequency swing depends not only on the voltage swing but also on the operational conditions,
especially the actual frequency. The frequency during the switching does not exactly follow the
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Figure 6: Temporal variation of the frequency of the TED prototype gyrotron "Maquette" at
U,.. = 81.5 kV. Note that the real gyrotron frequency is obtained by adding the local oscillator frequency
of 139.65 GHz. a) no modulation; b) and ¢) with modulation (AUg = 4 kV, fuop = 5 kHz square wave; d)

frequency shift as function of the voltage modulation swing.
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voltage variation, but rather jumps abruptly from one frequency level to the other; in some cases, the
switching occurs over several frequency steps. A reason could be that the frequency of a gyrotron is
influenced by reflections back to the cavity, as well as the phase of the reflected waves [19]. An
example for a frequency measurement
with a voltage modulation of 4 kV, 5
kHz square wave resulting in a
frequency-shift keying of A4f, = 30
MHz is shown in figures 6b and 6c.
The typical frequency shift as function
of the body voltage swing is displayed
in figure 6d.

5. High-Power Test of the FADIS

For the high-power test, the FADIS
was equipped with a motorized drive
of the upper resonator mirror which
allowed the tuning of the transmission
curve with respect to the gyrotron
frequency. The device was installed in
front of the cw calorimetric loads in
the underground transmission duct of
the ECRH system for W7-X, as shown
in figure 7. The incident beam was
coupled with two matching mirrors to
the FADIS, and the output beams were
dumped into the loads. Owing to the
limitation of the pulse length (typically
0.7 sec) because of the use of un-
cooled Al mirrors also in the resonator,
grating couplers on the output mirrors
served as power monitors.

Most of the experiments were carried
out in a power range of 300 kW to 600 kW. Here, the device operated without remarkable problems.
Arcing occured very infrequently, although the maximum power density in the beam near to the
grating surface was about 0.5 MW/cm?®.

For a confirmation of the transmission functions, the chirp of the gyrotron was used to sweep the
frequency over the resonance. The result is shown in figure 8; a qualitative agreement with the
expectations is obtained. Note that the frequency variation of the gyrotron is not continuous (cf. figure
6a), which explains the jumps in the measurement.

Figure 7: Photograph of the FADIS installed in the beam duct of
the ECRH system on W7-X. The input beam is coupled from the
rear in to the resonator, the output beams are focussed to absorbing
loads in the foreground left (output 1) and right (output 2).
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"k al—-—-u T “cmed  variation of the FADIS
I : outputs due to the
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N ST R ‘“’”« gyrotron after switch-on

(cf. figure 6a), showing
qualitatively the
transmission functions for
output 1 (dark blue) and 2
(light blue) under high-
power conditions.
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Figure 9: Power signals from output 1 (blue, dashed)
and out put 2 (red, solid), shown at the end of a 300 ms
pulse with U,.. = 81.5 kV, AUg =4 kV, fuop = 5 kHz
square wave. The enveloping trace (olive) is the signal
from the gyrotron power monitor. The lower trace shows
the body voltage.

Time to end of 300 ms pulse (ms)

Body Voltage (kV)

A fast switch, combiner and filter for high-power millimetre wave beams

To measure the switching performance, the
resonator was tuned such that the gyrotron
frequency was near to a resonant frequency
at the end of the pulse. Body voltage
modulation in the range of 1 kV < AUg <5
kV square wave with frequencies of 1 kHz <
Juwop < 20 kHz was applied. An example
(AUg = 4 kV, fuop =5kHz) is shown in
figure 9, where the power signals for the
outputs and the input are plotted. A high
switching contrast of 94 % in the resonant
and 99% in the non-resonant output is
measured. Even at 20 kHz, switching could
be demonstrated, however with less contrast,
as the slew rate of the body-voltage
modulator (usually 600 V/gs) had to be
reduced for reasons of electromagnetic
compatibility in the main HV power supply
system.

6. Integration of resonant diplexers into
transmission lines

Especially for the application in larger ECRH systems, it is necessary to develop compact diplexers
and integrate them into the transmission lines without interference with neighbouring lines.

Quasi-optical versions of the FADIS would be ideal solutions for optical transmission systems, as they
can be designed as an integral part of the whole system. For transmission systems using circular
corrugated waveguides, the matching of quasi-optical diplexers can be done with appropriate optics,
however, such arrangements may become bulky. An elegant and very compact possibility is the
synthesis of waveguide mode converters fed by a circular HE;; mode, which produce a field pattern
which perfectly matches the TEMy, input field of the diplexer [20, 21, 22]. This type of coupling
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transition

vacuum
box

1

top view
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resonator

would allow very
compact matching e.g. to

mirrqrs

.\/ o
-

7\ .
. . 3,

the resonant diplexer. An
BN E example for the design of
/

a diplexer/combiner with
two inputs and outputs by
N H .

e corrugated circular
waveguides is sketched in

«——— 05mtyp. — figure 10. If the resonator

vertical cross-section

mirrors are integrated into
the walls of the vacuum
chamber needed for
evacuated transmission
lines, a very compact
FADIS design is
obtained. Depending on
the situation, ports 1 and
3 can be used as inputs

Figure 10: Compact version of a quasi-optical FADIS employing HE; for the gyrotrons and
waveguide mode converters to project a TEMy-mode with plane phase ports 2 and 4 as outputs.

front onto the coupling gratings. The mirrors are screwed into a
precisely machined vacuum box to avoid alignment tools. A movement
of one mirror normal to its surface by about one wavelength allows the

tuning according to the gyrotron frequency.

If ports 1 and 4 are used
as inputs, and ports 2 and
3 as outputs, the diplexer
can be designed to work
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for arbitrary polarization, as the coupling gratings can be tailored to have identical efficiency in TE
and TM polarization (perpendicular and parallel to the grooves, respectively), and the phase shift
between polarization components on the gratings is compensated by their orientation in the resonator.
Alternatively, one of the resonator mirrors can be corrugated to compensate for the phase shift on the
gratings.

It should be noted, however, that the two outputs of the FADIS often need different polarization, as
either the antennas or the applications corresponding to the outputs are different. Therefore, in general,
the fast switch has to be installed in the transmission system between the sources and the elements for
polarization control. Thus, designs for linear polarization can be used as well.

7. Other versions of resonant diplexers-combiner

The resonant diplexer discussed in this paper may be realized in different ways, mainly depending on
the power splitting device used in the resonator.

One possible splitter available is the square or rectangular corrugated waveguide of length L = 2D%/A,
where D is the waveguide aperture and A the wavelength. Its length is half that of a remote steering
antenna, that has been already studied and tested at high power [23, 24]. When one beam is launched
at the input with angular (with angle less than a few degrees) or side input (figure 11a), two beams of
equal (half) power emerge from the waveguide output. This is an effect of the more general
imaging/splitting property of overmoded waveguides for paraxial propagation [25, 26]. The
waveguide section can be considered a four-port device, with a second input found symmetrically with
respect to the first [27].

A device equivalent to the quasi-optical FADIS, described in section 2, can be realized with a pair of
square corrugated waveguide splitters and mirrors (figure 11b; device shown in solid lines) [28]. The
device, which for power handling reasons must have a length of a few meters, has a resonant loop with
length of around 2L. Given the power splitting ratio of one half for the single splitter, a non-sufficient
power switching contrast of 8:1 for the two channels at non-resonant frequencies is obtained (figure
12a). The addition of a third splitter to form a second loop in cascade (figure 11b, considering
additional mirrors and waveguide shown in dashed lines) helps, when tuned to the first loop, in
achieving a sufficient contrast (ideally 98:2 in non-resonant frequencies, higher at resonance, see
figure 12b). This setup has the advantage to have inputs at one side and outputs on the other side of the
waveguide bundle, helping integration into transmission lines, at which the waveguide can be
connected either directly (side input) or by a suitable optics (for angular input). The angular input is
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Figure 11: Use of the rectangular corrugated waveguide as 3-dB beam splitter (a), and
resonating combiner setup with two (solid lines) and three waveguide sections (b).

usually preferred in order to limit the waveguide length, at equal input beam size, since for side input
D is doubled and L results four times longer. The transmission function for two tuned loops has a
characteristic form (figure 12b) that presents two maxima, and a relative minimum at half power in
between.
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Figure 12: Power fractions at Outl (dashed line) and Out2 (solid line) for (a) the two- and (b)
the three-waveguide setup, considering losses of around 1.5% per loop.

The two maxima allow more flexibility when putting diplexers in cascade [29], while the relative
minimum can be exploited to share the power equally between two channels in a relatively stable
region of frequencies. This possibility may prove useful for even power distribution between
transmission lines, thus reducing stresses in transmission line components in case not all the sources
are used, or to realize complete interference in multi-beam components or antennas [4, 7]. The two-
loop arrangement can be equally built for the FADIS device described in section 2, adding a grating
coupler to form another resonant loop.
One advantage of the waveguide setup is the long path of the resonating loop that is achieved with a
relatively compact width of the device: this allows smaller frequency variations, thus low loss due to
HYV modulation, which compensates the higher insertion loss expected.

Another type of splitter is the dielectric sheet, which for high-power and long pulses or CW is
typically a CVD diamond sheet, usually exploited in resonant windows with edge cooling [30]. Even
if very thin (less costly) sheets should be required, their use can be complicated by their thinness and

the dependence of the splitting factor on polarization. They could allow relatively simple arrangements
like the one shown in figure 13.

Figure 13: Resonating diplexer/combiner realized with dielectric plate beam splitters: the
resonating loop is shown with dashed arrows.
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8. Conclusion

Fast switching of the combined beam from one output channel to another seems attractive for adaptive
suppression of NTM modes. Switching of the heating power between two launchers increases the
flexibility of any ECRH system. Combining of outputs of sub-systems of gyrotrons into one
transmission line is of general interest and has many attractive applications. Resonant diplexers in
plasma diagnostics employing gyrotrons may enhance the system performance.

The first tests of the quasi-optical FADIS show good agreement with theory and confirm the
possibility of fast switching of high-power millimetre wave beams. An experiment for combination of
two gyrotrons is in preparation. The results motivate the development of fast switches until maturity,
including the following tasks: (i) Investigation of various diplexer concepts with respect to switching
contrast and integration into high-power waveguide and optical transmission lines, without
interference with adjacent lines; development of cw devices [4]; (ii)) optimization of the frequency
control of gyrotrons with minimal power loss using parameter optimization, induced step-like
frequency tuning by tiny reflections and possibly phase locking of the gyrotron [8, 19]; (iii)
investigations on the composition of diplexers into a multiplexer-scanner which is capable to combine
the output powers of several gyrotrons [9]; (iiii) application of a FADIS at a fusion device;
experiments at the tokamaks ASDEX Upgrade in Garching and FTU in Frascati are under discussion.
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