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Abstract—High-power gyrotrons may suffer from
parasitic oscillations that are excited in the electron-beam
compression zone. Different damping structures are
proposed in the literature that reduce the possibility of
parasitic excitation by increasing the starting currents of
the modes. In this work we focus on a dielectric-loaded
(stacked) beam tunnel. Based on our previous theoretical
studies, we make targeted modifications to the beam
tunnel in order to classify the parasitic signals and
localize the areas where they are excited. After two
successive modifications, the beam tunnel exhibits
improved behavior with higher starting currents of the
parasitic modes. The experiments are performed by using
a modular 170 GHz, 1 MW short-pulse gyrotron, which due
to its flanged construction gives the possibility to modify
the beam tunnel without affecting the rest of the tube.

Index Terms—Beam tunnel, dielectric-loaded, gyrotron,
parasitic oscillations

. INTRODUCTION

YROTRONS are the only high-frequency, high-power
millimeter-wave source that is able to cover the Electron
Cyclotron Resonance Heating (ECRH) and Electron Cyclotron
Current drive (ECCD) needs of modern fusion experiments.
There are already numerous examples of successful Short-
Pulse (SP) and Continuous-Wave (CW) gyrotrons that cover
the frequency range from 100 GHz to 200 GHz with
demonstrated RF power up to 2 MW and a total efficiency that
in depressed collector operation can exceed 50% [1].
In several recent experiments with MW-class gyrotrons, the
tubes suffered from undesired parasitic oscillations that were
excited in the region of the beam tunnel [2]-[4]. Such
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problems have also been reported in older experiments [5],
[6]. These parasitic oscillations are a significant threat for the
efficient gyrotron operation, since they can reduce the quality
of the electron beam (due to induced spreads) before the
beam-wave interaction takes place in the cavity. As a result,
the output RF power and the efficiency of the gyrotron could
be limited. In addition, the gyrotron may exhibit increased
thermal loads at unpredicted positions and the pulse length
may be reduced due to arcing or intense outgassing.

Considering that the demand for output power is constantly
increasing, it would be beneficial to be able to operate modern
gyrotrons at higher frequencies and with significantly higher
beam currents, while minimizing the possibility to excite
spurious oscillations in the beam compression area. Various
alternative mode-damping structures have been proposed and
developed for this reason. The proposed beam tunnels include
arbitrarily non-axisymmetric corrugated metallic structures
[7]-[8], conical silicon carbide (SiC) structures with weakly
conducting SiC to dissipate static charges [4], as well as
alternating stacks of ceramic and copper rings [9].

The stacked beam tunnels are probably the most common
structures and have been successfully used in series
production gyrotrons, without however suppressing the
parasitic oscillations completely at higher beam currents. Such
beam tunnels have been studied by using various in-house
semi-analytic numerical codes [10]-[12]. Recently, detailed
design guidelines were provided in order to maximize the
dielectric losses and increase the starting currents of the
parasitic modes [13]. In particular, it was shown that a
significant increase of the absorption of the dielectric material
can be achieved, provided that materials with relatively low
values of the real and imaginary parts of the permittivity are
used. This is in contradiction to the established approach of
the past, which suggested the use of absorbing ceramics with
very high loss tangent in order to increase the dielectric losses.

In this work we make targeted modifications and we study
experimentally a dielectric-loaded (stacked) beam tunnel with
the goal to classify the observed parasitic signals and further
suppress them. In particular, in Section Il we describe in detail
the test bench and the diagnostics that are used for the
experiments. In Section Il we record the performance and
compare the initial design of the beam tunnel with its modified
versions; first after tailoring the properties of the dielectric
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material according to [13] and second after replacing the
major part of the metallic spacer with stacked metallic and
ceramic rings. In Section IV we discuss the effect of the
presence of the parasitic signals on the output RF power. Our
conclusions are summarized in Section V.

I. TEST BENCH, DIAGNOSTICS AND MEASUREMENTS

The experiments have been performed by using a modular,
short-pulse, 170 GHz — 1 MW conventional gyrotron [14],
[15]. The pulse length is 1 ms for all the tests. The gyrotron
can be operated with either beam current I =40 A and
accelerating voltage Vaec=80KkV (high-voltage operating
point, HVOP) or with current 1I,=45A and voltage
Vace = 76.6 kV (low-voltage operating point, LVOP) [15]. Due
to the modular nature of the gyrotron, it is easy to replace any
component and compare the performance of the modified tube
with the one of the previous design, without introducing
additional uncertainties. The beam tunnel is also modular
itself. It consists of a housing and the internal parts. Each time
a beam-tunnel variation is tested, the housing remains the
same, whereas the internal parts are replaced by the new ones.

Two diagnostic systems are used in order to identify
possible parasitic oscillations. Both systems are fed with
properly down-converted stray RF radiation coming out of the
relief window of the gyrotron. The first system is a nine-
channel filter-bank spectrometer [16] that covers the RF range
140-175 GHz with intermediate frequencies (IF) 0.1 GHz -
18 GHz. Fig. 1 presents a typical screenshot of the filterbank
signals during a pulse. Due to the non-linear nature of the
down-mixing, harmonic frequency products of the local
oscillator could falsely appear as parasitic oscillations. It is not
possible to identify if a signal is a spurious product of the
mixing procedure by just monitoring it with the filter bank.
This is not a limitation for the second system used, namely the
in-house Pulse Spectrum Analysis (PSA) system [17]. This
system uses two local oscillators with different frequencies in
order to filter out redundant results. If a detected frequency
does not appear in the spectrum of both down-converted
signals, then it is considered as spurious and it is rejected by
the software. Summarizing, for every operating point tested,
the spectrum range 140 GHz — 175 GHz is monitored with the
filter bank and then each detected signal is studied with the
PSA system to decide if it is spurious or not. Additionally, the
variation of the signal frequency with respect to time is
monitored. We note that measuring the parasitic signals
coming out of the relief window does not provide any
information about the region of their excitation (pre-cavity or
after-cavity oscillations). In the past, some parasitic signals
were assumed to originate from after-cavity oscillations, a
hypothesis which was supported by some numerical results
but not confirmed experimentally [9], [18].

In order to optimize its performance, the gyrotron is,
usually, operated with various magnetic field profiles. The
magnetic field profile is varied in a systematic way and it is
controlled by the magnetic field angle ¢s at the area of the
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Fig. 1. Filter-bank [16] screenshot with the hominal mode (magenta)
and a possibly parasitic signal (cyan).
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Fig. 2. Verification by the PSA system [17] that the signal detected by
the filter bank is a parasitic signal with frequency ~146 GHz.

emitter and the beam radius Ry at the area of the cavity.
Depending on the gun design, both parameters can control the
pitch factor of the electron beam, while keeping the magnetic
field at the cavity constant. As a rule of thumb for the gun of
the gyrotron used in the experiments, more negative magnetic
field angles and smaller beam radii correspond to higher
values of the pitch factor [19], provided that the accelerating
voltage is kept constant. For every (¢s, R,) combination the
output power Pgrr and the corresponding total efficiency
1ot = Pre/Vace/ b (NOn-depressed  collector  operation)  is
recorded for the maximum optimized accelerating voltage Vacc
that can be applied before the operating mode switches to the
next competitor. Due to the different accelerating voltage and
the Schottky effect at the emitter, the beam current of each
operating point can be slightly different within a range of a
few amperes. The RF power results are presented with
normalized contour plots. All the (g8, Ry) combinations with
confirmed parasitic signals by the PSA system are noted on
the power contour plots with scatter points. In this way the
contour plots give immediately an overview of the number of
points where parasitics appear, as well as of the gyrotron
performance. The frequency ranges of interest are represented
on the power contour plots by different point types (squares or
circles).
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Fig. 3. Representation of a stacked beam tunnel with alternating
copper (orange color) and lossy ceramic (green/purple color) rings.

Il. EXPERIMENTAL RESULTS

A. Configuration I: Standard stacked beam tunnel (high-
permittivity ceramic)

The beam tunnel that is used as the baseline in our
experiments is a stacked beam tunnel, like those that are found
in many European and US high-power gyrotrons [9]. In
particular, the beam tunnel consists of alternating copper and
lossy ceramic rings (not brazed together in our short-pulse
configuration), similar to the stacked geometry presented in
Fig. 3. The copper rings define the electric potential of the
compression zone, whereas the ceramic rings aim to introduce
losses in the structure and increase the starting currents of the
parasitic modes. The beam tunnel does not cover the complete
area of the compression zone and there is a smooth metallic
section (usually called spacer) connecting the stacked structure
with the cutoff section of the cavity (Fig. 3). The ceramic rings
are made of BeOSiC with a relatively high concentration of
SiC [1]. In order to increase its suppression performance,
additional irregular corrugations have been introduced in the
copper rings with roughly quarter-wavelength depth [9]. Fig. 4
presents the measured values for the real part of the relative
permittivity & and the corresponding loss tangent with respect
to the frequency for the type of dielectric material used in the
beam tunnel. The measurements have been performed in
house at KIT by using a thin sample of the material and a WR-
5.1 Material Characterization Kit (MCK) [20]. According to
the depicted measurements in Fig. 4, the dielectric constant
has very high real and imaginary parts in the complete
frequency band. On the average the complex permittivity is
approximately & = 22 - j17. Note that due to the very high loss
tangent of the material, it was mandatory to use a very thin
sample for the measurement of the dielectric properties.

For the nominal operating parameters of the gyrotron, i.e.
beam current up to 45 A, no parasitic oscillations are detected.
If the beam current is above 47 A we start to detect spurious
signals, without a noticeable degradation of the gyrotron
performance. For this reason, we focus the experiments at two
beam-current levels: a lower one just above the nominal
parameters and a significantly higher one. Fig. 5a presents the
output RF power for a low average beam-current value, i.e.
I =47 A. The power results in the contour plot are presented
in dB with respect to the optimal operating point, which has
been found to be (s, Ry) = (-2°, 9.40 mm) with output power
1.00 MW and efficiency 26% (in non-depressed collector
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Fig. 5. Standard stacked beam tunnel with high permittivity ceramic
rings. Output power with respect to the magnetic field angle ¢g at the
emitter and the beam radius Ry, in the cavity for (a) low (47 A) and (b)
high (55 A) beam current.

operation). In the same figure, the scatter points correspond to
the operating parameters were a parasitic signal has been
detected. In particular, the blue circles correspond to
frequencies in the range 151 GHz - 159 GHz, whereas the
black squares indicate parasitic frequencies around 147 GHz, a
distinction that is further discussed in Sections 11.B and I1.C.
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Evidently, for the low-current case, parasitic signals are
detected only for a few operating points, where the pitch factor
is expected to be rather high.

This is not the case for higher current values. Fig. 5b
presents the output power for an average beam current
I, =55 A. The power results are presented in dB with respect
to the currently optimal operation, which has been achieved at
(@8, Rb) =(-3° 9.55 mm) with output power 1.20 MW and
efficiency 27%. Now, parasitic oscillations with frequencies in
the range 146 GHz — 160 GHz are, essentially, detected for
every tested (¢g, Rp) combination. In detail, parasitic signals
with frequencies 151 GHz — 160 GHz (black circles) are
detected for magnetic field angle ¢g < -2°, whereas signals
with frequencies 146 GHz — 148 GHz (blue squares) are
detected for g >-1°.

B. Configuration II: Stacked beam tunnel with optimized
absorbers (low-permittivity ceramic)

According to [13], a significantly lower concentration of the
lossy additive in the ceramic is preferable. In brief, by
reducing the concentration of SiC, the resulting ceramic
exhibits much lower permittivity values (both real and
imaginary part). In turn, the potentially generated RF field in
the beam tunnel area is not strongly reflected at the vacuum-
ceramic interface and penetrates deeper inside the damping
material, increasing in this way the overall losses. This is not
the case for materials with very high loss-tangent values,
which have a high reflection coefficient at the interface under
discussion and consequently exhibit lower overall losses.

Following the design guidelines in [13], the last five
ceramic rings towards the spacer (purple color in Fig. 3), were
replaced by a BeOSiC compound with tailored permittivity.
The dielectric properties of the new material were measured
and as shown in Fig. 6, it had roughly three times lower values
for the real part of the permittivity and one order of magnitude
lower loss-tangent values. Special care was taken in order to
avoid an extremely low imaginary part of the permittivity that
would result in resonances inside the area of the ceramic and
possibly very low absorption [13]. We modified only the last
five rings since the pitch factor is higher in this region and this
is where damage from parasitic oscillations has been observed
in past experiments [2].

Fig. 7a presents the RF power of the gyrotron with the
optimized low-permittivity ceramics for average beam current
lpb =47 A. The power results are normalized to the optimal
performance of the gyrotron equipped with the optimized
ceramics. This is achieved at the operating point (s, Ro) = (-
2°, 9.40 mm) where 0.97 MW are generated with total
efficiency 26%. With respect to the detected parasitic signals,
Fig. 7a is comparable to Fig. 5a.

The beneficial effect of the modification becomes, however,
clear when the gyrotron is operated with a higher beam
current. Fig. 7b presents the output power for I,=55A
normalized to the one achieved at (¢, Rp) = (-2°, 9.45 mm),
where 1.15 MW are generated with total efficiency 26%. The
slightly different performance, compared to the one achieved
with the initial beam tunnel for high beam current, relies
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Fig. 7. Stacked beam tunnel with low-permittivity ceramics [13]. Output
RF power with respect to the magnetic field angle ¢z at the emitter and
the beam radius Ry, in the cavity for (a) low (47 A) and (b) high beam
current (55 A).

within the error margins of the measurement (5% for the
power and 2% for the efficiency) and could also be related to
the positioning of the gyrotron in the magnet [21] as well as to
the time that the emitter had to recover after the opening of the
tube for the modification of the beam tunnel. It is evident from
Fig. 7b that the majority of the parasitic signals have been



suppressed. In particular, the frequencies in the range
146 GHz — 148 GHz are not detected any more. This is a
strong indication that these parasitic oscillations are excited at
the last part of the beam tunnel, where the low-permittivity
dielectric material was introduced. In parallel the high-power
operation region of the gyrotron has been extended towards
the positive values of the magnetic field angle (Fig. 7b).

On the contrary, the parasitic signals with frequencies
higher than 151 GHz have been only slightly affected.
Considering that the cyclotron frequency at the border
between the beam tunnel and the spacer is around 150 GHz, it
is reasonable to assume that the 151 GHz - 159 GHz signals
are excited mostly in the spacer area. The strong possibility of
parasitic excitation in the spacer area has been shown by
means of numerical simulations in [22]. It should be noted that
for the operating points (-1°, 9.40 mm) and (-1°, 9.35 mm)
both types of parasitic signals are noted in Fig. 7b. However,
the 148 GHz signals have been detected only a few times. It
seems that the suppression of the low-frequency parasitics
gave more space for the excitation of the higher-frequency
signals.

C. Configuration Ill: Stacked beam tunnel with
optimized absorbers and ceramic-loaded spacer

In order to verify the assumption that the remaining
parasitic signals with frequencies higher than 151 GHz, which
could be detected during the experiments with the standard
(configuration 1) as well as with the beam tunnel containing
the optimized ceramic rings (configuration Il), are excited in
the area of the spacer, the smooth metallic spacer was (almost
completely) replaced by additional stacked metallic and
ceramic rings made from the same optimized low-permittivity
material. The achieved performance using the ceramic-loaded
spacer and an average beam current I, = 47 A is summarized
in Fig. 8a. The results are normalized to 1.08 MW, achieved at
(@8, Rb)=(-3° 9.45mm) with total efficiency 28%. It is
worthwhile to mention that all parasitic oscillations have been
successfully suppressed, which confirms the assumption that
the signals with frequencies 151 GHz - 159 GHz are, indeed,
excited in the area of the metallic spacer.

Fig. 8b presents the power of the gyrotron when the average
beam current is increased to lp=54 A. The results are
normalized to the maximum power achieved at the operating
point (¢e, Rp)=(-3°, 9.55mm), i.e. 1.22 MW with total
efficiency 27%. By comparing Fig. 8b with Fig. 7b we notice
that although the signals with frequencies above 151 GHz are
not completely suppressed (in contrast to the low-current case
presented in Fig. 8a), they appear for a lower number of
operating points. The high-power operation of the gyrotron
has essentially retained its size with the peak power having
increased despite the slightly lower beam current than the one
used for the measurements in Fig. 7b.

The improved performance of the beam tunnel with the
dielectric-loaded spacer becomes more evident by measuring
the starting current of the parasitic signal that appears at each
operating point. In order to do that, we progressively increase
the beam current and we search for parasitic signals after we
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optimize the accelerating voltage in terms of maximizing the
output power. Fig. 9 presents the starting current for a
selection of operating points that cover a wide range of
magnetic field angles for beam radius values near 9.5 mm. In
the same figure, the corresponding starting currents for the
beam tunnels with the low-permittivity ceramics
(configuration 1) and the high-permittivity — ceramics
(configuration I) are also visible. It is evident that the starting
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current of the case with the beam tunnel extended towards the
spacer (configuration I11) for the negative angles has been
noticeably increased, approximately 10% compared to the
beam tunnel with the high-permittivity ceramic rings.
Essentially, we can achieve parasitic-free operation for any
(@8, Ry) combination up to 52 A.

As a side effect of the spacer-area modification, the
parasitic signals with frequencies in the 146 GHz- 148 GHz
range have reappeared. This supports further the assumption
that the 146 GHz-148 GHz signals are excited very close to
the last ceramic rings of the beam tunnel and by extending the
stacked structure towards the cavity, we have actually
increased the interaction length for these modes. The decrease
of the corresponding starting currents compared to the beam
tunnel with the metallic spacer (and the low-permittivity
ceramic rings) can easily be seen in Fig. 9. It should be noted
that even with this side effect, the starting currents of the
parasitic signals are still higher compared to the standard
baseline beam tunnel (high-permittivity ceramic rings and
metallic spacer). Considering also that the gyrotron is always
operated for negative magnetic field angles where the pitch
factor is relatively high, minimizing or removing the smooth
spacer region is the optimal choice in order to ensure parasitic-
free operation with currents as high as 52 A.

Ill. EFFECT OF THE PARASITIC SIGNALS ON THE RF POWER

Although Fig. 5, Fig. 7 and Fig. 8 give an overview of the
gyrotron performance with the different beam tunnels, they do
not provide insight on how the parasitic signals affect the RF
power. Fig. 10 presents the power and the corresponding total
efficiency with respect to the beam current for selected
operating points. As shown in Fig. 10a for the operating point
(-2°, 9.50 mm) the generated power is increasing linearly with
the beam current in the parasitics-free operating range. For
beam currents higher than 56 A, where the 151 GHz -
159 GHz signals are detected (shaded area in Fig. 10a), the
power has the tendency to saturate with the beam current,
whereas the total efficiency drops. Similarly, for the operating
point (-1°, 9.55 mm), where no parasitic signals have been
detected for beam currents below 65 A, the power is
increasing almost linearly for beam current values up to 60 A
(Fig. 10b). The power saturation and the efficiency drop that is
observed higher than 60 A could be a strong indication that the
beam current is approaching the starting current of the
parasitic signal, which is confirmed by the fact that for the
maximum current value that was tested, it was possible to
detect a parasitic signal at 146 GHz during the last 10 us of
the pulse. Both effects, the saturation of the power and the
reduction of the efficiency, can be attributed to the fact that
the excitation of the parasitic signals increases the energy and
the velocity spread of the electrons prior the main interaction
in the cavity and as a result the electronic efficiency in the
cavity degrades.

In practice, however, an additional phenomenon can
contribute to the saturation of the power at higher beam
currents. The modular gyrotron that has been used for the
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operating points (a) (-2°, 9.50 mm) and (b) (-1°, 9.55 mm).
experiments exhibits a relatively fast neutralization rate and
consequently the beam voltage is increasing during the pulse.
For this reason, the accelerating voltage is optimized in order
to ensure that, despite the increase of the beam voltage during
the pulse (1 ms flattop), a mode switch before the end of the
pulse will not take place. Of course the neutralization rate
depends on the vacuum quality as well as on the beam current.
As the beam current increases, the rest gas in the tube is
ionized faster and the neutralization rate increases. In turn, the
accelerating voltage cannot follow the increase of the beam
current in order to stay in the hard excitation area of the mode
and sometimes is even necessary to slightly reduce it to avoid
a mode switch. Both the increase of the beam current (higher
voltage depression in the cavity) and the reduction of the
accelerating voltage (lower pitch factor and lower detuning)
could contribute to saturation of the output power.
Considering that the excitation of RF signals in the beam
tunnel could deteriorate the background vacuum closer to the
cavity, it is possible that the excitation of the parasitics also
speeds up the neutralization procedure.

Summarizing, the excitation of the parasitic signals could
contribute to the saturation of the output power directly by
increasing the electron’s energy and velocity spread as well as
indirectly by increasing the neutralization rate during the
pulse. However, in short-pulse conditions it is difficult to
define in what extent the parasitic oscillations deteriorate the



main interaction in the cavity and which of the above
described mechanisms has a stronger effect.

IV. CONCLUSION

In the present work the nature of the parasitic oscillations
observed in a high-power short-pulse gyrotron in the
frequency range 145-161 GHz has been experimentally
studied by modifying the gyrotron beam-compression region.

The experimental results suggest that for all observed
signals the parasitic interaction takes place before the main
interaction and, in particular, at the compression zone closer to
the cavity, where the modifications have been applied. Since
these modifications have affected directly the starting current
of all observed signals without a significant effect on the main
interaction in the cavity, we can exclude that the parasitic
signals are due to a dynamic after-cavity interaction as
assumed for other high-power gyrotrons in the past [9]. In
addition, the theoretical results of [13] have been confirmed,
since the optimized low-permittivity, low-loss-tangent ceramic
material led to higher starting currents of the parasitic signals,
which for some operating points have been increased by about
40% giving a parasitic free operation with beam currents up to
60 A and higher. Finally, for the parasitic modes that were not
affected by the optimized ceramics, it was shown, by
extending the stacked ceramic-loaded section that they
originate from an interaction at the area of the smooth metallic
spacer confirming the findings of [22]. The final configuration
led to an increase of the parasitic-modes starting currents for
all operating points by more than 10%.

Note that the enhanced suppression of the parasitic modes
demonstrated in this work was achieved only by the optimized
ceramic material. Careful selection of the geometric properties
of the beam tunnel can lead to further increase of the overall
losses, resulting in higher starting currents of the parasitics.
This may be useful for conventional gyrotrons operating with
high beam currents such as the 140 GHz - 1.5 MW upgrade
gyrotron for the W7-X stellarator [23].
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