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Abstract—A multifaceted simulation procedure, addressing the
electron beam properties, the beam-wave interaction, and the
internal losses, has been used for the simulation of the
experimental operation of a 1.5 MW 140 GHz short-pulse pre-
prototype gyrotron. The pre-prototype is related to the
development of 1.5 MW gyrotrons for the upgrade of the Electron
Cyclotron Resonance Heating system at the stellarator W7-X. A
very good reproduction of experimental results has been achieved
by simulation, without resorting to arbitrary speculations. This
validated the numerical tools as well as the design and fabrication
of the short-pulse pre-prototype, which fully reached the target of
efficient 1.5 MW operation in ms pulses. Special attention has been
given in simulating the possibility of parasitic after-cavity
interaction in the gyrotron launcher. Also, parasitic backward-
wave excitation in the gyrotron cavity has been demonstrated by
simulation, at a frequency and voltage range in agreement with
experimentally observed parasitic oscillations. This offers an
additional possibility with respect to the origin of deleterious
parasitic oscillations in high-power gyrotrons, which are usually
attributed mainly to the gyrotron beam tunnel.

Index Terms—Gyrotron, Controlled fusion, Stellarator
Wendelstein 7-X, ECRH, Gyrotron simulation

I. INTRODUCTION

HE stellarator Wendelstein 7-X (W7-X) started operation

in late 2015 and has up to now achieved outstanding results
[1-4], including the highest fusion triple product achieved for
stellarators, pulse lengths up to 100s, and efficient
compensation of the bootstrap current in the plasma by Electron
Cyclotron Current Drive. The operation was sustained by a
highly reliable Electron Cyclotron Resonance Heating (ECRH)
system of 10 MW installed power, produced by ten 1 MW
140 GHz gyrotrons [5]. The experiments made also clear that,
for advanced operating regimes at high plasma beta and low
collisionality (as expected in reactor-scale devices), the ECRH
system needs to be upgraded to higher power, in order to
increase the heating power into the plasma. The roadmap for
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this upgrade incorporates the development of a prototype
Continuous-Wave (CW) 1.5 MW, 140 GHz gyrotron, which
will be followed by three series tubes. The development of the
CW prototype by the industrial partner (Thales, Vélizy-
Villacoublay, France) is ongoing, with a planned delivery of the
tube in October 2021 [6].

The electron optics and RF design of the 1.5 MW gyrotron
was realized by the Karlsruhe Institute of Technology (KIT)
with contributions from the National Technical University of
Athens (NKUA), Greece, and the Max Planck Institute for
Plasma Physics (IPP), Germany [6-7]. In support to the
development of the CW prototype, a short-pulse pre-prototype
gyrotron was developed at KIT. The electron optics and RF
design is identical in the two gyrotrons, allowing for
experimental validation of the design in ms pulses before the
final construction of the CW prototype. This validation was
indeed achieved by the first experimental campaign with the
short-pulse pre-prototype, which took place at KIT in August-
September 2020 and produced excellent results [8]. Stable
operation in the design cavity mode TEzs10 was demonstrated
in 0.5-1 ms pulses, while the output power reached 1.6 MW
with 30% efficiency in non-depressed collector operation. In
depressed collector operation an efficiency of 44% was
achieved at the nominal power of 1.5 MW and an efficiency
above 46% was possible at 1.1 MW.

In the present paper, the experimental behavior of the
1.5 MW 140 GHz short-pulse pre-prototype at a multitude of
operation points is analyzed by detailed multifaceted
simulations. The simulations address the applied magnetic
field, the electron beam formation and properties, the beam-
wave interaction, the Ohmic losses, the function of the quasi-
optical output coupler of the gyrotron, and the properties of the
gyrotron window. For the simulation-experiment comparison
the experimental uncertainties are also discussed. Moreover, in
contrast to the usual practice, the possibility of parasitic after-
cavity interaction in the gyrotron launcher as well as the
possibility of parasitic mode excitation in the cavity at a
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frequency band extending down to 120 GHz are investigated.

The motivation for this work is twofold: first, it is well
known that the development of high-power gyrotrons is heavily
relying on accurate simulations, as far as the design of
components, the identification of appropriate operating
regimes, and the interpretation of experimental results are
concerned. The comparison between simulation and experiment
is therefore indispensable for the validation of the simulation
procedures and tools. Second, an agreement between simulation
and experiment, suggesting that the gyrotron behaves as
expected, provides also a powerful validation of the gyrotron
design and fabrication. In this sense, the present paper is
complementing the experimental findings and design validation
given in [8].

The paper is organized as follows: the multifaceted
simulation procedure and tools are described and discussed in
section Il. Then, the simulation-experiment comparison is
detailed in section Il1. Section IV recapitulates the conclusions
of this work.

Il. MULTIFACETED SIMULATION PROCEDURE AND TOOLS

Three different groups of experimentally achieved 0.5 ms
pulses with the 1.5 MW 140 GHz TEgs10 short-pulse gyrotron
were considered for simulation. The operation was without
collector depression and the three groups of pulses correspond
to three different magnetic field profile cases. The field profile
of the super-conducting Oxford Instruments magnet used in the
experiments is controlled by the values of two coil currents,
applied to the main coil and the gun coil, respectively. The coil
currents for the three cases are given in Table I.

A. Magnetic field profile and electron beam properties

From the coil geometry of the super-conducting magnet (as
provided in the construction file [9]) and from the coil currents,
the magnetic field profile along the gyrotron was calculated
using the in-house electron beam optics code ESRAY [10]. In
addition to the magnetic field value at the gyrotron cavity,
ESRAY also provides the corresponding electron beam radius
and the uniform guiding-center spread (Table I). For each of the
three cases and for several experimentally measured values of
the applied accelerating voltage and of the beam current,
ESRAY calculated also the values (at the cavity) of the beam
kinetic energy and of the electron velocity ratio «, together with
the corresponding rms spreads. As an example, the results for
case 1 are shown in Fig.1l. It should be noted that the
calculation assumes no neutralization of the electron beam
space charge during the pulse length of 0.5 ms. This is
supported by the fact that, for the pulses considered in this
paper, there was no experimental indication of neutralization
onset. The absence of neutralization explains the ~7-8 keV
lower electron kinetic energy with respect to the accelerating
voltage, associated with the space-charge depression.

B. Beam-wave interaction

The interaction of the electron beam with the resonant TE
modes in the gyrotron cavity has been simulated by the time-
dependent, multi-mode, in-house code EURIDICE [11]. A

TABLE |
EXPERIMENTAL CASES CONSIDERED (MAGNETIC FIELD PROFILES)

Case Coil currents Calculated quantities at the cavity
Main cun Ma_gnetic e-be_am Guiding-
A) A) field radius center spread
@) (mm) (mm)
1 48.786  8.667 5.54 10.32 0.35
2 48.436  8.542 5.50 10.30 0.35
3 48.975  8.329 5.56 10.19 0.35

slow-variables self-consistent model, similar to that of [12], is
implemented. Also, the Vlasov approximation is adopted, i.e.
the weak mode conversion due to the mild axial inhomogeneity,
introduced by the changing cavity radius, is neglected [13].
Nonetheless, EURIDICE incorporates some advanced features,
like the improvements with respect to the reference frequencies
described in [14], the consideration of the influence of the axial
variation of the magnetostatic field on the beam radius and axial
electron momentum, and finally the consideration of the change
of the electron energy and axial momentum due to the change
of the space-charge depression along the beam path. (This
change is introduced by the varying distance between the beam
and the cavity wall along the beam path.)

The selection of the cavity TE modes, which are considered
in the multi-mode interaction simulation, is based on criteria
related to the electron cyclotron frequency and the beam-wave
coupling coefficient. In particular, as a usual practice, the
selected modes have resonant frequencies in the range of 5%
of the electron cyclotron frequency values (to take account of
the cyclotron resonance band), and coupling coefficient greater
than 50% of that of the operating TE2g10 mode. (According to
our experience with multi-mode simulations, the inclusion of
modes with even weaker coupling does not alter the result
because they are suppressed by the modes with stronger
coupling.) The above criteria resulted in a large number of
competing modes in the 133-161 GHz frequency range.

Two domains, as shown in Fig. 2, have been considered for
the beam-wave interaction simulations. The first is the cavity
and non-linear uptaper region, which is the usual simulation
domain. The second is the complete region of the cavity, non-
linear uptaper, and launcher. EURIDICE calculates the RF
power radiated out of the simulation domain, taking as input the
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Fig. 1. Calculated electron beam properties in the gyrotron cavity for several
experimentally measured values of the applied accelerating voltage Vacc
(abscissa) and of the beam current I, (stars), for the magnetic field profile of
case 1: electron kinetic energy Ey, electron velocity ratio a, % rms energy
spread JEy, and % rms velocity ratio spread Jda.
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Fig. 2. Radius contour of the cavity, non-linear uptaper, and launcher (thick
black line). Calculation of radiated RF power along the gyrotron axis for case 2
of Table | with Ve = 81.3 kV and I, = 64 A, where a 13% power drop due to
after-cavity interaction in the launcher (at z ~ 5-6) is evident.

calculated magnetic field profile and electron beam properties
from ESRAY (including spreads in energy, velocity, and
guiding-center) as well as the list of competing TE modes.

The reason for simulating the beam-wave interaction also in
the launcher is to take into account the possibility of static after-
cavity interaction (ACI) that degrades the gyrotron efficiency
[15-16]. An example is shown in Fig. 2: the simulation by
EURIDICE predicts a 13% drop in radiated power due to ACI
in the launcher. In section I1l, EURIDICE results for both
simulation domains are compared with the experiment and the
importance of after-cavity interaction is further discussed.

It should be noted that in the launcher region the Vlasov
approximation is, in principle, not valid because the wall has
mode-converting perturbations for the transformation of the
operating TEzg10 mode to a linearly polarized, fundamental
Gaussian beam. However, in EURIDICE (as well as in [15-16])
this approximation is still kept and the launcher is modelled as
an azimuthally symmetric smooth tapered section. This is in
line with the studies in [17-18], where it was shown that the
difference in the results if the mode conversion in the launcher
is indeed taken into account is small. This is because the
coupling of the RF field to the electron beam at the position of
the after-cavity interaction is similar for both cases, i.e. the case
where mode conversion is considered in the transverse RF field
pattern, and the case where the transverse RF field pattern is
approximated by that of the operating TE mode only.

C. Calculation of losses

For comparing simulation and experiment, a careful
calculation of the various losses in the gyrotron is necessary.
We can distinguish three types of losses, namely Ohmic losses,
diffraction losses, and losses at the output window.

The Ohmic losses in the cavity and non-linear uptaper are
calculated by EURIDICE, using the well-known formula for the
surface density p of Ohmic losses [19]:

1 2

-—|H 1
p=5—=[H @
Here, H: is the component of the high-frequency (RF) magnetic
field that is tangential to the metallic wall, & is the electrical
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Fig. 3. Reflection of the gyrotron output window versus frequency, as
measured at the KIT test-bench before installing the window in the gyrotron.

conductivity of the wall, and 6 = [2/(uow)]¥? is the skin depth.
For the calculation, the electrical conductivity ¢ =5.8x107 S/m
of copper at room temperature is used because, at the
experimental pulse length of 0.5 ms, the rise of the wall
temperature and the cavity thermal expansion can be neglected
[20]. Also, a correction factor for the losses, due to a typical
0.1 um rms surface roughness, is taken into account by the
Hammerstad/Bekkadal formula [21] and is inserted in (1) as a
multiplication factor. The Ohmic losses in the quasi-optical
system (i.e. launcher and three mirrors) are calculated using the
same principle by the in-house code TWLDO for quasi-optical
system design.

The diffraction losses in the quasi-optical system (stray
radiation in the mirror box) are calculated by the commercial
code SURF3D. Additional (small) diffraction losses originate
from the mild mode conversion of the cavity TE mode at the
cavity down-taper (i.e. before the cylindrical part) and at the
non-linear uptaper. Such mode conversion losses are calculated
by the in-house scattering matrix code MCONV [22].

The window losses comprise the dielectric losses and the
losses due to reflection. The window disk of the short-pulse
gyrotron is made of Infrasil 302. The dielectric constant of this
material is & = 3.81 and its loss tangent was measured at KIT
as tand ~ 4x10*. The ratio of the dielectric losses Pays to the
incident power Pi, at the window are calculated using the
formula (4.1) in [23]:

Pabs
R

:%n(lJrgr)tané )

n

where d is the window thickness and 1 is the free-space
wavelength.

The reflection curve of the window disk was measured at
KIT prior to its installation in the tube. The set-up [24] uses a
network analyser PNA5222B and WRS5 extension modules. The
RF beam is radiated by a corrugated horn antenna and is
focussed on the center of the window using two mirrors. A
semi-transparent Mylar foil is used to separate the transmitting
and receiving path. The receiving antenna is again a corrugated
horn antenna. The result is shown in Fig. 3 and allows to
determine the reflection losses that correspond to the measured
frequency of the RF beam generated by the gyrotron.

The calculated losses between the gyrotron cavity and
window are summarized in Table Il for the operating TE2s10
mode as well as for the competing TE29 .10 mode, which has also
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TABLE Il
GYROTRON LOSSES BETWEEN NON-LINEAR UPTAPER AND WINDOW

Losses type Losses percentage (%)
TEzs10 TE29,10
(140.25 GHz) (142.91 GHz)

Ohmic losses at launcher 1.32 1.28
Ohmic losses at three mirrors 0.35 0.34

Stray radiation in mirror box 1.65 2.30
Mode conversion losses at 0.24 0.24
cavity and non-linear uptaper

Window absorption 1.86 1.90
Window reflection 0.007 139

Total losses 5.43 19.96

been excited in the experiment. The frequencies used for
determining the losses were those measured experimentally
during the operation of the gyrotron. To compare the simulation
results with the experimental measurements, the radiated power
calculated by EURIDICE is reduced by the percentage of total
losses given in the last line of Table I1.

I1l. COMPARISON BETWEEN SIMULATION AND EXPERIMENT

Following the multifaceted simulation procedure detailed in
Section 11, the simulation results on the expected RF power at
the gyrotron window were compared with the RF power
measured at the short-pulse load adjacent to the window. The
comparison was made for all three magnetic field profile cases
of Table 1, considering a multitude of values of accelerating
voltage and beam current. It should be noted that in cases 1 and
2 no parasitic oscillations were observed experimentally. In
case 3, however, parasitic oscillations in the frequency range
130-134 GHz appeared at high values of the acceleration
voltage (i.e. above 83 kV).

A. Cases without parasitic oscillations

The comparison between simulation and experiment for the
cases 1 and 2 of Table 1, where no parasitic oscillations were
experimentally observed, is shown in Fig. 4. The error bars at
the experimental points for the power represent a £5% and £1%
uncertainty in the measurement of the power and voltage,
respectively. This and the following figures focus on the
voltage values for which we have experimental measurements.
The simulation results are shown both for the case where the
beam-wave interaction domain is only the cavity and non-linear
uptaper (thus excluding after-cavity interaction in the launcher)
and for the case where the interaction domain incorporates also
the launcher and therefore the possibility of ACI there.

The last experimental points at high voltage correspond to
the limit after which the operating TE2g 10 mode is lost. A first
observation in Fig. 4 is that the simulated loss of the operating
mode occurs at 1-2 kV higher voltage compared to the voltage
of the experimental mode loss. This can be attributed to the
possibility that, during the experiment, the magnetic field
values were slightly lower than those calculated in Table 1,
given that the measurement uncertainty in the currents of the
magnet coils is £0.1%. This motivated the repetition of the
simulations of Fig. 4, assuming magnetic field values in the
cavity that are 0.1 % lower than the values of Table 1. The
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Fig. 4. Comparison of experimental and simulation results on the RF power
at the gyrotron window for case 1 (top) and case 2 (bottom) of the magnetic
field profile, as defined in Table 1. Simulation results with and without
consideration of the after-cavity interaction (ACI) in the launcher are shown.
The measured current and the current values used in the simulations are also
shown, together with the calculated electron velocity ratio «. The interaction
simulations considered 83 competing TE modes in the frequency range 133.5-
154.3 GHz. (A negative azimuthal index denotes a counter-rotating mode.)

results are shown in Fig. 5, where an excellent agreement
between experiment and simulation is demonstrated with
respect to the operating TE2g 10 mode.

A discrepancy still remains in case 2, where the competing
TE29,10 mode was also excited experimentally: the simulated
mode loss for TE29,10 Occurs at 3 kV higher voltage compared
to the experiment and the simulated power is higher than the
measured one. Both of these effects can be attributed to a
reduced quality of the electron beam when TE2g10 is excited.
An explanation could be the high stray RF power associated
with the competing TEzg10 mode. According to Table I, the
stray RF power in the gyrotron is the sum of stray radiation in
the mirror box, mode conversion, and window reflection (lines
3,4, and 6, respectively). This power is calculated to be ~32 kW
at 1.6 MW window power for the operating TEzg 10 mode, and
~62 kW at 300 kW window power for the TEzq10 mode. The
significantly higher stray RF power associated with the
observed excitation of the TEz10 mode could lead to
deteriorating vacuum conditions in the vicinity of the electron
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Fig. 5. Repetition of the simulations of Fig. 4, assuming 0.1% lower values
for the magnetic field in the cavity, in line with the measurement uncertainty
of the magnet coil currents. An excellent agreement between experiment and
simulation has been achieved with respect to the operating TE,g10 mode.
beam (in the cavity and before) that reduce the beam quality.

Coming to the possibility of after-cavity interaction, the
simulation result when ACI is considered is visibly different
from the result when it is ignored. However, as it is apparent
from Fig.5, both results lay more or less within the
experimental error bar. Nonetheless, a closer inspection of the
simulation curves favors the modelling with ACI inclusion,
because, in this case, the simulation curve exhibits undulations,
which are also present in the experimental results. These
undulations reflect the different intensity of ACI at different
voltage values.

For the case 2 of the magnetic field profile, the frequency of
the operating TEzs10 mode as well as that of the competing
TE29,10 mode were measured. The measurements are shown in
Fig. 6, including an error bar of +10 MHz, and are compared to
the simulation result, which corresponds to the simulation of
Fig. 5(bottom). An offset of ~110 MHz between simulation and
experiment is apparent. This can be easily explained if it is
assumed that the cavity radius at the midsection is 19 pm larger
that the design value. The simulated frequency under this
assumption is also shown in Fig. 6 and an excellent agreement
with the experiment is achieved (save for the voltage value
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Fig. 6. Measured and simulated frequency for case 2 of the magnetic field
profile. The simulation result (solid curve) corresponds to that of
Fig. 5(bottom). The ~110 MHz offset between simulation and experiment can
be eliminated if a 19 um larger cavity radius is assumed (dashed curve).

where TEgg 10 is lost, as discussed earlier). The assumption of
19 um larger cavity radius is in line with the known £20 um
manufacturing accuracy of the cavity radius. In addition, some
minor thermal expansion of the uncooled cavity during the
0.5 ms pulses, of the order of a few um, cannot be excluded.

In conclusion, for the two magnetic field profile cases where
no parasitic oscillations are detected, careful multifaceted
modeling and observation of the measurement and
manufacturing uncertainties can achieve a very good agreement
between simulation and experiment, over a wide range of
parameters.

B. Case with parasitic oscillations

For the case 3 of the magnetic field profile in Table 1,
parasitic oscillations in the frequency range 130-134 GHz were
experimentally observed when the acceleration voltage Vac
exceeded 83 kV. The onset of parasitic oscillations was
accompanied by a saturation in output power, as shown in
Fig. 7. In gyrotrons, the RF parasitic oscillations that limit the
power and appear at frequencies 5-15% lower than the
operating frequency are attributed, as a rule, to parasitic beam-
wave interaction in the beam tunnel before the cavity (e.g. [25-
29]). It can be argued that the onset of parasitic excitation in
case 3 is related to the higher values of the electron velocity
ratio (o > 1.25), as compared to cases 1 and 2.

Since the multifaceted modeling described in this work does
not take into account the possibility of parasitic mode excitation
in the beam tunnel, a discrepancy between simulation and
experiment is expected when such excitation occurs. This is
apparent in Fig. 7, where the simulation predicts higher power
than experimentally measured for Vac. > 83 kV. On the other
hand, in the absence of parasitic oscillations (Vac < 83 kV), a
very good agreement between simulation and experiment is
again demonstrated. In line with the discussion in section I11A,
the magnetic field assumed in the simulation is 0.1% lower than
that of Table 1. Also, the simulation curve that considers after-
cavity interaction in the launcher resembles better the
undulations in the measured power. These observations in the
absence of parasitic oscillations consolidate further the
conclusion of section I11A.
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Fig. 7. Comparison of experimental and simulation results on the RF power
at the gyrotron window for case 3 of Table 1, assuming 0.1% lower cavity
magnetic field. The voltage region of experimentally observed parasitic
oscillations is shadowed. Simulation results with and without consideration of
the after-cavity interaction (ACI) in the launcher are shown. The calculated
electron velocity ratio «a is also shown. The interaction simulations consider
either 52 competing TE modes in the “standard” 133.6-160.7 GHz frequency
range (black curves), or 97 modes in the extended 120.0-160.7 GHz frequency
range (blue curves). In the latter case, a power reduction above 83 kV is visible
in the simulation curves.

Although the primary explanation with respect to the origin
of parasitic oscillations is the beam tunnel, the possibility that
their origin is a backward wave excitation in the cavity or
beyond was also examined. To do this, the simulations were
repeated with an increased number of 97 competing modes,
covering the extended frequency range of 120.0-160.7 GHz.
The new results are also shown in Fig. 7, in direct comparison
to the initial results with 52 modes. The simulations are
identical up to Vacc ~ 83 KV but, at higher voltage, the power in
the simulations with 97 modes is reduced compared to that of
the simulations with 52 modes.

The power reduction comes from the excitation of parasitic
modes. This is clearly visible in Fig. 8(top) where the simulated
power with 97 modes is shown in logarithmic scale. Above
83 kV there is excitation, at a power level of ~3 kW, of the
TE249 mode at 127.9 GHz and of theTE26 9 mode at 130.9 GHz.
Notably, the voltage range of the parasitic mode excitation
coincides with that in the experiment. Moreover, the parasitic
frequencies in the simulation are very close to the frequency
range of the experimentally observed parasitic oscillations. It
should be noted here that the experimental diagnostic was a
filter bank and the parasitic signals appeared in the channel
corresponding to the 130-134 GHz frequency range. Hence, no
exact measurement of the parasitic frequency was available.

Despite the simulated parasitic mode excitation above 83 kV,
however, the simulated power still remains significantly higher
than the measured power. This may be explained by the
argument that generation of backward waves in the 3 kW level
in the cavity could increase the stray RF power in the tube (by
a possible coupling with beam-tunnel modes), thus disrupting
the good vacuum conditions and resulting in a decline in
electron beam quality and interaction efficiency. This effect is
not considered in the simulation, of course.

The simulation result with extended mode list, suggesting
parasitic mode excitation in the cavity (or after) at a voltage
range and at frequencies close to what was experimentally
observed, is very interesting and broadens the possibilities with
respect to the origin of parasitic oscillations in gyrotrons. To
consolidate this argument, however, it has to be verified that the
simulations with extended mode list do not predict parasitic
mode excitation also for the cases where no parasitics were
experimentally observed. Therefore, the simulations for cases 1
and 2 were repeated with a larger number of competing modes,
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Fig. 8. Comparison of experimental and simulation results on the RF power
at the gyrotron window for cases 1-3 of Table 1, assuming 0.1% lower cavity
magnetic field and considering an extended list of competing modes. Top:
case 3 with 97 competing modes in the 120.0-160.7 GHz range. The voltage
region of experimentally observed parasitic oscillations is shadowed and
coincides with the region of parasitic excitation predicted by the simulations.
Middle and bottom: case 1 and case 2, respectively, with 99 competing modes
in the 120.0-160.7 GHz range. In these two cases, the simulations do not
predict parasitic mode excitation, as the power level of the competing modes
remains at a ~0.1 kW noise level. This is again in agreement with the
experimental findings. For clarity, in all three cases only the simulations with
consideration of the after-cavity interaction (ACI) in the launcher are shown.
The simulations without consideration of launcher interaction are similar with
respect to the excitation of parasitic modes.
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covering the 120.0-160.7 GHz frequency range. The results are
also shown in Fig. 8. Indeed, despite the increased number of
modes and frequency range, no parasitic excitation takes place
and the results remain practically identical to those of Fig. 5.

IV. SUMMARY AND CONCLUSIONS

A multifaceted simulation procedure, based primarily on in-
house codes, has been used for the simulation of the
experimental operation of the 1.5 MW 140 GHz short-pulse
pre-prototype gyrotron for W7-X. An excellent reproduction of
experimental results, with respect to the excitation and power
levels of the operating TE2s,10 mode, has been demonstrated by
simulation for a large number of operating points at different
magnetic field profiles and electron beam parameters. This
simulation-experiment agreement has been achieved solely by
the numerical modeling and the consideration of the
experimental uncertainties, without resorting to any arbitrary
speculations, e.g. about the electron beam properties or the
internal losses. In addition, any discrepancies observed between
simulation and experiment are exclusively associated with the
excitation of parasitic modes or competing modes and can be
expected because they are caused by phenomena not addressed
by the employed simulation tools. Such phenomena are the
excitation of parasitic modes in the beam tunnel or the increased
stray RF power levels and vacuum deterioration in the tube. The
above findings validate the multifaceted simulation procedure
as a powerful means for gyrotron design and interpretation of
experimental results.

Additional findings of this study have been the following:
(i) The 1.5 MW 140 GHz pre-prototype gyrotron for W7-X
behaves as simulated. This, combined with the fact that the
gyrotron achieved the targeted performance of efficient
1.5 MW operation [8], verifies the beam optics and RF design
as well as the correct fabrication and alignment of the tube
components. (ii) Although the simulation results with and
without consideration of possible after-cavity interaction (ACI)
in the gyrotron launcher are within the error bar of the
experimental results, the shape of the experimental power
curves resembles better that of the simulation curves when ACI
is considered. This is an indirect indication of ACI occurrence
in reality. (iii) Excitation of parasitic backward waves in the
cavity and non-linear uptaper, at frequencies and voltage values
compatible with the experimental observations, has been
demonstrated in simulation and is triggered by higher values of
the electron velocity ratio. This adds an additional possibility,
besides the beam tunnel, regarding the origin/support of
deleterious parasitic oscillations in high power gyrotrons at
frequencies 5-15% lower than nominal.
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