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Abstract— The possibility of parasitic excitation of back-
ward waves directly in the gyrotron cavity is demonstrated,
by simulation, for two existing high-power gyrotrons.
These are the 140-GHz 1-MW TE28,8-mode gyrotron for the
stellarator W7-X and the 140-GHz 1.5-MW TE28,10-mode
gyrotron, also for W7-X. The parasitic backward waves,
namely, the TE23,7 mode in the 1-MW gyrotron and the
TE−24,10 mode in the 1.5-MW gyrotron, are excited at high
frequencies (RF), which are of the order of ∼10% lower
than the nominal operating frequency and which can lead
to significant performance degradation, with respect to the
output power, efficiency, and stability of the tube. This
finding offers an additional possibility, besides parasitic
mode excitation in the gyrotron beam tunnel or after the
gyrotron cavity, for the origin of experimentally observed
RF parasitic oscillations in high-power, high-frequency
gyrotrons, operating in high-order modes. To strengthen
the confidence in the simulation, the results of two codes,
each using different modeling of the interaction between
the electron beam and the RF wave, are compared and
the appropriateness of the modeling with respect to the
accurate simulation of backward waves is discussed in
detail.

Index Terms— Backward waves, gyrotron, gyrotron
simulation.

I. INTRODUCTION

DURING the experimental testing of high-power
gyrotrons, the detection of high-frequency (RF) parasitic
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oscillations, appearing at frequencies ∼5%–15% lower than
the nominal operating frequency, is not uncommon [1], [2],
[3], [4], [5], [6], [7]. Such oscillations can be of major
concern if they are excited at operating parameters close to
nominal and hamper the desired operation of the tube in
terms of stability, efficiency, and output power: there are
cases where the drop in the tube performance, related to the
onset of such parasitic oscillations, is quite significant and is
the major undesired result of the appearance of the parasitic
frequencies. In experiments, the RF parasitic oscillations are
usually detected in the frequency spectrum of the radiation
leaving the gyrotron from the microwave windows. Therefore,
it is not straightforward to experimentally determine the exact
position in the gyrotron, where these oscillations are excited.

By combining theoretical studies with experimental find-
ings, the RF parasitic oscillations have been, as a rule,
attributed to parasitic beam–wave interaction in the beam
tunnel before the gyrotron cavity (e.g., [1], [2], [3], [4], [5]).
In this case, the spread in the energy and velocity of the
electron beam, induced by the parasitic interaction in the beam
tunnel, results in a nonoptimal electron beam in the cavity,
explaining the observed performance drop.

An alternative suggestion has been that RF parasitic oscil-
lations, at the frequency range under discussion, can also
be generated by interaction of the operating mode with the
electron beam after the cavity, at the region of the uptaper
and launcher. This interaction generates a frequency lower
than the nominal, due to the decreased magnetostatic field
at that region, and is referred to as dynamic after-cavity
interaction [6], [7], [8], [9]. Of course, since the parasitic
interaction does not directly affect the electron beam properties
in the cavity, the impact of this kind of parasitic interaction on
gyrotron performance is expected to be less severe compared
to that of the beam-tunnel parasitics.

A third possibility with respect to the origin of RF parasitic
oscillations in the frequency range ∼5%–15% lower than the
nominal frequency has been lately proposed in [10], where it
has been suggested that the harmful parasitic frequencies can
also originate from backward waves excited in the gyrotron
cavity itself. It should be mentioned that excitation, in sim-
ulation, of a backward-wave parasitic mode at a frequency
4% lower than the nominal frequency was also seen in [11],
for a 4-MW coaxial-cavity gyrotron design. In the present
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work, this possibility of origin of RF parasitic oscillations
is theoretically examined in detail, using the geometry and
operating parameters of two existing high-power, continuous
wave (CW) gyrotrons, namely, the 140-GHz 1-MW gyrotron
for the stellarator Wendelstein 7-X (W7-X) [12], operating
in the TE28,8 mode with eigenvalue 60.1, and the 140-GHz
1.5-MW gyrotron for W7-X [13], operating in the TE28,10
mode with eigenvalue 67.1. It is shown by simulation that,
for typical values of the electron velocity ratio α = 1.2–1.3 or
a little higher, parasitic backward-wave excitation is possible
in the gyrotron cavity, resulting in noticeable performance
degradation of the gyrotron. It is also shown that the para-
sitic interaction can extend also into the spacer region, i.e.,
in the intermediate region between the cavity and the beam
tunnel.

The possibility of parasitic mode excitation in the spacer
was also investigated in [14] by a single-mode model, which
examined separately the excitation of each candidate parasitic
mode. However, with that method, it was not possible to
conclude which parasitic modes would actually be excited
in the presence of the nominal mode and the additional
competing modes. In this article, the above limitation is
overcome by multimode modeling of the full cavity and
spacer region, addressing the competition between the nom-
inal operating mode, the standard forward-wave gyrotron
modes close to cutoff, and the possible backward-wave
modes.

RF parasitic oscillations at frequencies lower than nominal
may also be attributed to the well-known three-wave inter-
action effect (e.g., [15], [16]). In this case, the excitation of
the operating TEmp mode at high power is accompanied by
the simultaneous excitation of the azimuthal satellite modes
TE(m−1)p and TE(m+1)p at low power. However, as the order
of the operating mode increases, the frequency difference
between this mode and its lower azimuthal satellite becomes
smaller. For example, if the eigenvalue of the TEmp mode is
of the order of 50, the frequency of the TE(m−1)p mode is
only 2%–3% lower. Consequently, for gyrotrons operating in
a high-order mode, as is the case for the 140-GHz gyrotrons
considered here as well as for practically all the contemporary
MW-class CW gyrotrons operating above 140 GHz, the three-
wave interaction effect is not likely to explain experimentally
observed parasitic frequencies that are ∼5%–15% lower than
the nominal frequency.

It should also be noted that in most studies of mode
competition in high-power, high-frequency gyrotrons (see,
for example, [17] and references therein), only the modes
with cutoff frequency close to the cyclotron frequency are
considered as competing modes. This is because, in the
standard gyrotron interaction regime, a mode is excited close
to cutoff and the Doppler term in the cyclotron resonance
condition ω − k||v||

∼= ωcycl is neglected. In contrast to that,
the parasitic modes investigated in this article are backward
waves excited not so close to cutoff; therefore, the Doppler
term is nonnegligible. This has two principal consequences:
first, to reproduce the field profile of a backward wave,
an interaction model assuming nonfixed axial field structure

(e.g., [18]), rather than a model assuming fixed field structure
(e.g., [15], [16]), is necessary. Second, the competing mode
list should also extend to modes with a cutoff frequency quite
lower than the cyclotron frequency.

For the simulation of the interaction of the electron
beam with the resonant TE modes in the cavity, two mul-
timode, time-dependent codes are used. The first code is
EURIDICE [19], which is based on the trajectory approach
and uses a slow-variables, gyro-averaged model of interaction,
similar to that of [18]. Still, EURIDICE incorporates some
additional advanced features, in particular the improvements
with respect to the reference frequencies described in [20]
as well as the consideration of all components of the mag-
netostatic and the RF magnetic field. The second code is
simpleRick [21], which also uses the slow-variables approach
for the RF field, but it is a 3-D particle-in-cell (PIC) code
as far as the electron motion is concerned, without resorting
to gyro-averaging of the electron motion. It should be noted
that the advances (with respect to the “standard” gyrotron
interaction model of [18]) incorporated in EURIDICE and
simpleRick are necessary for the correct modeling of the
backward-wave excitation. This is discussed in detail in this
work.

This article is organized as follows. In Section II, parasitic
backward-wave excitation in the cavities of the two high-
power gyrotrons for W7-X is demonstrated by multimode
simulations with EURIDICE. The mechanism resulting in the
performance degradation of the gyrotron is illustrated, and the
influence of the electron velocity spread, which is a some-
what unknown quantity in experimental set-ups, is studied.
In Section III, the capability of the interaction model used by
EURIDICE to correctly simulate the excitation of parasitic
backward waves is discussed, and EURIDICE results are
compared to results by simpleRick. Section IV summarizes
the findings of this article.

II. SIMULATION OF PARASITIC EXCITATION
OF BACKWARD WAVES

The beam–wave interaction in the cavity of the 1-MW
140-GHz TE28,8-mode gyrotron and in the cavity of the
1.5-MW 140-GHz TE28,10-mode gyrotron was simulated with
EURIDICE, assuming operating parameters close to nom-
inal. The simulation domain was the three-section cav-
ity (downtaper–midsection–uptaper) plus the conical metallic
spacer connecting the cavity to the beam tunnel. The inclusion
of the spacer had the purpose to address the possible penetra-
tion/interaction of the backward waves in that region, since
they travel opposite to the direction of the electron beam. The
number of TE modes included in the multimode simulations
was greatly increased, in order to consider modes with reso-
nant frequencies as low as 25% below the nominal frequency.
This is opposed to the usual practice, where competing modes
only in the region ±5% of the nominal frequency are included
in the simulation [10]. Several values for the electron velocity
ratio α were considered, including the nominal as well as lower
and higher values.



Fig. 1. Multimode simulation (EURIDICE; 161 modes) of the operation
of the 1-MW 140-GHz TE28,8-mode gyrotron at parameters close to
nominal (see text), considering four different values of the electron
velocity ratio. RF power at the cavity exit (solid curves) and electron
velocity ratio (dashed-dotted orange curve) is shown. The parasitic
excitation of the TE23,7 mode at α = 1.4 and 1.5 as a backward wave
results in significant power loss for the operating mode, as compared to
the single-mode simulation ignoring the competing modes (dashed blue
curve).

A. Results With Nominal Velocity Spread

The simulation results for the 1-MW 140-GHz gyrotron [12]
are shown in Fig. 1. Operation close to nominal was con-
sidered, with electron energy Ekin = 78 keV, beam current
Ib = 46 A, magnetic field at the cavity B0 = 5.56 T, and
electron beam radius Rb = 10.1 mm. Four different values
of the electron velocity ratio α were simulated, including the
nominal value α = 1.3. Typical design values of a 3% uniform
guiding-center spread and a 5% rms spread in α (correspond-
ing to ∼3% spread in perpendicular velocity) were assumed.
In total, 161 TE modes (including the nominal operating mode
TE28,8) were considered, having lowest resonant frequencies
in the range 75%–105% of the nominal operating frequency
and beam–wave coupling coefficient at least as high as 70%
of the coupling coefficient of the TE28,8 mode.

As can be seen from Fig. 1, for the nominal electron
velocity ratio or lower, there is no parasitic mode excitation,
the operation is essentially single mode, and the operating
mode achieves the same performance to that predicted by
the single-mode simulation considering only the TE28,8 mode
and ignoring the competing modes (dashed blue curve in
Fig. 1). For the higher than nominal values α = 1.4 and
1.5, the parasitic excitation of the TE23,7 mode at ∼126 GHz
is observed at low power levels, in the range of 10–20 kW.
Despite the low power level, this excitation has a considerable
effect on the main interaction of the electron beam with the
TE28,8 mode leading to a power degradation of 9% and 22%
(compared to the single-mode simulation) for α = 1.4 and
1.5, respectively. The parasitic mode is excited as a backward
wave, since its oscillating frequency is lower than the electron
cyclotron frequency. This is shown in Table I, where all the
characteristic frequencies of the 1-MW 140-GHz gyrotron
are given. Also, as can be seen from the table, the dependence
of the oscillating frequency of the parasitic mode on the
operating parameters (here, the value of α) is stronger than
that of the oscillating frequency of the operating mode. This

TABLE I
CHARACTERISTIC FREQUENCIES (GHz) OF THE

1-MW 140-GHz GYROTRON

Fig. 2. Top: multimode simulation (EURIDICE; 202 modes) of the
operation of the 1.5-MW 140-GHz TE28,10-mode gyrotron at parameters
close to nominal (see text), considering four different values of the
electron velocity ratio. RF power at the cavity exit (solid curves) and
electron velocity ratio (dashed-dotted orange curve) is shown. The
parasitic excitation of the counter-rotating mode TE−24,10 at α = 1.2–1.4
as a backward wave results in power loss for the operating mode,
as compared to the single-mode simulation that ignores the competing
modes (dashed blue curve). Bottom: the same in logarithmic scale.

is a characteristic difference in the behavior of a backward
and a forward wave.

Similar findings appeared in the simulation of the 1.5-MW
140-GHz gyrotron [13], which are shown in Fig. 2. Again,
operation close to nominal was considered (Ekin = 80 keV,
Ib = 55 A, B0 = 5.56 T, and Rb = 10.1 mm) with four
different values of the electron velocity ratio, including the
nominal value α = 1.2. Typical design values of a 3.6%
uniform guiding-center spread and a 5% rms spread in α were
assumed. In total, 202 TE modes (including the nominal mode
TE28,10) were considered. Their resonant frequencies were in



TABLE II
CHARACTERISTIC FREQUENCIES (GHz) OF THE

1.5-MW 140-GHz GYROTRON

the range 75%–105% of the nominal operating frequency and
their beam–wave coupling coefficient was at least as high as
75% of the coupling coefficient of the TE28,10 mode.

According to Fig. 2, at α = 1.1, there is no parasitic
excitation and the operation is essentially single-mode in the
TE28,10 mode. However, even at the nominal value α = 1.2, the
excitation of the counter-rotating TE−24,10 mode at 131.9 GHz
with a power as low as 2.5 kW results in an 8% power
reduction in the operating mode. From Table II, it is clear
that the TE−24,10 mode is excited as a backward wave, with a
frequency lower than the electron cyclotron frequency. At the
higher values α = 1.3 and 1.4, the excitation of the TE−24,10
mode persists at increased power (6–7 kW) and results in
severe power reduction of the operating mode, in the order of
29% and 39%, respectively, as compared to the single-mode
calculation (dashed blue curve). At these higher α-values, there
is also parasitic excitation of the usual azimuthal satellite
modes TE27,10 and TE29,10 of the nominal mode (forward
waves—three-wave effect). As already mentioned in Section I,
the frequency of the lower satellite mode TE27,10 is only 2%
lower than the nominal frequency.

It is worth mentioning that the above results are in line
with experimental findings. As reported in [10], [22], and [23],
in order to avoid parasitic signals and obtain optimum per-
formance during the experimental testing of the 1.5-MW
140-GHz gyrotron, values of α below 1.2 had to be used.
Indeed, according to Fig. 2, the parasitic excitation in this
gyrotron takes place at α ≥ 1.2. Moreover, the experimen-
tally measured parasitic frequencies in the 1.5-MW gyrotron,
reported in [10], were in the range 130–134 GHz. This
is in line with the simulations in [10], which predicted
backward-wave parasitics at relevant frequencies, namely, at
127.9 and 130.9 GHz. Also, with respect to the 1.0-MW
140-GHz gyrotron, the parasitic frequencies during experi-
ments appeared in the range 120–130 GHz [4]. In the sim-
ulation of nominal operation of the 1.0-MW gyrotron shown
in Fig. 1, a backward-wave parasitic at ∼126 GHz is excited.
Thus, the relevance of the simulated parasitic frequencies to
the experimental findings with the two gyrotrons strengthens
the possibility that the excitation of backward waves in the
cavity could be the origin of experimentally measured parasitic
frequencies, along with the beam-tunnel parasitics or the after-
cavity interaction.

Fig. 3. Results for the case of Fig. 1 at α = 1.4. The contour of
the simulated geometry with midsection radius 20.48 mm and mid-
section length 14.5 mm is shown by the thick black curve. Top: RF
field amplitude, normalized to unity, of the nominal and the parasitic
mode along the gyrotron axis. The electron cyclotron frequency, prior
to interaction, is also shown (dashed curve). Bottom: rms spread of
the electron kinetic energy and interaction efficiency along the gyrotron
axis, calculated by multimode and single-mode simulation. The high
energy spread (∼2.5%), induced by the parasitic backward-wave mode
at z ∼ 3.5, is decreasing the efficiency of the main interaction by 3.5
percentage units, as compared to the single-mode result.

B. Underlying Mechanism of Power Decrease

The mechanism by which the parasitic backward-wave
excitation, although at low power levels, significantly affects
the beam–wave interaction of the nominal mode is illustrated
in Fig. 3. The figure refers to the case of the 1-MW 140-GHz
TE28,8-mode gyrotron, simulated with α = 1.4 (see Fig. 1).
In Fig. 3(top), the amplitude of the RF field profile of the
nominal TE28,8 mode and of the parasitic TE23,7 mode are
shown, together with the contour of the simulated geometry
(spacer and three-section cavity; arbitrary units). Both field
profiles are normalized to unity. The parasitic backward TE23,7
wave is excited at a frequency noticeably higher than its cutoff
frequency at the cavity midsection (see Table I), which permits
the field penetration into the downtaper and spacer region.
At some point in the spacer (z < 2), the cutoff is reached, and
the backward wave is reflected toward the cavity output. This
results in the visible standing-wave pattern. Also, from this
pattern, it can be suggested that the backward-wave excitation
is not restricted in the downtaper–spacer region but begins
already at the cavity midsection. Contrary to the backward-
wave mode, the nominal TE28,8 mode is excited very close
to cutoff at the cavity midsection as a forward wave and its



field penetrates only into half the downtaper (z ∼ 3.5). This
difference in downtaper penetration between the nominal mode
and the parasitic mode has the consequence that the interaction
of the parasitic backward wave with the electron beam begins
well before the interaction of the beam with the nominal
mode. This early interaction of the parasitic mode induces
energy spread to the electrons, and when the interaction of
the nominal mode starts (at z ∼ 3.5), this energy spread
is already very high and results in poorer main interaction.
This is clear in Fig. 3(bottom), where the kinetic energy
spread and the efficiency of the beam–wave interaction are
plotted along the gyrotron axis. The parasitic backward wave
induces a ∼2.5% rms energy spread at z ∼ 3.5 and this
results in a decreased efficiency of the main interaction by 9%
(3.5 percentage units), as compared to the single-mode simu-
lation, which ignores the parasitic mode. It is remarkable that
a parasitic excitation with power as low as ∼10 kW (i.e., <1%
of the power of the nominal mode, see Fig. 1) can have such a
significant effect, and this is explained by the induced energy
spread. It is also interesting to note that the typical design
values of the energy spread in the two simulated gyrotrons
are as low as 0.01%–0.1% rms.

C. Results With Increased Velocity Spread

As can be seen from Tables I and II, the parasitic backward
wave is oscillating in the midsection at a frequency that
is ∼7% or ∼2% higher than its cutoff frequency, for the
TE28,8-mode gyrotron or the TE28,10-mode gyrotron, respec-
tively. The oscillating frequency of the operating mode is only
∼0.1% higher than the cutoff frequency in both gyrotrons. This
means that the excitation of the parasitic backward waves is
much more Doppler-shifted than that of the operating mode,
and this is also visible in Fig. 3(top). Consequently, the
electron velocity spread is expected to influence the parasitic
excitation much more than the nominal excitation, as was also
shown in [14]. To study this, the simulations of Figs. 1 and 2
were repeated assuming increased values of the spreads in the
electron velocity ratio.

The results are shown in Figs. 4 and 5 and confirm the
above expectation. In the case of the 1-MW 140-GHz gyrotron,
if the rms spread in the electron velocity ratio α is increased
to δα = 10% rms (equivalent to δv⊥

∼= 6%–7%), the
parasitic mode excitation is happening only at α = 1.5 and
is much less pronounced. With δα = 20% rms (equivalent to
δv⊥

∼= 12%–14%), there is no parasitic excitation of backward
waves. As expected, the increased velocity spread reduces
the efficiency of the main interaction too, as can be seen
from the single-mode simulations at the different values of the
velocity spread. In the case of the 1.5-MW 140-GHz gyrotron,
the parasitic mode excitation is again impeded by increasing
velocity spread and appears only at the values of α higher than
nominal (Fig. 5).

The weakening of the excitation of parasitic backward
waves by the increase of the velocity spread suggests the
following two points: first, since the velocity spread in exper-
iments is expected to be higher than the design value, the
parasitic mode excitation would, in reality, be less severe than

Fig. 4. Multimode simulation of the operation of the 1-MW 140-GHz
TE28,8-mode gyrotron at parameters identical to those of Fig. 1 but
with increased velocity spread δα = 10% rms (top) and δα = 20%
rms (bottom). The power of the competing modes is shown in logarith-
mic scale at the insets. The result of single-mode simulation ignoring
competing modes is shown by the dashed blue curve. The parasitic
backward-wave excitation is practically suppressed by the increased
velocity spread, except for the case α = 1.5 and δα = 10% rms, where
some weak excitation of the modes TE24,7 and TE25,7 takes place.

what is predicted in Figs. 1 and 2. Second, a reasonable
increase, by design, of the velocity spread may be beneficial
with respect to the suppression of backward-wave excita-
tion. Such a practice has also been proposed in [24], albeit
within a different context relevant to a low-power 1.2-THz
third-harmonic gyrotron.

III. DISCUSSION ON MODELING AND VALIDATION

A. Key Points for Correct Modeling/Simulation
There is a list of points where the correct modeling

and simulation of the parasitic backward-wave excitation is
challenging, requiring advances with respect to the standard
models and practices used in gyrotron interaction simulations.
These points are given in the following, accompanied by a dis-
cussion on whether EURIDICE complies with the associated
requirements.

1) The simulations are computationally much more demand-
ing than the standard multimode interaction simulations of the
gyrotron cavity. This is because of three reasons: (a) to capture
the parasitic modes that are excited as backward waves,
TE modes with a very low resonant frequency in the cold
cavity need to be considered. That is, the cold-cavity frequency
of the competing modes should not be restricted to the usual
range of about ±5% of the operating frequency (gyrotron
resonance band) but should extend to much lower values. This



Fig. 5. Multimode simulation of the operation of the 1.5-MW 140-GHz
TE28,10-mode gyrotron at parameters identical to those of Fig. 2 but with
increased velocity spread δα = 10% rms (top) and δα = 20% rms
(bottom). The power of the competing modes is shown in logarith-
mic scale at the insets. The result of single-mode simulation ignoring
competing modes is shown by the dashed blue curve. The parasitic
backward-wave excitation is decreasing by increasing velocity spread.

leads to a large increase of the number of competing modes.
(Indicatively, for the simulations in this article, the number of
competing modes was increased from ∼60–80 to ∼150–200.)
(b) Clearly, the spacer region should also be considered in the
simulations because of the penetration of the backward waves,
and this lengthens noticeably the simulated geometry. (c) The
Doppler-shifted nature of the backward-wave excitation results
in a field profile with faster spatial variation along the gyrotron
axis [see Fig. 3(top)], necessitating an adequately fine axial
discretization.

2) The forward-wave gyrotron modes are excited very
close to cutoff, and the influence of the transverse RF mag-
netic field on the beam–wave interaction can be neglected,
as this field vanishes at cutoff. This is usually done in
standard gyrotron interaction modeling (e.g., [18], [25]), and
as also discussed in [26], it is a well-justified approximation.
However, the backward-wave modes under investigation are
excited farther from cutoff. Consequently, the transverse RF
magnetic field should not, in principle, be neglected and
therefore, it is included in EURIDICE simulations. (It may
also be noted that the transverse RF magnetic field can
sometimes be significant also for modes excited close to cutoff:
this is the case when giant ultrashort pulses in gyrotrons
are considered [27].)

3) In the slow-variables approach, the electric field of a
TEn mode is represented as E = Re{A(z, t) en eiωt } [18],
where en is the transverse eigenvector, A(z, t) is the complex

field profile along the cavity axis z, and ω is a carrier
frequency, which is arbitrarily chosen, but which has to be
close to the actual oscillating frequency of the mode. The
usual trajectory approach for the electron motion assumes
that the profile A(z, t) remains unchanged during the electron
transit time. Consequently, the closer the carrier ω is to
the actual frequency, the more accurate is the slow-variables
trajectory model. In the standard gyrotron interaction with
forward waves, ω is usually chosen to be the cold-cavity
frequency or the cutoff frequency, and both choices are suit-
able because the actual frequency of the mode is not much
different than those frequencies. However, this is not the case
for the backward waves, whose oscillating frequencies are
quite far from the cutoff or the cold-cavity frequency. All
the above are apparent in Tables I and II. Consequently, the
correct choice of the carrier ω for the backward waves is not
obvious prior to their excitation, and this strongly impairs the
validity of the model. Nevertheless, EURIDICE overcomes
this shortcoming because it uses the advanced concept of
a varying carrier frequency [20], which is slowly adjusting
to the actual frequency during the simulation. In particular,
at each time step, the frequency of the mode is calculated,
and the carrier frequency is set equal to the average frequency
of the mode over several previous time steps. At this point,
it should also be noted that if the PIC approach is used for the
electron motion, the choice of the carrier is not so important
because, contrary to the trajectory approach, the RF field
envelope A(z, t) is updated many times during the electron
transit.

4) In the standard gyrotron interaction model, it is very
expedient to use the Graf addition theorem and perform gyro-
averaging (e.g., [25]). The infinite Graf’s sum over k contains
terms with a time dependence ∼exp[i(ω–kωcycl)t], where ω

is the carrier frequency of the mode and ωcycl is the electron
cyclotron frequency. After gyro-averaging, only one term is
kept, in particular the term with k = s, where s is the harmonic
number of interaction of the mode. This is done on the grounds
that the gyrotron resonance condition ω ∼= sωcycl holds true
for the mode. In the case of forward waves, the difference
between ω and sωcycl is of the order of 3%–4% because
of the very small Doppler shift (see also Tables I and II;
s = 1 for interaction at the fundamental cyclotron frequency).
On the other hand, in the case of backward waves, the
Doppler shift is increased and the difference between ω and
sωcycl can, in general, be larger. For instance, in Table I,
this difference can reach 7%, if a carrier frequency close
to the actual oscillating frequency is chosen, as discussed in
point (3). In conclusion, there can be, in principle, cases of
parasitic backward-wave excitation, where gyro-averaging and
the subsequent reduction of the Graf’s sum to only one term
could introduce some error.

5) With the inclusion of the spacer region, the length of
the simulation domain increases and a question may arise
on whether the amplitude |A(z, t)| remains constant during
the electron transit, which is a prerequisite for the validity
of the trajectory approach. Therefore, a PIC simulation or,
alternatively, the use of an advanced interaction model that
takes into account the change of the RF field amplitude during



TABLE III
TWO-MODE SIMULATION OF THE 1-MW 140-GHz GYROTRON

RESULTS BY EURIDICE/SIMPLERICK

TABLE IV
TWO-MODE SIMULATION OF THE 1.5-MW 140-GHz GYROTRON

RESULTS BY EURIDICE/SIMPLERICK

the electron transit [28], [29], appears advantageous in that
respect.

B. Comparison of Codes and Validation of the Results
As is apparent from the previous discussion, the presented

simulations by EURIDICE comply with points (1)–(3) but not
with points (4) and (5). This could lead to less accurate mod-
eling of the backward-wave excitation. To validate EURIDICE
results, a direct comparison with the code simpleRick was per-
formed. simpleRick complies with all points (1)–(5), because it
is a PIC code and is using the slow-variables approach without
gyro-averaging of the electron motion. However, because of
the increased modeling accuracy, multimode simulations with
simpleRick become computationally demanding as the number
of competing modes increases. To secure a direct comparison,
the simulations of Figs. 1 and 2 were repeated by EURIDICE
using only two modes, i.e., the operating mode and the excited
parasitic mode, and were compared to the same two-mode
simulations by simpleRick.

The results are shown in Tables III and IV. The codes are
in excellent agreement as far as the frequency is concerned,
with a maximum discrepancy below 0.2%. With respect to
the power of the operating mode and the parasitic mode,
the maximum discrepancy between the codes is of the order
of 20%. The following conclusions can be drawn from this
comparison: (1) despite major differences in the employed
models, both codes predict the parasitic mode excitation at
the same frequency. (2) The up to ∼20% difference in the
calculated power shows that, indeed, the modeling can have a
nonnegligible quantitative effect. However, the parasitic mode
excitation and the associated power reduction of the main
mode are qualitatively identical in both codes. This strongly
testifies in favor of the parasitic backward-wave excitation
being a real physical effect.

IV. SUMMARY

The possibility of parasitic RF excitation of backward-
wave modes in high-power gyrotron cavities was demonstrated
for two existing gyrotrons by multimode simulations using
two different codes. The parasitic excitation can lead to a
significant performance degradation of the nominal operating
mode: even at power levels below 1% of the nominal power,
the parasitic mode results in a power reduction of the order
of 10%. The cause of the performance degradation was
identified to be the increased energy spread in the downtaper
and spacer region. This spread is induced by the parasitic
mode, which, contrary to the nominal mode, is capable of
propagating in this region and thus impacts the electron beam
prior to its interaction with the nominal mode. In the simulated
cases, the parasitic backward-wave excitation strengthens with
increasing values of the electron velocity ratio α but weak-
ens with increasing velocity spread, being a Doppler-shifted
excitation.

The validity of the employed models for the interaction
of the electron beam with the RF wave, with respect to
their ability to accurately simulate the parasitic backward-
wave excitation, was discussed in detail. A comparison
of the results of EURIDICE (trajectory code using gyro-
averaging) and simleRick (PIC code without gyro-averaging of
the electron motion) showed excellent qualitative agreement,
excellent quantitative agreement in the frequency calcula-
tion (<0.2% difference), and reasonable quantitative agree-
ment in the power calculation (∼20% maximum difference).
Based on those findings, it can be proposed that the para-
sitic backward-wave excitation is a possible physical effect.
It can be an additional source of origin, besides the para-
sitic mode excitation in the gyrotron beam tunnel or after
the gyrotron cavity, of the parasitic RF frequencies in the
range 5%–15% below the nominal frequency, observed exper-
imentally in high-power gyrotrons, operating in high-order
modes.

Further steps in the investigations on parasitic backward
waves in gyrotron cavities will include comprehensive studies
on their dependence on the various physical and numerical
parameters, in order first to optimize the modeling tools
and second to examine the possible ways of suppression of
the parasitic excitation. In addition, the particularities of the
excited backward-wave modes, with respect to beam–wave
coupling, magnitude of Doppler term, and frequency detuning,
will be studied, attempting to identify the reasons why one
parasitic mode is favored over another.
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