
IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 71, NO. 8, AUGUST 2024 5053

Improved Suppression of Beam-Tunnel Parasitic
Oscillations by Introducing Lossy Diffusive

Surfaces
Athanasios I. Zelkas , George P. Latsas , Dimitrios V. Peponis , Konstantinos A. Avramidis ,

and Ioannis G. Tigelis , Senior Member, IEEE

Abstract— High-power gyrotrons usually suffer from par-
asitic oscillations, appearing in the beam tunnel region,
which degrade the electron beam quality and the interac-
tion efficiency in the cavity. To avoid the development of
such oscillations, several design concepts have been pro-
posed and tested in the past, including the stacked beam
tunnel concept, the ceramic-loaded smooth-wall beam
tunnel, and the fully metallic beam tunnel with broken sym-
metry. In this work, we focus on the fully metallic concept
by examining the possibility of using diffusive surfaces
to effectively suppress the parasitic modes. To this end,
a beam tunnel with a diffusive surface is designed, having
dimensions that are compatible with a typical high-power
gyrotron. The performance of the structure is studied by
full-wave particle-in-cell (PIC) beam-wave interaction simu-
lations and is compared to that of a smooth metallic beam
tunnel of the same dimensions. Both low- and high-Ohmic
wall losses are considered in the study. Simulation results
demonstrate that the diffusive surface can indeed secure
an almost perfect suppression of the parasitic modes, even
when the Ohmic wall losses are quite low, i.e., similar to
those of copper.

Index Terms— Beam tunnel, fully metallic, gyrotron, par-
asitic oscillations.

I. INTRODUCTION

GYROTRONS are high-frequency, high-power millimeter-
wave sources, commonly used for electron cyclotron

resonance heating (ECRH) and current drive in magnetic
confinement fusion reactors [1], [2], [3]. The beam tunnel
is a critical component of a high-power gyrotron, since it
serves as the drifting region where the electron beam under-
goes compression under the influence of an axially varying
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magnetostatic field, acquiring the necessary characteristics for
the main interaction in the main interaction cavity [3], [4], [5].
However, the premature beam-wave interaction, which may
appear in this region leading to the development of parasitic
oscillations, has always been a persistent challenge [6], [7],
[8], [9], [10], [11]. Such oscillations impact the quality of the
electron beam and subsequently reducing the efficiency of the
primary interaction within the cavity.

In response to this challenge, various design strategies have
been implemented to optimize the beam tunnel performance
by suppressing the parasitic oscillations, often leading to
quite complicated and sophisticated structures [7], [8], [9],
[10], [11], [12], [13]. They often adopt configurations such
as stacked sequences of metallic and lossy ceramic rings,
a concept mainly implemented in European gyrotrons [12],
[14], or tapered waveguides loaded with lossy silicon carbide
(SiC), mostly used in Japanese gyrotrons [10]. Fully metallic
beam tunnels with arbitrary surface corrugations are a concept
mainly used in Russian gyrotrons [1], [11]. Notably, the latter
concept has garnered attention for the simplicity in design and
fabrication procedures [15].

With respect to beam-tunnel concepts involving ceramic
materials, previous studies have shown that, while azimuthal
corrugations at the metallic rings of stacked beam tunnels
may impact parasitic oscillations [7], the dielectric properties
significantly influence the beam tunnel’s ability to suppress
them [8], [9], [13]. On the other hand, smooth-wall SiC-
loaded beam tunnels have performed well [16]. Many studies
have investigated the influence of geometric characteristics
on parasitic oscillations offering alternative methods for their
suppression through geometry and the selection of ceramic
materials [8]–[19].

With the increasing demand for output power, the ability
to operate at higher beam currents while suppressing spuri-
ous oscillations in the beam-tunnel area becomes even more
challenging. Moreover, the move toward series production of
gyrotrons necessitates beam-tunnel designs that are easier to
manufacture, avoiding the use of costly and complex dielectric
materials. In this direction, the European 1 MW, 170 GHz
short-pulse modular gyrotron was tested experimentally with a
fully metallic beam tunnel, offering promising results. Operat-
ing currents close to 70 A enable the excitation of the nominal
TE32,9 mode at a power above 1.2 MW, without detecting any
parasitic oscillations [20].
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Another approach, which has recently been proposed,
involves the use of diffusive geometries on the inner metallic
surfaces of a stacked beam tunnel, to achieve the effective
diffusion and suppression of any excited parasitic oscilla-
tions [21], [22]. Schroeder diffusers, also known as quadratic
residue diffusers (QRDs), are devices for the manipulation of
acoustic waves, used to achieve uniform scattering of sound
energy, contributing to enhanced acoustic performance [23],
[24]. The simplicity of their design has made them among
some of the most effective diffuser designs. In such a diffuser,
sound waves incident to their surface are presumed to prop-
agate vertically within each well, undergoing a phase shift,
depending on the depth of the well. The organized phase
modulation caused by the different wells leads to an almost
uniform radiation pattern [25], [26], [27], [28]. Even though
Schroeder diffusers have been extensively used in the field of
acoustic waves, the same underlying principle of operation can
well be adopted to electromagnetic structures [29], [30].

In this work, we study the possibility of using a diffu-
sive geometry on the wall of a fully metallic beam tunnel
to effectively suppress parasitic oscillations, by simulating
corresponding structures in the CST Studio Suite [31]. This
program offers the possibility of full-wave particle-in-cell
(PIC) modeling. Therefore, the study of the actual interaction
of the electron beam with parasitic RF waves in the beam
tunnel is possible, in contrast to the studies in [21] and [22],
which are addressing only the influence of the diffusive surface
on the RF field structure and they are not considering the
beam-wave interaction.

For our investigations, a smooth metallic tapered beam
tunnel is initially considered, resembling the inner contour of
the geometry of the existing TH1509v4 stacked beam tunnel
of the 170 GHz 1 MW European gyrotron for ITER [20]. Self-
consistent numerical simulations using the PIC solver of the
CST Studio Suite are performed. The excited parasitic mode is
identified and studied, through post-processing of the obtained
fields. Next, Ohmic losses are gradually applied to the walls
to study their effect on the parasitic modes. Then, a diffusive
geometry is designed, based on the Schroeder diffuser theory,
and added on the metallic walls of the model, both with and
without losses, to evaluate the performance of the structure.

The rest of the article is organized as follows. In Section II,
the smooth fully metallic model is presented along with the
obtained results with and without losses. In Section III, the
design procedure and simulation results for the beam tunnel
model with diffusive surface are described, and in Section IV,
the obtained results are compared and discussed. Finally,
in Section V, the main conclusions are summarized.

II. SMOOTH FULLY METALLIC BEAM-TUNNEL MODEL

We start with a smooth-wall fully metallic beam-tunnel
model design, which will be used as the baseline beam-tunnel
for this study. To secure relevance with a high-power gyrotron
beam tunnel, this model design closely matches the dimensions
of the beam tunnel of the 1 MW, 170 GHz European gyrotron
for ITER [20]. In particular, the outer wall of the model was
taken to closely follow the inner radius of the metallic walls
of that stacked beam tunnel. At both ends, a narrow ring of

TABLE I
GEOMETRICAL PROPERTIES OF THE SMOOTH BEAM-TUNNEL MODEL

Fig. 1. Outer wall contour, the beam radius, and the magnetic field
profile (Bz) of the smooth metallic beam-tunnel model. The geometrical
properties of Table I are also shown.

constant radius was added, to facilitate the application of the
boundary conditions. The right end of the model (z = 0)
corresponds to the physical end of the beam tunnel (start of the
spacer component between the beam tunnel and the cavity).
The material of the outer wall of the model is the so-called
perfect electric conductor (PEC) in CST, which represents an
ideal lossless metal. The geometrical characteristics of the
model are given in Table I and Fig. 1.

A realistic, axially varying magnetostatic field was imposed
with its profile given in Fig. 1. The electron beam was mod-
eled as a ring-shaped emitting surface located at the beginning
of the beam tunnel with initial parameters calculated by the
adiabatic approximation, using their nominal values at the
center of the cavity (γnom = 1.156, αnom = 1.3, rb,nom =

9.44 mm). The exact values used are given in Table II. Spread
has been defined in the relativistic factor γ and the pitch angle
α (Table II), both of which follow uniform distributions. A
3-D field monitor and a 3-D particle monitor were defined,
along with several electric field probes to obtain the temporal
and spatial field distributions and the evolution of the electron
beam properties. Waveguide ports were defined at both ends
of the structure, effectively absorbing any incident modes,
thus minimizing the reflections. Note that waveguide ports are
located at the last part of the structure and act as boundary
conditions solely on the electromagnetic fields. Regarding the
particles, the boundary at the end of the structure (after the
ports) is defined as grounded PEC, absorbing any incident
electrons without charging the boundary. A hexahedral mesh
was used in the model, and several mesh density values were
tested. It was found that with a mesh density of 12 cells per
wavelength, adequate convergence was achieved. This mesh
density was used in all simulations appearing in this work. The
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TABLE II
INITIAL ELECTRON BEAM PARAMETERS

Fig. 2. Beam electrons position at 20 ns inside the 3-D structure,
colored according to their gamma value. Axes have been manually
added to enhance the readability of the figure.

simulations were performed in a 2-cpu, 20-core Intel Xeon
machine and each simulation required from 10 to 60 days
to finish, which is a consequence of the complexity of the
structure, the appropriate mesh density, and the consideration
of the losses. The total number of electrons inside the structure
was of the order of 106.

Fig. 2 shows the obtained electron position and γ distribu-
tion (denoting their energy) at 20 ns, a timestep at which the
excited fields have been adequately stabilized. In particular,
it illustrates the electron positions inside the 3-D structure
(shown in gray) colored according to their gamma value. From
the color distribution of the electrons, energy modulation can
be clearly seen, evidence of the development of oscillations.
Fig. 3 presents the developed electric field distribution both
in r -z and r -ϕ planes at the same timestep. From Fig. 3(a),
it is evident that the developed fields clearly resemble the
distribution of a propagating mode, with a maximum at around
z = 40 mm. The transverse distribution at that axial location
[Fig. 3(b)] resembles the field of an almost pure TE27,5 mode.
A slight asymmetry observed in the field distribution could
be attributed to the superposition of the developed mode with
either other excited modes with significantly smaller ampli-
tude, or a possible reflection of the excited mode somewhere
in the structure.

Fig. 4 shows the evolution of the total energy inside the
structure with time (blue line), revealing that the simulation
has converged after 17 ns without any sign of instability. In the
same figure, the electric signal in the proximity of the field
maximum (r = 12 mm, z = 40 mm) is also shown (black
line). From this curve, it is also evident that after 17 ns the
amplitude of the signal is almost constant, showing that steady
state has been achieved.

To ascertain the excited frequency, a fast Fourier transform
(FFT) was performed on the last part of the electric signal
at r = 12 mm, z = 40 mm (Fig. 4), yielding the spectrum
depicted in Fig. 5. An acute peak at 139.8 GHz can be clearly
seen. Based on this frequency value, and in conjunction with

Fig. 3. Electric field magnitude distribution at 20 ns on (a) yz plane and
(b) cross section (xy plane) at z = 40 mm.

Fig. 4. Time evolution of the total energy inside the structure in dB
(blue) and electric signal at (r = 12 mm, z = 40 mm) (black).

the zero-order approximation dispersion graph at z = 40 mm
(Fig. 6), it can be deduced that the mode is a forward wave,
excited at a position around z = 40 mm, which falls below
cutoff and is totally reflected at a position around z = 37 mm.
This observation is in good agreement with the obtained field
distribution.

To study the effect of the finite conductivity of the metallic
wall on the excited parasitic mode, losses were added and
gradually increased. Fig. 7 shows the obtained power spectrum
for the smooth lossless case (black line) and the smooth lossy
case of copper at room temperature (σ = 5.8 × 107 S/m)
(blue line) as mean square amplitude (MSA). From this figure,
only a small reduction of the peak value is observed, with the
mode still excited. To achieve full suppression of the parasitic
mode, a conductivity value as low as σ = 105 S/m with a
roughness of 0.1 mm rms was required (Fig. 7, red line).



5056 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 71, NO. 8, AUGUST 2024

Fig. 5. Frequency spectrum of the electric signal at r = 12 mm and z =

40 mm for the smooth lossless model.

Fig. 6. Dispersion curve of the TE27,5 mode and the beam line at z =

40 mm.

However, achieving such a low conductivity value with a metal
alloy is quite challenging. This implies that coating the walls
with some lossy material would be necessary for the concept
of smooth metallic beam tunnels.

III. FULLY METALLIC MODEL WITH DIFFUSIVE SURFACE

Even though Schroeder diffusers have been extensively used
in the field of acoustic waves, the same underlying principle
of operation can well be applied to electromagnetic structures.
Therefore, the concept of using a diffusive geometry on the
metallic walls for the suppression of parasitic modes in the
beam tunnel was examined. The concept is based on the fact
that the incident waves on such a geometry are diffused in a
large range of angles and the development of standing waves is
minimized. In a waveguide, this is equivalent to the diffusion
of the power of a specific mode to a large number of other
modes.

To add such a diffusive geometry on the walls of the smooth
metallic beam tunnel, we chose to design a 1-D diffuser,
applied on the azimuthal direction, while, axially, the wells
have constant depth and azimuthal width along the z-axis and
a total length equal to that of the beam tunnel. The geometry
consists of N wedge-shaped slots each with azimuthal width
ϕ = R−1λmin/2, where R the inner radius of the walls and

Fig. 7. Power spectrum of the electric field signal at r = 12 mm, z =

40 mm without losses (black line), for copper (σ = 5.8 × 107 S/m) (blue
line), and for σ = 105 S/m (red line), for the smooth model.

Fig. 8. Cross section of a diffusive geometry with N = 11, chosen here
for illustrative purposes. All dimensions are indicative.

λmin the minimum wavelength before cross-modes of the
wells appear [26]. This means that the field with zero-order
resonance will appear inside the slots only at that limiting
wavelength. For wavelengths smaller than λmin, the diffuser
will also work, but its performance will be reduced, achieving
less uniform diffusion. Fig. 8 shows the cross section of such
a geometry, in which N = 11 was assumed for illustrative pur-
poses. The azimuthal width of the separating panels between
the slots ϕp was chosen to be small enough with respect
to the wavelength to minimize any interaction between the
panels and the waves. To achieve this, a value close to ϕp =

R−1λmin/10 would suffice [28]. The value N should be a prime
number and N (ϕ + ϕp) should be equal to 360◦. Thus, N
is chosen to closely satisfy this requirement and then ϕp is
determined by ϕp = 360◦/N − ϕ. The depth of the nth slot
(n = 1, 2, . . . , N ) is given by

dn =
Snλ0

2N

where λ0 is the wavelength which corresponds to the design
frequency and the quantity Sn = n2 mod N , with mod denoting
the integer modulo operation.

Since in our case the geometry is axially tapered, we had
to choose a specific radius R at a specific axial position to
apply the aforementioned design principles. This position was



ZELKAS et al.: IMPROVED SUPPRESSION OF BEAM-TUNNEL PARASITIC OSCILLATIONS 5057

TABLE III
GEOMETRICAL CHARACTERISTICS OF THE DIFFUSER

Fig. 9. Model of the beam-tunnel with Schroeder diffuser.

Fig. 10. Electric field magnitude distribution at 20 ns on the r -z plane
for the lossless diffuser model.

chosen to approximately match the axial position where mode
excitation was observed in the smooth model case, i.e., R =

16 mm, z = 40 mm. The design frequency was selected close
to the excited one, namely 140 GHz. The maximum frequency
appearing in the relations above was chosen to be 150 GHz to
include any possible modes with larger frequency. The final
values are given in Table III. The developed model is shown
in Fig. 9.

To allow direct comparison with the previously presented
results, all the other simulation parameters were kept unmodi-
fied. Fig. 10 depicts the electric field distribution |E| on the r -z
plane at t = 20 ns. It is clear that the field distribution does
not correspond to a single waveguide mode; it resembles a
superposition of a large number of modes, with the field values
being significantly reduced. The obtained electron energy
distribution presents much smaller variations with no visible
velocity modulation and bunching.

The power spectrum of the electric signal at r = 12 mm,
z = 40 mm is presented in Fig. 11 (blue line). In the same
figure, the corresponding distribution of the lossless smooth
case is also depicted for comparison. It can be seen that in the
case of the diffusive geometry, the amplitude of the peaks was
significantly reduced, corresponding to an appropriate mini-
mization of the parasitic modes and a very weak field pattern.
The peak at 146 GHz that can be observed has a significantly

Fig. 11. Power spectrum of the electric field signal at r = 12 mm, z =

40 mm for the smooth lossless case (black line), the lossless diffuser
case (blue line), and the diffuser copper case (σ = 5.8 × 107 S/m) (red
line).

TABLE IV
MAXIMUM OF THE POWER SPECTRUM FOR ALL MODELS

lower amplitude. This frequency probably corresponds to a
frequency at which the diffusion performance of the geometry
is minimal.

It should be noted that no losses were considered in this
model, thus there is no Ohmic dissipation of any developed
modes. To make the model more realistic, copper losses were
added on the walls (σ = 5.8 × 107 S/m) and the simulation
was repeated. The obtained power spectrum for this case is
depicted in Fig. 11 (red line). It was found that, even with
the relatively low value of the losses of copper, the power
spectrum was almost fully suppressed, indicating the effective
suppression of all possible parasitic modes in the structure.

IV. COMPARISON OF THE RESULTS AND DISCUSSION

In the above sections, results were presented for the follow-
ing cases: smooth lossless model, smooth lossy model with
copper walls (σ = 5.8 × 107 S/m), smooth highly lossy model
(σ = 105 S/m), lossless diffuser model, and lossy diffuser
model with copper walls (σ = 5.8 × 107 S/m). Table IV
summarizes the obtained results for the maximum of the power
spectrum in dB, for each of these cases (with respect to the
smooth lossless model). These results show that the addition of
copper losses to the smooth model suppresses the maximum
of the obtained power by 80% (thus 20% still remaining),
whereas in the lossless diffuser model the power reduction
is 97%. In the diffuser model with copper losses, a power
reduction of 99.4% is achieved. It should be noted that the
remaining 0.6% is quite small, in the sense that the obtained
power level is comparable to the level of the numerical noise
appearing in the obtained spectrum. For this reason, such a
small value could well be attributed to numerical errors.

For each case considered, we also studied the effect of
the developed electric field on the beam properties. For this
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TABLE V
COMPARISON OF THE BEAM PROPERTIES FOR ALL CASES

purpose, the electron beam properties were calculated at both
ends of the structure at t = 20 ns. In particular, a slice
with thickness of 1 mm was considered at each end and of
the structure and the average relativistic factor γ value was
calculated, based on the velocities of all electrons located in
each slice at the considered timestep. The thickness of the
slices was chosen such that it is large enough to contain an
adequate number of electrons for accurate statistics and at the
same time small enough for all electron in the slice to be as
close to the ends as possible. This is necessary to minimize
the effect of any RF interaction or of the space charge on the
electron properties that could probably affect the calculated
statistics. The results are summarized in Table V. It was found
that the excited mode in the smooth cases causes a significant
reduction of the relative beam kinetic energy 1Ekin/Ekin, also
increasing the γ spread (represented by the relative -to the
mean value- standard deviation). In the case of the highly
lossy smooth model, both the reduction in γ and increase
in its spread δγ are minimal. Since in this case the high
losses ensure no parasitic excitation, it can be deduced that
the observed effect is either numerical or due to space-charge
effects, which affect the beam energy due to the limited length
considered in the simulations.

In the case of the models with diffusive geometry, the energy
reduction and the final δγ are highly reduced, however, they
are still larger than the initial values. It should be kept in
mind though that these results are numerical. Since, in order
to calculate the beam statistics, slices with a thickness of 1 mm
were considered, the calculated properties do not correspond
exactly at the ends of the structure. Instead, they are affected
by the space charges appearing in the structure and by its finite
length, in conjunction with the applied boundary conditions.
Besides, in CST Studio Suite it has been seen that both γ and
δγ vary along the structure, even when no interaction takes
place, because of space-charge effects. To illustrate this effect,
Fig. 12 depicts the average γ value along the z-axis at steady
state for the smooth lossless model, when RF fields are fully
ignored. It can be seen, that the average γ value is reduced
toward the middle of the structure, due to the space charge
depression. This depression is approximately 2.76 kV. Fig. 13
shows the energy distribution at the entrance (z ≈ 71.8 mm)
and the exit (z ≈ 0 mm) of the smooth lossless structure,

Fig. 12. Average γ value along the z-axis for the smooth lossless case,
when fully ignoring any RF field. The space charge depression is visible.

Fig. 13. Energy distribution (γ value) of electrons at both ends of the
structure (initial at z ≈ 71.8 mm and final at z ≈ 0 mm).

both calculated in 1 mm thick slices. It can be seen that, near
the entrance, the obtained distribution is close to the imposed
uniform one, whereas near the exit, the average γ has been
reduced and the energy spread has increased.

Due to the above-mentioned factors, it is expected to have
reduced accuracy, however a trend between each considered
case can easily be found. For this reason, the obtained beam
energy spread δγ may well be overestimated. This can be also
seen in the case of the highly lossy smooth model, in which
the gamma has changed and δγ has doubled, even though no
parasitic oscillation has taken place, due to the extremely high
losses applied.

Of course, these results could also indicate that some
weak interaction is still present in the structure. It should be
noted however that the diffusive geometry used in this work
was the simplest one could design and without any further
optimization. Even though, the results clearly show that the
concept is effective and quite promising. It is expected that
by carefully optimizing the diffusive geometry and probably
choosing a metal alloy with higher losses, full suppression
could be achieved in a beam tunnel structure.

The importance of these findings is that the design of
the diffusive geometry is simple and quite straightforward,
and the use of ceramic materials is totally avoided, whereas
the manufacturing process of the structure is expected to
be much simpler compared to that of the existing stacked
beam tunnels. Therefore, the use of this concept could reduce
the manufacturing complexity and cost, whereas the obtained
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results have shown a superior behavior compared to other
simple solutions.

V. SUMMARY AND CONCLUSION

The concept of fully metallic gyrotron beam tunnels was
investigated. A smooth-wall tapered fully metallic beam tunnel
structure was designed and simulated with CST Studio Suite,
with and without losses and the effect of the losses on the
excited mode was investigated. A simple diffusive geometry
based on the Schroeder diffuser theory was designed and added
to the structure. It was found that the diffuser effectively
suppresses the excited fields and, when typical Ohmic losses
were introduced, the parasitic modes were fully eliminated.
This result is quite promising, and it is expected that a
carefully optimized diffusive geometry along with a lossy
metal alloy could well be used in fully metallic gyrotron
beam tunnels to effectively suppress unwanted parasitic
oscillations.
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