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Abstract— Karlsruhe Institute of Technology (KIT) is
advancing the research and development of a short-pulse
pre-prototype as the base for a continuous-wave (CW) industrial
gyrotron with an output power exceeding 1 Megawatt (MW)
at an operating frequency of around 240 GHz. It shall become
the key component of an Electron Cyclotron Resonance Heating
(ECRH) system for a future fusion power plant operating at a
toroidal magnetic field o fa round 9 T esla, s pecifically designed
for Proxima Alpha. The pre-prototype shall be built-up and
tested at the KIT FULGOR gyrotron test-facility, that will receive
a 10.5 Tesla superconducting gyrotron magnet latest by 2025.
This paper outlines the development for advancing the 240 GHz
gyrotron. Possible designs are evaluated for their potential to
manage the thermal loading, to minimize mode competition, and,
to advance operating stability. The fundamental design choices
and key challenges, including thermal management, cavity mode
selection, and precision alignment, as well as simulation results for
electron beam propagation and cavity performance are discussed.
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I. INTRODUCTION

Today, gyrotron oscillators (gyrotrons) are the only
microwave sources known that are capable to supply the
necessary output power at the required frequencies, pulse
lengths and efficiencies a s r equired f or E lectron Cyclotron
Resonance Heating (ECRH) systems of nuclear fusion
experiments and future fusion power plants [1]. As the
operating frequency of an ECRH system corresponds to
the electron cyclotron frequency, the operating frequency is
approximately by a factor of 28 GHz T~! proportional to the
magnetic field a tt he 1 ocation o f h eating w ithin t he plasma.
Hence, considering a toroidal magnetic field of approximately
9T results in an operating frequency of minimum 240 GHz for
the gyrotron. Proxima Alpha is a high field quasi-isodynamic
stellarator that Proxima Fusion is currently designing to
operate solely with ECRH at this frequency. One of the
research focuses at KIT targets exactly for the development of
next-generation gyrotrons to meet this demand. Additionally,
the gyrotron shall deliver an output power above 1 MW at
continuous waves.

Major result of the initial research and development is the
fundamental decision for a conventional-type gyrotron design
with a hollow circular waveguide cavity, or, alternatively, a
more advanced coaxial-cavity gyrotron, which incorporates an

inner conductor. Coaxial-cavity gyrotrons offer key advantages
such as a much reduced voltage depression and, potentially,
decreased mode competition. That is visible particularly
at higher operating frequencies and higher beam currents
as required for operation above 1MW. However, despite
those benefits, the design and integration of the coaxial
insert are significant challenges, considering the necessary
precise mechanical alignment, efficient cooling, and possible
vibrations during transport and operation. Therefore, it is
essential to carefully evaluate the appropriate design choice
before moving forward.

II. FUNDAMENTAL CONSIDERATIONS

This work starts from earlier hollow-cavity designs for
Wendelstein 7-X (W7-X) [2], ITER [3] and the coaxial-cavity
designs for the 170 GHz, 2MW gyrotron [4] for DEMO
[5]. To address the challenge of an operating frequency at
240 GHz, the obvious first step is to scale down the cavity size
of the gyrotron to match the reduced wavelength. However,
this increases the thermal loading of the cavity walls of
the gyrotron, which poses a significant problem due to the
limited capacity of existing cooling systems. To address this,
the key components of the gyrotron must be redesigned to
efficiently manage the increased thermal load and overcome
the challenges that arise during the redesign process.

A. Maximum output power considering a maximum thermal
loading

When scaling a gyrotron design to higher frequencies,
the peak ohmic wall loading, ponm, increases proportionally
to f?5. The cooling system implemented in conventional
gyrotrons for W7-X and ITER can manage an ohmic loading
of up to ponm = 2kW cm~=2 on the outer cavity wall during
CW operation. According to [6] the maximum possible output
power, can be estimated by

P = VIO L 508 1)
2.8y A Q

where c is the speed of light in vacuum, pg is the vacuum

permeability, o is the electrical conductivity, L/ is the cavity

length in wavelength terms and () is the quality factor of the

cavity. The cavity electromagnetic (EM) field can be expanded

in transverse electric modes (TE,, ;) with the eigenvalue (nth

f72.5pohm (1)
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Fig. 1. Output power limitation by thermal load as a function of frequency
for different operating modes. The simulation and approximation parameters
are: pohm = 2kWem™2; L/A =9; 0 = 1.73 x 10" Sm~1; Q ~ 1400.

root of the derivative of the Bessel function). This dependency
arises from two factors: the skin depth, which scales as ~ f 0'5,
and the ohmic quality factor, which scales as ~ f2. It must
be mentioned, that the equation 1 is derived from simplified
assumptions, such as non-self-consistent simulation, a gaussian
axial field profile and a mono-mode excitation. Nevertheless,
the equation is a proper first estimate for power capabilities for
different operating modes at specific operating frequencies.

The figure 1 shows the calculated output power limits
at different frequencies for various proposed TE modes for
gyrotron operation using the equation (1). The lines represent
the estimated wall-loading limits. Simulated results are
represented by hollow circles, which correspond to theoretical
cavity designs created to hold the maximum ohmic loading
criterion, while filled circles correspond to experimental data
[2], [3], [7]-[9]. Notably, the blue data point for experimental
data operates with a higher wall loading of 3kW cm™2 [8]
and the red data point has a shorter cavity with L/A < 8
[3]. By utilizing a higher order mode, the cavity size can be
increased and therefore the thermal load is reduced and the
output power can be increased. As the figure demonstrates,
the modes, currently utilized for operation are unsuitable for
achieving output powers of 1 MW at about 240 GHz. Only
the TE43 15 mode, proposed in [10], may reach this threshold.
However, with larger cavity radius and smaller wavelengths,
the risk of mode competition increases, complicating efforts
to maintain stable, high-power operation due to the excitation
of unwanted modes.

B. Mode Competition

Mode competition arises when multiple modes are able
to exchange energy with the electron beam. This results
in a decreased efficiency, r educed a chievable p ower, and
operational stability. Because of the distribution of the roots
of the Bessel functions and their derivatives, the number of
possible propagating modes scales approximately with f2.
The possible coupling range to the mode becomes smaller,
making tolerance requirements stricter. Furthermore, backward
waves, traveling in the opposite direction to the electron beam,

increase the problem by interfering with the intended forward
modes, causing additional instability. Minimal tolerances,
along with effective suppression techniques, are essential to
mitigate these issues. [11]

C. Considering mechanics tolerances

The interaction between the electron beam and the EM field
is highly dependent on the input parameters of the electron
beam to the interaction region. To determine these parameters,
it is important to analyze the beam path from the electron gun,
the so-called Magnetron Injection Gun (MIG), to the cavity
entrance. Achieving optimal performance in high-frequency
gyrotrons requires maintaining a low velocity spread and
minimizing the thickness of the electron beam. The initial
characteristics of the annular electron beam are significantly
influenced by the emitter geometry, including its radius, width,
and slant angle, as well as the direction and strength of the
electric and magnetic fields at the emitter location.

D. Fundamentals on the coaxial-cavity design

An option to reduce mode competition for a more stable
operation is the usage of a coaxial insert. The insert, which
extends into the interaction region of the cavity to form a
coaxial waveguide, is supported only by a single attachment
to the magnetron injection gun. Longitudinal impedance
corrugations on the insert lead to an adjustment of the
quality factors of modes with smaller caustic radii, than
the operating mode. The insert thereby suppresses nearby
competing modes, reducing mode competition and ensuring
more stable and efficient operation. Another benefit is the
lower voltage depression since the induced charge on the inner
conductor reduces the total amount of space charge within the
electron beam.

The coaxial insert must be precisely aligned with the
magnetic field, the outer cavity wall and the electron beam.
This alignment is critical during manufacturing, transport,
and operation, as resonance-induced misalignment could cause
permanent displacement. The insert should have a maximum
possible radius to avoid excessive susceptibility to vibrations
or other external influences and to facilitate water cooling. On
the other hand, there has to be a safety distance to the electron
beam, typically estimated by 20 times the larmor radius.

There are several conditions for the design of the inner
conductor’s corrugations. The depth of the corrugations should

be approximately d = % ~ 0.3mm. The number of
corrugations N should be as high as possible for better
mode suppression. At least N = 2m is used; otherwise,

azimuthal mode conversion must be accounted for. The
minimal fabrication width a of the corrugations is assumed to
be between 0.2 mm and 0.3 mm. Thus, the maximum number
of corrugations is given by:

N=nr Tinsert (2)
a

The number of corrugations should fall within these two
limits. To confirm the effectiveness of the design approaches



with and without an insert, detailed simulations are essential.
[12]

II1. DESIGN AND SIMULATION

Addressing those challenges, the design of both the
cavity and the MIG becomes critical in managing thermal
loads, minimizing mode competition, and ensuring stable
high-frequency operation. To verify proposed designs
simulations with the program EURIDICE [13] for the
beam-wave interaction in the cavity and ESRAY [14] for the
MIG and the electron beam propagation have been used.

A. Cavity design

To evaluate their performance, both hollow- and
coaxial-cavity designs are simulated, incorporating realistic
spreads for the electron beam parameters. The start-up process
involves gradually increasing the voltage, current, and pitch
factor « (ratio of an electron’s transverse to axial velocity
relative to the magnetic field) o ver t ime. E nsuring t hat the
correct mode is excited during start-up is crucial, as once
a mode is established, the dominating one suppresses the
others. For more realistic simulations the parameters used for
the electron beam spreads in the simulation were: Aa = 6 %,
ATpeam = 1%, and Ay = 0.1 %.

In the hollow-cavity simulation, a design capable of
exciting the TE43 ;5 mode, as proposed in [10] and referenced
in II-A, was analyzed. Figure 2 illustrates the start-up process
for this mode. The simulation results suggest that achieving a
stable output power of 1 MW within wall loading constraints
is not feasible for the TE43 5 mode. Although this mode can
be excited, maintaining wall loading limits would necessitate
either reducing efficiency o r o utput p ower. A lternatively, a
higher mode, such as TEs; 13, could be explored to potentially
reach output levels up to 1.5MW. However, this mode
presents additional challenges, including a higher risk of
mode competition and a requirement for even tighter beam
alignment, with a maximum allowable misalignment tolerance
of only 0.3 mm. In addition, proper excitation of the TEs; 3
mode would require even stricter beam alignment tolerances,
with the current maximum misalignment tolerance set at just
0.3 mm.

For the coaxial cavity, re-purposing an existing, proven
design is under consideration. This cavity, which has already
demonstrated reliable operation at 170 GHz [15], presents a
cost-effective option by allowing reuse of many components
with the added confidencei ni ts p roven f unctionality. The
adaptation would involve tuning the electron beam and
magnetic field for higher-frequency operation and integrating a
new insert to support the new mode excitation. Specifically, the
TEuys.26 is explored for operation at 238 GHz, which is capable
of delivering output powers exceeding 1.5 MW, as shown in
Figure 3.

Choosing not to repurpose an existing cavity but instead
designing a new one makes the TE4929 mode a viable option,
as suggested in [12]. This approach enables achieving even
higher output power. Additionally, such a cavity has the
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Fig. 2. Start-up scenario for the TE43 15 hollow cavity, taking into account
competing modes and realistic electron beam parameters. The black dashed
line marks the point where the wall loading limit of 2kW cm ™2 is reached.
The "c" following the mode denotes counter-rotation relative to the direction
of electron beam rotation.
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Fig. 3. Start-up scenario for the TE45¢ coaxial cavity, taking into account
competing modes and realistic electron beam parameters, similar to Figure 2

advantage of supporting operation at 170 GHz with the TE3s 5,
mode and at 204 GHz with the TE4; 25 mode, considering the
constraints imposed by the diamond window and the gyrotron
launcher. Figure 4 illustrates a start-up simulation for a cavity
specifically designed for these parameters. Table 1 summarizes
the key operational parameters for the hollow and coaxial
cavities under consideration.

B. Magnetron Injection Gun

Similar to the coaxial cavity, the triode MIG design with
a 60mm emitter radius [16] is being considered for reuse

Table 1. Parameters at the possible operation point considered for the
simulations
Hollow Coaxial
Mode TE43,15 TE4826 TE4929
Frequency 236 GHz 237.2GHz 237.5GHz
Magnetic Field 9.165T 9.55T 9.58T
Beam voltage 61kV TTkV 86 kV

Current 43 A 59 A 69 A

Output Power 0.9 MW 1.6 MW 2MW
Thermal load 2kWem=2  1.9kWem—2  1.8kWcem ™2
Efficiency 35% 37% 34%

Pitch factor 1.25 1.21 1.23
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Fig. 4. Start-up scenario for the TE4929 coaxial cavity, taking into account
competing modes and realistic electron beam parameters, similar to Figure 2

Table 2. Simulation parameters for the triode MIG for TE43 15 and TE49 29

Hollow Coaxial Requirements
Acceleration Voltage 64kV 89kV
Pitch factor 1.25 1.24
Pitch factor spread +5.2% +3.9% <8%
Beam radius 9.00 mm 10.24 mm
Beam radius spread +0.lmm +£0.1lmm = & < %

due to its established performance and reliability. The critical
criteria for this are the tolerances, with the most important
being the alpha spread (5 % to 8 %) and the beam radius spread
(approximately A/4 to A\/5.). The gun setup has been simulated
with the magnetic field profile of the 10.5 T super conducting
gyrotron magnet.

Table 2 presents the simulated parameters for the triode
MIG. The acceleration voltage represents the actual voltage
that must be applied to the gun to achieve the desired
beam voltage. In the triode configuration, t he d esired beam
parameters at the cavity entrance can be reliably achieved for
both the hollow and coaxial cavities. For the coaxial cavity, this
is possible for both modes; however, only the TE49,9 mode is
listed in this table.

IV. CONCLUSION AND OUTLOOK

Initial steps have been taken toward developing a gyrotron
capable of operating at frequencies around 240 GHz, with the
decision to pursue a coaxial gyrotron design incorporating a
triode. This approach builds on proven designs, such as the
170 GHz cavity, aiming for high-power output and efficient
operation at higher frequencies. Upcoming simulations will
expand from the MIG to the beginning of the quasi-optical
mode converter, offering a comprehensive assessment of
integration and performance. To evaluate the influence of the
coaxial insert, additional simulations and experimental studies
are planned with the 170 GHz gyrotron, operating without
the insert. Following these simulations, preparations will
commence for experimental testing at the FULGOR facility,
utilizing a state-of-the-art 10.5 T superconducting magnet.
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