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 A B S T R A C T

In magnetic-confinement fusion reactor technology, gyrotrons are foreseen to deliver power to the plasma 
through mm-microwaves at a pre-determined frequency within the range of 80 − 200 𝐺𝐻𝑧 and power of 
1 − 2 𝑀𝑊 . Today, only specific models focusing on specific components or specific physics of the gyrotron 
are available, but an overall simulator is missing. The development of a comprehensive simulator capable 
of describing the entire gyrotron behaviour, including its inherent nonlinearities, is crucial for accurate 
simulations, sensitivity analyses, operational optimization, and control purposes and represents an essential 
part for the definition of a new digital twin. The gyrotron is a complex device governed by multi-physics 
phenomena, thus the development of a simulator capable to simulate its complex dynamics requires the 
knowledge of the fundamental physics that describes the behaviour of all components. The goal is to develop 
a complete simulator of gyrotron, based on a fixed geometry and materials already selected, describing the 
components as objects which elaborate parameter inputs to get outputs. It is shown that in this way, the 
components can be seen as different boxes, the interconnections of which allow to build the simulator for 
the entire device. By adopting a state–space formulation, the interconnection between input and output of 
different blocks can be effectively managed, and through system linearization, an efficient stability analysis 
can be performed. In this work, each component is presented, together with its physics. The input and output 
parameters are then identified in order to understand how they influence the coupling between the component 
models and their connection. This procedure will help to build in future works the simulator of the gyrotron, 
aiming at developing a digital twin for it. The latter, articulated from the aggregation of simpler component 
models, could become a useful tool to perform complex simulations, stability analysis, optimization and control.
1. Introduction

Electron cyclotron resonance heating (ECRH) and electron cyclotron 
current drive (ECCD) are well-established technologies relevant to the 
development and operation of magnetically confined nuclear fusion 
reactors [1]. While the first one provides external heating to pre-
heat the plasma during fusion reactor start-up, the second one pro-
vides non-inductive current drive in the plasma for steady-state op-
eration of the reactor [1,2]. For these two technologies, the gyrotron 
(Fig.  1) is the power supply capable of generating high-power, high-
frequency electromagnetic waves by exploiting the electron cyclotron 
maser instability [3].

At present, the Wendelstein 7-X (W7-X) stellarator uses 10 gy-
rotrons, each with an output power of 600 𝑘𝑊  to 1 𝑀𝑊  at a frequency 
of 140 𝐺𝐻𝑧, and it is planned to update the fleet to 12 gyrotrons, at 
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the same time increasing their output power in several evolutionary 
steps from 1 𝑀𝑊  to 2 𝑀𝑊  [4]. As far as future fusion reactor projects 
are concerned, the ECRH system for ITER foresees the implementation 
of 24 Gyrotrons operating at 170 𝐺𝐻𝑧, each delivering 1 𝑀𝑊  of 
power [5], while the EU-DEMO project foresees the installation of 32 
units with the same characteristics [6]. In this context, improvements 
to the gyrotron performance such as the capability of operating at 
different frequencies [7] or strategies to improve efficiency [8] are 
being studied.

The modelling part is of great importance for the improvement and 
development of the gyrotron devices. The design of new devices from 
one side, as well as the control, the optimization or the analysis of the 
working configuration of gyrotrons already in operation on the other 
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Nomenclature

𝑩 Magnetic field
𝑬 Electric field
𝒖 Input vector
𝒗𝑒 Electron velocity
𝒙 State vector
𝒚 Output vector
𝐼 Coil current
𝑃 Power
𝑝 Pressure
𝑇 Temperature
𝑉 Voltage
𝛤 Mass rate
𝜌𝑒 Electron density
𝜎 Stress profile
𝜀 Strain deformation
𝐼𝑁 Input variable
𝑂𝑈𝑇 Output variable
𝑎𝑏𝑠 Absorbed
𝑐𝑜𝑜𝑙 Coolant
𝑖 𝑖th component
𝑝 Parasitic
𝑟𝑒𝑓𝑙 Reflected
B.T. Beam Tunnel
C.V.D.W. Chemical Vapour Deposition diamond Win-

dow
CW Continuous Wave
ECCD Electron Cyclotron Current Drive
ECRH Electron Cyclotron Resonance Heating
MIG Magnetron Injection Gun
Q.O. Quasi Optical
SC Superconductor
TE Transverse Electric
W7-X Wendelstein 7-X

ide, is heavily based on models. Many tools have been developed to 
imulate the various phenomena that occur in a gyrotron [9–11], which 
re essential first for the design and, in a second stage, for the analysis, 
ontrol and operational enhancement of the different components of 
he gyrotron, and the research community is working hard to develop 
ore sophisticated models capable of reproducing physics more ac-
urately. In this perspective, the available models focus on specific 
omponents of the gyrotron or specific physics. For example, among 
thers EGUN [12] is developed for particle tracking applied to the elec-
ron beam, while ARIADNE [13] and ESRAY [14] are codes for electron 
un and beam tunnel simulation. EURIDICE [15] or SELFT [16] are 
eveloped to simulate the interaction behaviour between the electron 
eam and the electromagnetic field in the cavity, and the MUCCA 
ool [17] examines the multi-physics of the cavity, integrating electro-
agnetism, thermo-hydraulics and thermo-mechanics. So far, however, 
o research was specifically directed toward the development of a 
omplete gyrotron simulator. This is a challenging problem because 
uch a simulator must integrate multi-physics phenomena that occur 
n different time scales in different components with several feedback 
oops among the components. At the same time, only a full system 
imulator would allow to account for and simulate coupled effects 
hat would not have been possible to investigate holistically before. 
n addition, such a gyrotron simulator would enable time-dependent 
imulations of the entire device, which is useful both for performing 
 rigorous energetic analysis and for identifying the critical points or 
2 
Fig. 1. Schematic view of the 140 𝐺𝐻𝑧, 1 𝑀𝑊 , CW Thales gyrotron with supercon-
ducting magnet (SCM) used in the ECH system of the W7-X stellarator [1]. CVD stands 
for Chemical Vapour Deposition and refers to the window.

phenomena that need to be refined, either for the control or for the 
management of the device during its operation. With an ability to sim-
ulate normal and off-normal working conditions, the simulator could 
help identifying either new or critical operating situations. However, 
a high-fidelity model of the entire gyrotron, if based on the available 
softwares and models for its components, would be computationally 
very demanding, and preclude real time simulations. The central aim 
of this work is to establish the foundation for a system simulator by 
characterizing each significant component of the gyrotron system. The 
approach creates a modular simulator architecture where individual 
component models connect through well-defined input/output inter-
faces. The state–space formulation provides a powerful mathematical 
framework that maintains physical accuracy while enabling compu-
tationally efficient analysis of the entire system’s behaviour under 
various operating conditions. The benefits of developing this type of 
simulator are numerous: it allows understanding the impact on the 
whole device of replacing a component with an optimized one, or 
analysing the behaviour under various operational scenarios. Beyond 
this, it would be possible to predict new operating conditions starting 
from different inputs, or viceversa, as well as to determine the correct 
input when some constraints are applied to the operating conditions. 
For these reasons, an integrated simulator of the gyrotron can become 
essential for the development, testing, and control of this type of 
device. In this context, the work discussed in this article concentrates 
on selecting the main components of the gyrotron system, identifying 
their physics, and determining how they interconnect. The physics 
models for each component establish an input/output scheme that 
enables component interconnection through variable transfer among 
the models. The detailed phenomena occurring inside each component 
and the energy balance, both at component level and for the entire 
system, are clarified to ensure physical consistency of the simulator. 
While the design of each component, which is outside the scope of 
this work as it depends on the specs and constraints of the gyrotron 
in terms of frequency, power, mode of operation for which it has 
been designed, would require starting the discussion from the model 
describing the resonance cavity; here we follow a topological approach 
describing the gyrotron components from the bottom in, referring to 
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Fig. 2. The idea of having an integrated modular simulator that can reproduce the 
behaviour of the physical device under different operating conditions by aggregating 
the individual component models.

Fig.  1. Looking ahead, the gyrotron simulator developed through this 
approach is designed to serve as the foundation for a future digital twin 
application [18]. A digital twin represents a virtual replica of a physical 
device that maintains a bi-directional data connection with its physical 
counterpart, integrating physics-based simulators with real-time data 
from sensors, historical performance data, and machine learning al-
gorithms (Fig.  2). This would enable real-time monitoring, predictive 
maintenance, operational improvement, and efficient control strategies. 
However, establishing the complete gyrotron simulator is the critical 
first step and the primary objective of the present work. The article 
is organized as follows: Section 2 explains the main characteristics of 
the system simulator to be developed for the gyrotron; in Section 3 
the various selected components of the gyrotron are presented, with 
their phenomenology and model scheme, providing the input, output 
and state vector for the state space representation of each of them. 
In Section 4 the main concepts for the development of the gyrotron 
simulator are summarized, also suggesting the outlook of the next work 
aimed at the control phase applied to the gyrotron.

2. Strategy to develop the gyrotron simulator

The development of a digital twin is highly dependent on the inte-
grated simulator [19]. A reliable physics-based model is essential for 
the control and prediction phases of a gyrotron during its operational 
phase, but on the other hand, computational costs counterbalance the 
decision to adopt high-fidelity models, requiring a trade-off between 
accuracy and computational time. Furthermore, the physical imple-
mentation in the model depends on what is being simulated about the 
device. For the control of the gyrotron, it is essential to have informa-
tion about the output frequency and power, together with the efficiency 
of the whole device and each individual component. Information on 
the purity of the output mode and the level of stray radiation is also 
essential to determine the efficiency of the gyrotron.

From this objective, the first task is to select the components to be 
modelled in order to understand the main purpose that each component 
fulfils for the proper operation of the physical device. In this way, 
the simulator is built starting from the coupling of the models of the 
different components, each capable of simulating the main physics em-
bedded in it. After modelling, the experimental part will be important 
to validate the individual model of each component and calibrate it 
with the experiments.

The idea behind the component model is to simulate the time evolu-
tion of the state of the component. In this way, it is possible to describe 
the component as a dynamic system which, given input parameters, can 
calculate the evolution of the state and obtain the output parameters 
relevant to the other component models. Thus, the model of each 
3 
component is described by a system of Ordinary Differential Equations 
that catch the fundamental dynamics: 
⎧

⎪

⎨

⎪

⎩

𝑑𝒙
𝑑𝑡 = 𝒇 (𝒙, 𝒖, 𝑡)
𝒙(𝑡 = 0) = 𝒙0
𝒚 = 𝒉(𝒙, 𝒖)

(1)

In (1), the vector function 𝒇 ∶ R+×R𝑛×R𝑚 → R𝑛 describes the dynamic 
evolution of the state vector 𝒙 ∈ R𝑛 in the time 𝑡 ∈ R+ knowing 
the initial state vector 𝒙0 ∈ R𝑛 and the input vector parameters 
𝒖(𝑡) ∈ R𝑚. From the state vector solution of the model 𝒙(𝑡), it is 
possible to elaborate the input vector parameters, getting the output 
vector 𝒚(𝑡) ∈ R𝑝 which is function of the state and input vector 𝒉 ∶
R𝑛 × R𝑚 → R𝑝. Once the model of each component has the dynamic 
description of its physical behaviour, it will be possible to bring the 
models together to form the complete device simulator, capable of 
simulating the behaviour of the whole gyrotron. The idea is therefore 
to treat the model of each component as an object, linked to the others 
by parameter exchange, as schematized in Fig.  3.

In order to understand the role of each component, it is essential 
to understand how a gyrotron works. To generate the high-frequency, 
high-power electromagnetic waves, the gyrotron exploits the interac-
tion of a helical electron beam with electromagnetic fields [20,21]. 
Starting from a topological description of the gyrotron behaviour, 
based on Fig.  1, a Magnetron Injection Gun (MIG) [22] generates the 
electron beam whose shape is modelled by interaction with an electric 
and magnetic field. The electron beam passes through a Beam Tunnel 
(B.T.) [23] whose main function is to suppress parasitic waves that 
can affect the cavity efficiency and performance due to modification 
of the electron beam. The electron beam, with the desired geometric 
and kinematic parameters, then enters the cavity [20,21]. There, the 
magnetic field confines the electron beam to a cyclotron frequency 
and its interaction with the electromagnetic field generates the Trans-
verse Electric (TE) mode of the cavity at the chosen frequency. The 
electromagnetic wave beam, together with the spent electron beam, 
passes through a Quasi-Optical (Q.O.) system consisting of a launcher 
and a set of mirrors [24]. The phase correction and focusing of the 
wave beam occurring in that component transforms the cavity mode 
into a linearly polarized Gaussian wave, which is transmitted outside 
the gyrotron passing through a Chemical-Vapour-Deposition diamond 
Window (C.V.D.W.) [25]. The spent electron beam is injected into a 
depressed collector where part of its kinetic energy is recovered to 
increase the gyrotron efficiency before it strikes the collector inner wall 
and is absorbed. [26].

The following components must therefore be integrated and mod-
elled in the simulator (Fig.  2):

• Magnetron Injection Gun (MIG):
• Beam Tunnel (B.T.);
• Cavity;
• Quasi-Optical (Q.O.) system;
• Chemical-Vapour-Deposition diamond Window (C.V.D.W.);
• Depressed Collector.

3. Gyrotron component and model schemes

For each of the selected components, the main functionality and 
phenomenology is explained in more detail and the model is presented. 
In each model, the links between the different physics are schematized 
as an exchange of input/output parameters by arrows pointing inwards 
(input parameters) or outwards (output parameters) from each labelled 
box representing a specific physics.
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Fig. 3. The integrated simulator for the digital twin of gyrotron is built from the models of the different components. Once the input/output parameters and the dynamics of 
each component have been defined, it is possible to link the component models together to obtain the simulator of the gyrotron. The spent electron beam passes through the 
Quasi-Optical (Q.O.) system and should not touch the launcher wall. For the components in figure MIG refers to Magnetron Injection Gun, B.T. refers to Beam Tunnel, Q.O. is for 
Quasi-Optical system while C.V.D.W. refers to Chemical Vapour Deposition diamond Window.
Fig. 4. The MIG model is relevant for calculating the current density from the surface 
of an emitter, taking into account the temperature distribution in the component and 
the influence of the electric and magnetic field imposed.

3.1. Magnetron injection gun

3.1.1. Phenomenology
The MIG is responsible for generating the annular electron

beam [22] essential for generating the electromagnetic waves in the 
cavity. In this component, a tungsten emitter absorbs the radiant energy 
emitted by filaments, through which an electric current is passed. By 
absorbing energy, the emitter is heated and electrons are ejected from 
its surface by the thermo-ionic effect, so the emitter temperature and 
the voltage on the emitter surface affect the electron density current. 
The emitter is cooled by two main effects: the first is the expulsion 
of electrons from its surface as the expelled electrons have a certain 
amount of energy that is taken away from the emitter. The second is 
the diffusion of heat from the emitter to the other components of the 
MIG by conduction and radiation effects or convective heat transfer to 
the cooling oil [27].
4 
With regard to the MIG cavity region, an electric and magnetic field 
are imposed to shape the generated electron beam. There are two types 
of MIG, depending on the type implemented in the actual gyrotrons: the 
diode type or the triode type. In the diode type MIG, to generate the 
electric field, a potential difference1 is imposed between the cathode 
(the emitter) and the anode (the tube body) [28]. In the triode type, a 
modulation anode is added to adjust the quality of the electron beam 
during operation. The magnetic field is generated by a system of coils 
by applying an electric current to them.

3.1.2. Model
Concerning the phenomenology, in the MIG model (Fig.  4) it is 

important to include the thermal conduction equation. Starting from 
the power input to the filament component, which is a function of the 
electric current and the potential difference applied to it, it is possible 
to calculate the temperature distribution of each component incorpo-
rated in the MIG, in particular the emitter, taking into account the heat 
transfer by radiative effect or by contact to other components [29]. 
From the knowledge of the emitter temperature and its surface voltage, 
generated by the application of a potential difference between the 
cathode and the anode(s), it is possible to calculate the electron current 
density extracted from the emitter. The trajectory of the electrons is 
then influenced by the electric and magnetic field imposed to obtain 
the correct kinematic and geometric parameters for the electron beam 
to enter the cavity. Another factor affecting the electron trajectories can 
come from the parasitic waves that are not suppressed by the beam 
tunnel and propagate back to the MIG. The thermal-hydraulic model 
must also be used to take into account the heat transfer to the cooling 
oil.

The vector of input parameters for the MIG is identified by the 
power supplied to the filament by imposing an electric current and 
an electric potential difference across the filaments, the anode and 
cathode voltages, the parasitic waves coming from the beam tunnel 
and the coolant properties. The system dynamics can then be used to 
calculate the temperature of the various components of the MIG, which 
represents the state of the system, including the surface of the voltage 
emitter to derive the electron density current.

The corresponding input, state, and output vectors are shown in (2):

1 With respect to the potential of the collector, which is grounded.
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Fig. 5. The model of the beam tunnel requires the calculation of the behaviour of the 
parasitic waves absorbed by the inner wall of the device, as well as the influence of 
the electric and magnetic field on the electron beam and possible escaping waves to 
the MIG.
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(2)

where 𝐼𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 and 𝛥𝑉𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 are the current and potential difference 
applied to the filament, 𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒 is the cathode voltage while 𝑉𝑎𝑛𝑜𝑑𝑒(𝑠) is 
the anode voltage(s) (depending on the type of MIG implemented in 
the gyrotron being modelled). 𝑬 and 𝑩 are the electric and magnetic 
field and the pedex ε𝑝ε stays for the parasitic waves coming from the 
beam tunnel. 𝜌𝑒 and 𝒗𝑒 are the electron density and velocity respec-
tively; 𝛤𝑜𝑖𝑙 , 𝑇𝑜𝑖𝑙 and 𝑝𝑜𝑖𝑙 are the mass rate, temperature and pressure oil 
respectively, 𝑇𝑖 is the temperature of the 𝑖th component of the MIG. 
The superscript ‘‘𝐼𝑁 ’’ refers to input variables of each model.

The thermodynamics of the MIG is well described in [27,29], where 
a lumped model has already been shown to be sufficiently accurate 
to describe its phenomenology. While numerical codes such as ARI-
ADNE [13] and ESRAY [14] are widely used for the calculation of 
electron trajectories.

3.2. Beam tunnel

3.2.1. Phenomenology
After leaving the MIG, the electron beam passes through the beam 

tunnel, an essential component in suppressing back propagation of 
unwanted electromagnetic waves (parasitic waves) to the MIG and de-
viation of the electron beam from the desired configuration. These two 
phenomena are closely correlated, as the parasitic waves are generated 
by electron beam instabilities and amplify these instabilities [30].

The beam tunnel is a waveguide whose internal structure consists of 
alternating rings of copper and ceramic material. The latter is a high-
loss material, relevant for the absorption of parasitic waves [31]. The 
suppression of parasitic waves is of great importance in order to avoid 
the deviation of the electron beam from the correct parameters, which 
are essential for the desired operating condition of the cavity, and 
which are caused by a large energy or velocity spread of the electron 
beam.
5 
Fig. 6. The cavity model must calculate the cavity mode generated by the interaction 
of the electron beam and the electromagnetic field. In addition, deformations induced 
by the temperature distributions are relevant to account for the wave frequency shift 
and the stresses in the cavity structure.

For this component, it is therefore relevant to calculate the ab-
sorption efficiency of the parasitic waves and their possible leakage 
to the MIG, using a model capable of describing the electromagnetic 
interaction with the electron beam.

3.2.2. Model
The relevant task for the beam tunnel model (Fig.  5) is the compu-

tation of the parasitic waves excited by the electron beam instabilities 
and the feedback of these waves on the kinematic and geometrical 
parameters of the electron beam. This is essential to determine the state 
of the electron beam at the entrance of the cavity. In addition, the 
main objective of the beam tunnel is to suppress the parasitic waves, 
in order to reduce the coupling effect with the electron beam, and to 
prevent their back propagation to the MIG. Therefore, an important 
result that the beam tunnel model has to deal with is the calculation 
of the electromagnetic field absorbed by the beam tunnel walls and the 
parasitic waves that escape from it and reach the MIG. The input, state 
and output vectors are listed in (3): 
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⎥

⎦

, 𝒙𝐵𝑇 =

⎡

⎢

⎢

⎢

⎢

⎢

⎣

𝜌𝑒
𝒗𝑒
𝑬
𝑩

⎤

⎥

⎥

⎥

⎥

⎥

⎦

, 𝒚𝐵𝑇 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝜌𝑒
𝒗𝑒
𝑃𝑎𝑏𝑠

𝑬
𝑩

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(3)

where 𝜌𝑒 and 𝒗𝑒 are the electron density and velocity respectively. 𝑬
and 𝑩 are the electric and magnetic fields,while 𝑬𝑰𝑵  and 𝑩𝑰𝑵  are the 
electric and magnetic field computed through the MIG model. 𝑃𝑎𝑏𝑠 is 
the absorbed power of the field and depends on the state and input 
vectors 𝑃𝑎𝑏𝑠 = 𝑃𝑎𝑏𝑠(𝒙𝐵𝑇 , 𝒖𝐵𝑇 ).

Currently, the simulation tools available for the study of excited 
parasitic waves have been developed assuming certain approximations, 
e.g. NESTOR [32] assumes a constant magnetic field and radius.

3.3. Cavity

3.3.1. Phenomenology
The cavity component is a three section structure: an input down-

taper and a uniform middle section followed by an output uptaper. 
The downtaper is required to suppress waves with frequencies below 
the cutoff and to reflect back waves generated in the resonant part, 
the resonant part being the zone where the electron generates the 
electromagnetic field, and the uptaper is the connecting part between 
the cavity and the quasi-optical system.
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Electrons leaving the beam tunnel enter the downtaper as an an-
nular beam following helical trajectories. In the resonant cavity, they 
interact with an almost uniform axial magnetic field generated by 
a superconducting coil that imposes the desired electron cyclotron 
frequency. With the correct parameters of the beam radius and the 
ratio of the transverse to the axial velocity of the electrons (𝛼), it 
is possible to excite the desired cavity TE mode of the electromag-
netic field at the correct frequency, and thus transfer an amount of 
energy to the field, generating the mm-waves [33]. In addition, the 
electron beam is affected by the generated electromagnetic field, so 
that some of the energy extracted from the wave is returned to the 
electron beam. This effect is relevant because, in the cavity, a net 
transfer of energy from the electron beam to the electromagnetic field 
is required for proper operation. If the cavity is not optimized in 
terms of efficiency, defined as the energy transferred from the electrons 
to the field, it is not possible to obtain high energy electromagnetic 
waves. This is the reason for the bunching phase phenomena between 
the electrons and the field [20,21]: it ensures that the majority of 
the electrons are gathered in the zone of the TE field where there 
is the possibility of transferring energy to the field [34]. In addition, 
if the electron beam parameters are not the nominal ones, unwanted 
modes will be generated on top of those expected from the cavity 
design, and mode competition may also occur, affecting the efficiency 
of the gyrotron [35]. Moreover, in the uptaper following the cavity the 
static and dynamic After Cavity Interaction (ACI) can rise, affecting 
the performance of the gyrotron [36,37]. In parallel, the generated 
electromagnetic waves induce relevant ohmic currents in the copper 
cavity wall. These parasitic currents generate a heat load profile and 
deformations in the cavity wall due to the temperature rise, affecting 
the frequency of the electromagnetic waves. This latter phenomenon is 
called frequency shift and its effect is of extreme importance in gyrotron 
operation. Therefore, an efficient cooling strategy must be adopted to 
limit the maximum temperature and strain in the component to avoid 
failure and to control the wave frequency [38].

3.3.2. Model
The cavity model (Fig.  6) must be able to simulate the waves 

generated, the losses on the cavity wall and their deformations. In 
the model, therefore, the dynamics of the electron influenced by the 
self-generated electromagnetic waves is relevant and is modelled by 
coupling an electrodynamic and an electromagnetic model, as the EU-
RIDICE [15], SELFT [16] or TWANG [39] codes are able to reproduce. 
The thermo-mechanical and thermal-hydraulic models must also be 
taken into account, as they are essential for estimating the temperature, 
strain, stress profiles and possible failure of the cavity structure. In this 
sense, the MUCCA tool [17] has been developed to study the multi-
physics phenomena arising from the cavity wall deformations induced 
by the ohmic currents generated by the electromagnetic field. Thus, 
the input parameters for the cavity model are the electron beam, the 
current of the superconducting coil(s) and the properties of the coolant. 
The input, state and output vectors for the cavity model are shown in 
(4): 

𝒖𝑐𝑎𝑣𝑖𝑡𝑦 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝜌𝐼𝑁𝑒
𝒗𝐼𝑁𝑒
𝐼𝑆𝐶
𝛤 𝐼𝑁
𝑐𝑜𝑜𝑙

𝑇 𝐼𝑁
𝑐𝑜𝑜𝑙

𝑝𝐼𝑁𝑐𝑜𝑜𝑙

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦
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⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝜌𝑒
𝒗𝑒
𝑬
𝑩
𝑇
𝜀

𝛤𝑐𝑜𝑜𝑙

𝑇𝑐𝑜𝑜𝑙
𝑝𝑐𝑜𝑜𝑙

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

, 𝒚𝑐𝑎𝑣𝑖𝑡𝑦 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝜌𝑒
𝒗𝑒
𝑬
𝑩
𝑇
𝜎

𝛤𝑐𝑜𝑜𝑙

𝑇𝑐𝑜𝑜𝑙
𝑝𝑐𝑜𝑜𝑙

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(4)

where 𝐼𝑆𝐶 is the superconductor coil current(s), 𝑇  is the cavity tem-
perature profile and 𝜀 is the structure strain deformation, while 𝜎 is the 
stress field of the structure. The stress field is a function of the state as 
indicated in the output vector 𝜎 = 𝜎(𝒙 , 𝒖 ).
𝑐𝑎𝑣𝑖𝑡𝑦 𝑐𝑎𝑣𝑖𝑡𝑦
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3.4. Quasi optical system

3.4.1. Phenomenology
The wave and the electron beam then pass through the so-called 

Quasi Optical (Q.O.) system, which is relevant to convert the TE mode 
of the cavity into the mode for transmission line to the fusion reac-
tor [40]. The Q.O. system consists of the so-called launcher and three 
mirrors [41]. The launcher is an oversized waveguide that has a dual 
function: it separates the wave beam from the electron beam, the latter 
passes through the system without any particular effect on the field, 
and it also changes the phase of the electromagnetic wave [42,43]. 
The aim of this correction is to transform the cavity wave mode into a 
linearly polarized Gaussian wave beam, which is the compatible mode 
of the transmission line connecting the gyrotron to the fusion reactor. 
The phase correction of the waves is possible thanks to perturbations 
of the inner wall of the launcher [44,45]. On the other hand, the three-
mirror system receives the wave from the launcher to focus it using 
two focusing mirrors and to adjust its Gaussian wave content using a 
phase correction mirror, since the conversion efficiency of the launcher 
is limited [46]. In the inner wall of the launcher and on the surfaces of 
the mirrors, the incident wave induces ohmic currents, as in the cavity 
wall. This leads to temperature distributions in these components and 
the need to dissipate heat to mitigate deformations and high stresses 
in the structures to avoid failure. For this reason, each component of 
the Q.O. system also incorporates a cooling system to dissipate the 
induced heat. Another factor affecting the efficiency and operation of 
the gyrotron is the level of stray radiation that can build up in the Q.O. 
system [47,48].

3.4.2. Model
In summary, the model for the Q.O. system (Fig.  7) must integrate 

an electromagnetism model to derive the field on the surface of interest 
of the launcher and mirrors. The heat load is then calculated as it is im-
portant for the thermo-mechanical and thermal-hydraulic models. From 
these two models, the temperature, stress and strain profiles of the 
components are estimated, which are essential for assessing component 
failure and overall system efficiency. In this way, the electromagnetic 
waves and coolant properties are the inputs to the launcher and mirror 
models, which are able to calculate the efficiency of the conversion to 
Gaussian waves and thus estimate the wave losses, the level of stray 
radiation, the temperature and deformations of the structure. As for the 
electron beam, it passes through the launcher and the mirror towards 
the collector.

For the Q.O. system model, the relevant variables for the input, state 
and output vectors are reported in (5): 

𝒖𝑄𝑂 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑬𝐼𝑁

𝑩𝐼𝑁

𝜌𝐼𝑁𝑒
𝒗𝐼𝑁𝑒
𝛤 𝐼𝑁
𝑐𝑜𝑜𝑙

𝑇 𝐼𝑁
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𝑝𝐼𝑁𝑐𝑜𝑜𝑙

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦
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⎢

⎣
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⎤

⎥

⎥

⎥

⎥

⎥
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⎥

⎥

⎥

⎥

⎥
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⎢

⎢
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⎣

𝑬
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𝑝𝑐𝑜𝑜𝑙

⎤
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⎥

⎥
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⎥
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⎥

⎥

⎥

⎥

⎦

(5)

where 𝑬 and 𝑩 are the wave electric and magnetic fields, 𝑇  is the 
temperature, while 𝜀 and 𝜎 = 𝜎(𝒙𝑄𝑂 , 𝒖𝑄𝑂) are the structure deformation 
and the stress field of the launcher or mirrors. 𝜂𝑠𝑡𝑟𝑎𝑦 = 𝜂𝑠𝑡𝑟𝑎𝑦(𝒙𝑄𝑂 , 𝒖𝑄𝑂)
is a factor determining the level of the stray radiation trapped.

To study the electromagnetic behaviour in the quasi-optical system, 
TWLDO [49] or LOT [50] are used by scholars to synthesize the quasi-
optical system, while SURF3D [50] or KarLESS [51] are customarily 
used for the final analysis.
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Fig. 7. In the Q.O. system model, it is relevant to calculate the transformation of 
the cavity mode into the Gaussian wave beam, but also the thermal load induced by 
the incident wave in the inner launcher wall and mirror surfaces. The stray radiation 
generated and trapped is also a relevant parameter for information on the efficiency 
of the gyrotron.

3.5. Window

3.5.1. Phenomenology
After passing through the Q.O. system, the electromagnetic waves 

are converged on the window disc. This component is responsible 
for isolating the internal conditions of the gyrotron from the external 
environment and for transmitting the received waves from the Q.O. 
system to the transmission line [52]. The performance of the window is 
therefore highly dependent on the materials used in its manufacture. In 
fact, it has to withstand a high static load, due to the pressure difference 
between the external and internal environments of the gyrotron, as its 
internal components operate under vacuum conditions. The window 
parameters related to the transmission efficiency, such as loss factor, 
dielectric parameters, permittivity and thickness, are very important 
as they affect the absorption and back reflection of the incident wave. 
The thickness of the window disc is designed to transmit the desired 
waves at a given frequency while minimizing their reflection, so that 
the window acts as a band-pass filter. In addition, during the wave 
transmission a certain amount of energy is deposited in the disc, which 
acts as a thermal load inducing thermal stresses. As a consequence, the 
window must be cooled, in order to dissipate the absorbed power and 
also to limit both the peak temperature and the temperature gradient 
according to the material properties [53].

3.5.2. Model
According to the considerations made for the window, its model 

(Fig.  8) must include an electromagnetism model (e.g. optical model) 
to describe the reflection, transmission and absorption of the inci-
dent Gaussian wave coming from the Q.O. system. From the wave 
absorption, it is possible to extract the thermal load in the window, 
which is relevant for the thermal-hydraulic and thermo-mechanical 
models to provide information on temperature and stress distributions. 
On the other hand, the transmitted wave provides the output of the 
complete gyrotron model in terms of power and electromagnetic wave 
distribution, providing information on the purity of the output mode. 
The model inputs are then represented by the wave coming from the 
Q.O. system and the coolant parameters, from which it is possible to 
calculate the transmission efficiency and then the thermal load and 
temperatures on the window structure. The input, state and output 
7 
Fig. 8. In the window model, it is important to correctly calculate the energy absorbed 
during wave transmission through the component. This energy must be dissipated 
using a cooling strategy to limit window deformation and temperature. In addition, 
the reflected and transmitted waves are relevant to the efficiency of the gyrotron.

vectors for the window are listed in (6): 

𝒖𝐶𝑉 𝐷𝑊 =

⎡

⎢

⎢

⎢

⎢

⎢
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where 𝑇  is the temperature distribution of the window while 𝜎 is 
the stress field of the structure. The strain deformation 𝜀 is a func-
tion of the state and input vectors, 𝜀 = 𝜀(𝒙𝐶𝑉 𝐷𝑊 , 𝒖𝐶𝑉 𝐷𝑊 ). 𝑬𝑟𝑒𝑓𝑙 =
𝑬𝑟𝑒𝑓𝑙(𝒙𝐶𝑉 𝐷𝑊 , 𝒖𝐶𝑉 𝐷𝑊 ) and 𝑩𝑟𝑒𝑓𝑙 = 𝑩𝑟𝑒𝑓𝑙(𝒙𝐶𝑉 𝐷𝑊 , 𝒖𝐶𝑉 𝐷𝑊 ) represent the 
reflected waves at the window.

3.6. Depressed collector

3.6.1. Phenomenology
The final component to be included in the gyrotron simulator is the 

depressed collector, a hollow copper cylinder responsible for absorbing 
the spent electrons as they leave the cavity [54]. Many collector designs 
have been proposed, but they all work on the same principle: as 
the electrons enter the collector, their trajectories are modified by a 
combination of magnetic and electric fields, so that the electrons are 
deflected towards the inner surface of the component, where they are 
absorbed. In the absorption region, the kinetic energy of the electrons 
is converted into heat, creating a corresponding thermal load profile on 
the inner wall [26]. If not well dissipated, these thermal loads can cause 
failure of the collector structure, thus compromising the operation of 
the gyrotron [55]. For this reason, the cooling system is also important 
for this type of component. In addition, collectors may use the so-
called sweep coils [56], which create an alternating magnetic field 
that helps to spread the electrons over a larger area, thus reducing the 
thermal load. If a decelerating electric field is applied to the electrons, 
in the ‘‘depressed’’ collectors, part of the kinetic energy of the spent 
electrons is recovered, increasing the overall efficiency of the gyrotron 
and further reducing the thermal load on the collector wall [57].

3.6.2. Model
For the collector model (Fig.  9), the relevant task is then to calculate 

the heat load profile generated by the impact of the electrons on its 
inner wall. From this point of view, the calculation of the electron 
trajectories is relevant, as it is possible to extract their wall impact 
points, as well as their velocity and energy deposition, to obtain the 



E. Novarese et al. Fusion Engineering and Design 218 (2025) 115157 
Fig. 9. The proposed model for the depressed collector must calculate the thermal load 
profile from the trajectories of the electrons hitting the inner wall of the collector. The 
thermal load profile can then be used to estimate the temperature and stresses on 
the structure. The electric field in the collector is generated by the potential difference 
between the tube body, assumed as a parameter in the model, and the collector, which 
is grounded [28].

heat load profile, as done in the EGUN model [12]. It is also necessary 
to consider the effect on the thermal load of the eddy currents induced 
by the alternating magnetic field of the sweep coils when they are 
implemented in the gyrotron. The coupling between the electrodynamic 
and electromagnetic models is therefore extremely important for the 
model in order to calculate the electron trajectories influenced by the 
electric and magnetic field in the collector. Once the thermal load pro-
file has been obtained, the thermal-hydraulic and thermo-mechanical 
models can be used to extract the temperature and stress fields that 
are essential for estimating the failure and fatigue of this component. 
The model then receives as input the electron beam, the current of 
the sweep coils and the coolant properties, and from these inputs the 
model is able to calculate the thermal load profile, the temperature 
distribution and the stress profile in the structure.

The input, state and output vectors for the model of the collector 
are summarized in (7): 
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where 𝐼𝑧,𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 and 𝐼𝜃,𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 are respectively the longitudinal and 
azimuthal sweeping coil current. 𝜀 is the strain profile in the collector 
structure, while 𝜎 is the stress field function of the state and input 
vectors, 𝜎 = 𝜎(𝒙𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟, 𝒖𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟).

Regarding the electron particle tracking in the collector,
ARIADNE [13] and ESRAY [14] high-fidelity numerical codes widely 
used in the design and simulation process.

4. Conclusion and perspective

The creation of a gyrotron simulator requires as a first step the 
implementation of an integrated and purpose-built simulator capable 
of representing the key phenomena and physics occurring within its 
components, including the system’s inherent nonlinearities, for a fixed 
geometry and materials already selected of the device. To address this 
8 
challenge, we identified the main components present in the physical 
device. Regarding the integrated system simulator for the gyrotron, the 
relevant components have been identified, along with their intercon-
nections, to obtain information on the power, frequency, effectiveness 
and output mode quality of the electromagnetic waves generated:

• the magnetron injection gun, which generates the electron current 
density;

• the beam tunnel, which absorbs parasitic waves and reduces 
electron beam instabilities;

• the cavity, which generates electromagnetic waves at the speci-
fied TE mode and frequency;

• the quasi optical system, which adapts the cavity’s electromag-
netic waves to match the external transmission line mode;

• the window, which transmits the waves outside the gyrotron;
• the depressed collector, which captures the spent electron beam 
while reclaiming part of its kinetic energy to boost the gyrotron’s 
overall performance.

The components have been organized considering their phenomenol-
ogy and multiphysics interactions. The relevant physical models of 
each component use state–space formulation to simplify their inter-
connection, through defined input and output vector parameters and 
state space vectors, and permit systematic stability analysis through 
linearization. The simulator requires several specialized models work-
ing together: an electrodynamic model for electron behaviour influ-
enced by the gyrotron’s electromagnetic fields; an electromagnetic 
model to calculate fields throughout the system, from cavity-generated 
waves to the fields shaping the electron beam; a thermodynamic model 
for temperature distribution in component structures, paired with a 
thermo-hydraulic model describing various cooling systems; and a 
thermo-mechanical model for components requiring strain and stress 
profile evaluation. After identifying, these physical models, the next 
step in building the gyrotron simulator will involve a preliminary 
modal analysis of the cavity. The state–space formulation will support 
stability analysis, providing insights into how cavity radius changes or 
electron current variations affect the system. This methodical approach 
will produce a simulator suitable for accurate reproduction of system 
behaviour, sensitivity studies, and the development of control strategies 
for the entire system. Looking ahead, this gyrotron simulator will 
serve as the foundation for a digital twin application that connects 
the virtual simulator with the physical device through sensor data 
and machine learning techniques, enabling advanced monitoring and 
control capabilities.
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