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ABSTRACT

Efficiency is a key factor for high-power gyrotrons, particularly in future fusion power plants, where a large number of gyrotron units will be
required for plasma heating. A single-stage depressed collector enhances efficiency from approximately 35% to 50% by applying a decelerat-
ing potential to the spent beam electrons before they enter the collector. Experimentally, a well-defined threshold exists for the applied decel-
eration potential, beyond which efficiency decreases and instabilities arise. In this work, we conduct a systematic study of electron beam
behavior under very high decelerating potentials by simulating the beam within the complete gyrotron geometry. This approach enables a
comprehensive investigation of reflected electron behavior and its impact on cavity interactions. The findings provide insights into the limita-
tions of single-stage depressed collectors. Moreover, quantifying the level of reflected current that does not significantly affect gyrotron
performance is a key parameter for the design and development of high-efficiency multi-stage depressed collectors.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
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I. INTRODUCTION ooy = Pout 1)
A gyrotron is a vacuum tube designed to generate microwaves T b Vae

from an electron beam." This device has found applications in plasma
heating in nuclear fusion,” * dynamic nuclear polarization in magnetic
resonance,” and potentially in microwave-based hole drilling for geo-
thermal applications.’

In gyrotrons, electrons are emitted via thermionic emission from
an emitter ring mounted on the cathode. Electrons are then accelerated
by an accelerating voltage V.. applied between the cathode and the
anode. Under the influence of a strong externally applied magnetic
field, the electrons are guided into the interaction cavity, forming an
electron beam. Within the cavity, the beam electrons transfer energy to
a transverse electric microwave mode. A quasi-optical system converts
the microwaves into a Gaussian mode, which is directed out of the
gyrotron through a window. Meanwhile, the spent electron beam
reaches the collector, where its residual energy is dissipated as heat.
The efficiency 7, of the gyrotron is defined as the ratio of the micro-
wave output power Py to the electrical power used for electron beam
acceleration, which is defined as

where P, is the microwave output power, and I, is the beam current.
In high-power gyrotrons, the efficiency typically reaches around 30%’
and primarily depends on the interaction efficiency, ohmic losses, and
stray radiation, which together determine the output power Poy.

A widely adopted method to enhance efficiency by approximately
50% " is the use of a single-stage depressed collector system. In this
approach, a decelerating voltage V.. is applied to recover part of the
spent beam’s kinetic energy before it reaches the collector.
Consequently, the efficiency of the gyrotron can be expressed as

P out
Ib(vacc - Vdec) '
since the decelerating field reduces the electrical power required for
gyrotron operation. From this equation, it is evident that increasing
the decelerating voltage continuously improves efficiency. However, a
fundamental limitation becomes evident in experimental campaigns
involving gyrotrons with depressed collectors. When the decelerating
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voltage exceeds a threshold associated with the slowest electrons in the
energy distribution of the spent beam, these electrons are reflected
back into the cavity, affecting the cavity interaction and the generated
microwave power.”'”'" The location at which beam deceleration
occurs significantly influences the optimal value of the decelerating
voltage, as demonstrated through both theoretical and experimental
investigations.'” Therefore, it is generally assumed that the optimal
efficiency of a gyrotron is achieved when no spent beam electrons are
reflected, which defines the slowest electron criterion.

Reflected electrons appear not only in single-stage depressed col-
lectors but also in multi-stage depressed collectors. Such systems are
important for large-scale gyrotron operations, such as in nuclear
fusion, to improve gyrotron efficiency, reducing electricity costs and
complexity of cooling. A concept widely used for the separation of
electron trajectories onto the different collection electrodes in theoreti-
cal designs is the E x B drift."” As a result, efficiencies exceeding 80%
can be achieved."* ' In simulations of these designs, a small reflected
current, on the order of a few tens to hundreds of milliamperes, is
observed, however, raising concerns about its influence on the opera-
tion of multi-stage depressed collector gyrotrons.

The study of reflected electrons’ behavior and their impact on cav-
ity interaction and overall gyrotron performance is a numerically chal-
lenging problem. A fully accurate analysis requires a particle-in-cell
(PIC) approach combined with multimode simulations of the cavity.
However, this methodology is extremely time-consuming and demands
a multiphysics framework that integrates both PIC-based cavity interac-
tion models and PIC-based electron optics simulations. This complexity
may explain why, to the best of our knowledge, there are no comprehen-
sive studies in the literature that address this issue in detail. In the paper
that first introduced the concept of applying a depressed collector to
gyrotrons,18 the behavior of reflected electrons is briefly mentioned, but
no further analysis or modeling details are provided.

In this work, the behavior of reflected electrons is investigated in the
context of a fusion gyrotron design featuring a single-stage depressed col-
lector. The study provides insights into how reflected electrons affect the
cavity interaction, power generation, and overall interaction efficiency.

To this end, the electron optics code Ariadne has been used to simu-
late the electron beam within the complete gyrotron geometry,” incorpo-
rating the cavity interaction based on a fixed-profile approximation
approach. Further details on the methodology used in this study are pro-
vided in Sec. II, while Sec. III discusses the impact of reflected electrons on
the gyrotron performance and efficiency. Finally, in Sec. IV, we summa-
rize our findings and evaluate the validity of the slowest electron criterion.

Il. NUMERICAL MODEL

Recently, a simulation model of the electron beam in the full
gyrotron geometry, utilizing an electron optics code such as Ariadne,
was proposed.”” Based on this numerical model, the electron beam
properties can be computed from the emitter, where electrons are gen-
erated, to the collector, where they are gathered. The effects of the elec-
tromagnetic field of the nominal transverse electric mode in the cavity
are also taken into account using a fixed-profile approximation. To
demonstrate this approach, the study used the geometry of a high-
power dual-frequency gyrotron used for electron cyclotron resonance
heating in the Tokamak a Configuration Variable (TCV) and operated
at 126 GHz in the TE,s; mode.” The nominal operating parameters
of the gyrotron are summarized in Table I, while a schematic overview
of the complete design is presented in our previous work."”
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As a continuation of this work, the simulation of the electron
beam within the complete gyrotron geometry is extended to operating
conditions where the deceleration of the spent beam exceeds the value
defined by the slowest electron criterion. This leads to partial reflection
of the electron beam. The objective is to investigate the behavior of the
reflected electrons and their impact on cavity interaction, generated
power, and overall gyrotron efficiency.

The convergence of the generated power with respect to the itera-
tion number is presented in Fig. 1 for three operating points with decel-
eration voltages of 20, 22, and 24kV. During the first ten iterations,
simulations were performed in the absence of the electromagnetic field
of the nominal mode. From iteration #10 to #20, the amplitude of the
mode was gradually increased in a controlled manner, after which the
amplitude was held constant for the following five iterations.
Subsequently, a self-consistent simulation was conducted, ensuring that
the output power from the cavity matched the beam power losses from
the cavity entrance to its exit. In the absence of reflected electrons, as in
the case of Vg =20 KV, the output power smoothly converges.
However, this is not the case when the decelerating voltage increases,
leading to partial reflection of beam electrons. As shown in Fig. 1, for
Ve = 22 KV, although the results are not dramatically altered, notice-
able noise appears in the output power. Remarkably, for a slightly higher
deceleration voltage of Vg = 24 KV, the output power oscillates over a
large range, even reaching negative values, which corresponds to an
unphysical scenario where the electron beam extracts energy from the
mode. This behavior arises because the electron optics code does not
operate as a PIC simulation but instead follows a tracking approach. In
particular, the updates of the static electric field and the cavity mode
amplitude in each iteration take into account the complete set of trajec-
tories of both the main beam and the reflected electrons. As a result, the
beam parameters and the amplitude of the nominal mode can exhibit
substantial fluctuations between successive iterations.

To address this issue without resorting to the computationally
expensive PIC approach, the concept of a relaxation factor frq has been
introduced. Specifically, to ensure a smooth transition between successive
iterations, the contribution of the beam space charge in the calculation of
the updated static electric field (obtained by solving the Poisson equation
using the finite element method), as well as the amplitude of the mode in
the cavity, are adjusted in a controlled manner between iterations.

In particular, at each iteration, the load vector,”" which depends
on the space charge of the electron beam, is updated as

b; = (1 — frt) - bio1 + fra - b, (3)
where b;_, is the load vector from the previous iteration, b; represents
the load vector derived from the electron trajectories of the current

iteration, while b; is the load vector used for updating the static electric
field in the current iteration i. In the finite element formulation of the

TABLE 1. Operational parameters for the electron optics simulation.

Operating mode TEss7
Frequency f 126 GHz
Magnetic field By 5T
Beam current I, 40 A
Accelerating voltage V. 83.3kV
Output power Poy 1.14 MW
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FIG. 1. Output power P, in the absence of relaxation factors for increasing decel-
erating voltages Viec.

Poisson equation, the load vector is constructed from the volume inte-
gral of the space charge density weighted by the interpolation func-
tions, thereby capturing the influence of the space charge distribution
on the electrostatic potential field. Additionally, the effect of Dirichlet
boundary conditions (or, equivalently, the voltage applied to the gyro-
tron’s electrodes) is incorporated by the prescribed potential values
directly, ensuring that the solution adheres to the specified potential
on the domain boundaries.

A similar equation is also applied to the amplitude of the mode in
the cavity, given by

(1 _frel) i—1 +frel (4)

where V;_; is the mode amplitude from the previous 1terati0n, Vi rep-
resents the mode amplitude derived from the beam power losses in the
current iteration, while V; is the mode amplitude used for updating the
beam trajectories in the next iteration. The algorithm in pseudo-code
is as follows:

V3¢ =0— M =by — E,
fori < 1to Ndo
if i < N, then
Vi=0
else if i < N, then
Vi = Vmax(l - Na)/(Nb - Na)
else if i < N, then
Vi= Viax

else
= AP beam / G

Vi=(1—fa) Vit +fea -V,

else if
e{ )]+ v X [Bs + By (V, )]}
([),Apbeam)

b= (1 ~fu) b b0

€o
end for
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In the pseudo-code, the equation M¢ = b; represents the linear
system derived from the finite element formulation of the Poisson
equation. Here, M is the stiffness matrix, and ¢ is the vector of
unknowns containing the electric potential ¢ at the nodes of the mesh
used to discretize the geometry domain. The vector by corresponds to
the load vector that accounts only for the Dirichlet boundary condi-
tions, while b; includes both the boundary conditions and the contri-
bution from the space charge, as previously described. E; and B are
the static electric and magnetic fields, respectively, E,, and By, are the
electric and magnetic fields of the nominal mode, N is the total num-
ber of iterations, V. is the nominal field amplitude of the microwave
mode, APy is the power loss of the beam, and G is a normalization
factor. For more information, the reader is referred to our previous
study.'” In this study, the various phases of the simulation are set to
lengths of N, = 10, N, = 10, N. = 5, and Ng = 975.

The relaxation factor f takes values between 0 and 1. When
fre = 1, the simulation follows the standard tracking approach, where
the electron beam trajectories of the previous iteration exclusively
determine the load vector, and the beam losses of the previous iteration
define the amplitude of the nominal mode in the cavity. Conversely,
using smaller values of the relaxation factor reduces the influence of
the current electron beam state on the space charge array, allowing
only small changes in the static electric field and the mode amplitude
in the cavity. However, the smaller the relaxation factor, the more iter-
ations are required to achieve convergence to a stable and physically
reasonable result.

lll. NUMERICAL RESULTS
A. Convergence and relaxation factors

The convergence of the output power was systematically investi-
gated for different values of the relaxation factor for a high value of the
decelerating voltage, Vgec = 36 kV, as shown in Fig. 2.

At fiq > 0.5, the simulation may crash due to instabilities
between the successive iterations. For f = 0.4, we see irregular oscil-
lation of the output power Py This oscillation disappears at fi = 0.1
where a converged output is observed already before 100 iterations
have passed. Decreasing the relaxation factor further increases the
number of iterations until convergence is achieved. It is worth noting

1.0 4
TRAMRAL L A b s bl
g 0.5 4 |[J il m\']
=3
3
0.0
@
3
a
5
—0.5 1
£ — fr1 0.4
© — fu1 0.3
— f 0.1
-1.04 —— fr1 0.05
Jre 0.01
0 100 200 300 400 500

Iteration #i

FIG. 2. Evolution of output power with iterations for different relaxation factors at
Viec = 36 kV. The simulations fail at f > 0.5. Significant oscillations commence
at g = 0.3.
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FIG. 3. Evolution of output power with iterations for different relaxation factors at
Viee = 26 kV.

that the solution to which the output power converges is independent
of the choice of relaxation factor.

The convergence behavior of the parameters varies for different
decelerating voltages. For certain values of the decelerating voltage,
such as Vge. = 26 kV, instead of stabilizing at a single value, the solu-
tion oscillates between two distinct values, as shown in Fig. 3.
Reducing the relaxation factors increases the oscillation period in
terms of iterations count, but the maximum and minimum values
remain nearly unchanged. This oscillatory behavior is inherently
linked to the dynamic nature of the phenomenon, which cannot be
fully captured by the simplified model used in this work.

Convergence of the output power P, at varying deceleration vol-
tages is summarized in Fig. 4. The variation, given by the difference of
the max and min values, was calculated over the last 300 iterations.
The convergence, here depicted as the output power variation APy,
improves with decreasing relaxation factors, especially for higher decel-
erating voltages. Below fi = 0.2, the results have converged for both
voltages, with consistent means and absolute standard deviations.
Consequently, fre = 0.1 was chosen for all subsequent simulations.

1.2 4 —&— 26 kV
36 kV

W)

—
(=1
L

o
%
L

Output Power Variation AP, (M
IS o
- >
L !

o
o
L

o—./'//

T T
0.0 0.1 0.2 0.3 0.4 0.5
Relaxation Factor fie

FIG. 4. Variation range of the mean output power AP, as a function of relaxation
factor at different deceleration voltages.
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B. Reflected electron statistics

When the decelerating voltage exceeds a certain threshold, a frac-
tion of the spent beam electrons with low kinetic energy are reflected
backward toward the cavity. These electrons become electrostatically
trapped in a potential well, formed between the cathode and the decel-
eration region of the spent beam, causing them to oscillate between
these two axial positions. The electromagnetic field in the cavity influ-
ences their kinetic energy, leading to either energy gain or loss with
each passage through the cavity, thereby impacting the overall interac-
tion efficiency. After multiple oscillations, the trapped electrons
eventually acquire sufficient energy to escape the potential well. In
other words, the electromagnetic field in the cavity acts like a pump,
driving the electrons out of the electrostatic trap.'***

For the decelerating voltage values used in this study, most elec-
trons are not reflected and are instead directly collected at the collector,
as illustrated in Fig. 5. Herein, the minimum number of passings of an
electron through the center of the cavity is shown. All 500 macro-
electrons with 20 phases each, amounting to 10000 electrons total,
pass the cavity once. We refer to the large fraction of electrons that are
then collected as the initial electron beam. The remaining electrons are
reflected back toward the cathode, of which the majority is reflected
back toward the collector. A large fraction is collected there as a subset
of electrons is reflected once more, until, after several iterations, all
electrons are collected.

At Vgee = 21 kV no reflections are observed, while already at
22KV up to seven passings through the cavity (or six reflections) are
recorded. With increasing decelerating voltage, both the number of
reflected electrons and the number of reflections for each electron
increase; hence, the fraction collected at the collector and cathode at
each opportunity decreases. It is clear that the probability of an elec-
tron being collected at the electron gun is significantly lower than the
probability of collection at the collector. The electrode collection has
been fit to the formula

Nj = Noe~ 9 [1=1)/2] g=acal1-1)/2]. )

where N; is the number of electrons not yet collected, [ is the
index specifying the number of passings through the cavity, [ ] is

10% 4 21 kV decV
22 kV decV
26 kV decV

36 kV decV

—
<
L

—
=)
w
L
—
—

Number of electrons N,

—
=)
L

OU- I | | \ I I
1 T I II
10 15

0 5 : 20
Minimum Number of Passings Through the Cavity Nypac min

FIG. 5. Number of electrons that have passed the cavity at least Npsss times for var-
ious decelerating voltages.
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the ceiling function, and | | is the floor function. At I = 1, the origi-
nal Ny = 10000 electrons are present. N; then decreases stepwise,
with large decreases whenever the electrons reach the collector
due to the large collector collection coefficient a., and small steps
whenever the electrons reach the cathode due to the small cathode
collection coefficient a.y. A table of the fitted parameters to the
multi-exponential decay of reflected electrons is given in Table II.

For V4. = 21 kV, no collection coefficients were evaluated as no
reflections occurred. Note that the value of ac, at 22kV is negative,
which would indicate emission of (secondary) electrons at the cathode.
The simulation is unable to simulate such an effect, and we consider
the negative value an artifact of the model.

The dependence of the collected current at the cathode and the
collector on the decelerating voltage is given in Fig. 6. The error bars
depict the absolute standard deviation of the sampled forward and
reverse currents. The slowest electron criterion is indicated by the verti-
cal black line. Currents collected at the collector ic, and cathode icy
make up the entire beam current, as no electrons were found perma-
nently trapped in the cavity over the studied range of deceleration vol-
tages. i increases approximately linearly, as i, decreases
accordingly, with increasing decelerating voltage.

Since electrons constituting ic, will likely arrive at the emitter
ring with residual kinetic energy, secondary electron emission and
cathode overheating are likely.”” *° These effects have not been consid-
ered in this study; however, they may have additional detrimental
effects on gyrotron operation (even if secondary electrons are not emit-
ted at the electron gun”’) and electron gun longevity.

Forward and reverse currents ig, and i, are defined as the cur-
rent of all electrons in the center of the cavity with a positive and nega-
tive dimensionless momentum u,, respectively. Both currents increase
proportionally to decelerating voltage applied above 21kV, leading to
a significant reflected current that amounts to 50% of the initial for-
ward directed current at Vg = 36 kV, far exceeding the milliamperes
of current observed in other studies.'*'* The convergence of these val-
ues is poorer around Vg =26KkV, as the parameters consistently
oscillated as seen in Fig. 3.

C. Power and efficiency

As expected, the presence of reflected electrons affects the opera-
tion of the gyrotron in multiple ways. First, as these electrons pass
through the cavity, they interact with the electromagnetic fields of the
nominal mode excited in the cavity. Most of these electrons gain
energy from the mode, which eventually enables them to escape the
potential well formed between the cathode and the deceleration region

TABLE 1. Fit of collection coefficients and fractions of electrons collector at the col-
lector and cathode, respectively. For Vg = 21 kV, no parameters were evaluated
as no reflections occurred. Note that the negative value of acy at 22KkV is a result of
imperfect fitting; the simulation does not consider secondary electron emission.

Viec deol deat Collector fraction Cathode fraction
21kV 100% 0%

22kV 3 —0.08 99.5% 0.5%
26kV 1.2 0.05 97.5% 2.5%
36kV 0.7 0.09 94.3% 5.7%
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FIG. 6. Currents collected on the collector i and cathode ic,t as well as forward
ifor and reflected i current measured in the gyrotron cavity center as a function of
decelerating voltage.

of the spent beam, as discussed earlier. This process impacts the gener-
ated microwave power of the gyrotron. Additionally, the space charge
of the reflected electrons in the gun region alters the properties of the
initial beam, further deteriorating the performance of the cavity
interaction.

The model used to investigate this pathological gyrotron opera-
tion is based on the fixed-profile approximation. Specifically, it
assumes that the presence of reflected electrons influences the ampli-
tude of the axial profile of the nominal mode while keeping its shape,
as well as the phase and the operating frequency, unchanged. This is a
rough approximation, as in reality, the profile shape, the phase, and
the operating frequency of the mode could be significantly modified
due to the presence of reflected electrons. Furthermore, mode competi-
tion could lead to mode loss. A more realistic simulation will be the
subject of future work, utilizing the recently developed cavity interac-
tion code Phaedra.”

Using the electron beam simulation in the overall gyrotron geom-
etry, important information about the deterioration of the electron
beam at the cavity entrance due to the presence of the reflected elec-
trons was extracted. First, the space charge of these electrons causes an
additional voltage depression on the electron beam, which causes a sig-
nificant decrease in the initial beam kinetic energy. As shown in Fig. 7,
increasing the decelerating voltage causes a significant shift toward
lower energy in the kinetic energy probability distribution.

The space charge of the reflected electrons reduces the electric
field on the emitter ring surface, leading to a slight reduction in the
average pitch factor of the electron beam at the cavity entrance, as
illustrated in Fig. 8. Error bars depict the absolute standard deviation,
and triangles depict the minimum (A) and maximum (V) values. All
values were calculated over the last 300 iterations of the simulation.
The beam degradation is also quantified by a significant increase in the
transverse velocity spread at the cavity entrance. Specifically, in the
absence of reflected electrons at decelerating voltages of 21 kV and less,
the velocity spread remains below 2%. However, it rises sharply at the
onset of reflected electrons and exceeds 20% for decelerating voltages
above 27kV.
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FIG. 7. Kinetic energy probability distribution of the initial electron beam, excluding
any reflected electrons, at the cavity entrance for various decelerating voltages.
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The degradation of the electron beam has a strong effect on the
generated power and efficiency, as shown in Figs. 9 and 10, respec-
tively. In the absence of reflected electrons, a stable output power of
Poy =1.13MW at the cavity exit is reached. The power starts drop-
ping sharply, soon after the onset of reflected electrons.

From the generated output power, the electronic efficiency
Nele = Pgen/(In Vace) can be calculated, neglecting voltage depression,
where P, is the generated microwave power in the cavity.

The drop in output power is a direct result of the decrease
in electronic efficiency 7, see Fig. 10. In the absence of reflected
electrons, 14, is independent of Vg, while the collector efficiency
Neol = Videe/ (Vace(1 — 1ge)) increases, leading to an increase in the
overall efficiency. At 23kV, the reflected electrons cause the elec-
tronic efficiency to plummet and the collector efficiency to grow
more slowly, leading to a decrease in the overall efficiency.

Interestingly, at 22kV, where the first reflected electrons have
already appeared, 7, is still stable. It is remarkable that the electronic
efficiency in the absence of reflected electrons is in the same range as it
is experimentally estimated at around 36%.”” The TCV gyrotron of
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FIG. 8. Pitch factor o (top) and dimensionless perpendicular momentum spread
ou, (bottom) as a function of Vg of all electrons at the entrance of the cavity.
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FIG. 9. Output power P, changing as a result of applied decelerating voltage Viec-
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FIG. 10. Change in electronic, collector, and total efficiency with increasing deceler-
ating voltage. Ohmic losses of 10% have been assumed for the total efficiency.

that study does not have a depressed collector. Here, we find the high-
est overall efficiency of 46%, which is slightly short of the desired 50%
estimated in the same study with a single-stage depressed collector.

The highest overall efficiency in our study is at Vg = 22KkV, a
slightly higher operating point than what is determined by the slowest
electron criterion.

IV. CONCLUSION

The behavior of reflected electrons in a gyrotron is investigated.
This is a numerically complex and computationally demanding prob-
lem. Ideally, PIC simulations would be required to resolve the electron
dynamics, along with a multi-mode analysis to evaluate the impact of
reflected electrons on mode stability. However, this approach is highly
resource-intensive and time-consuming.

To address the problem more efficiently, a simplified method is
adopted based on a set of approximations. An electrostatic tracking
code is used to compute the trajectories and static self-fields of both
the main electron beam and the reflected electrons. The electromag-
netic field profile of the cavity mode is defined using the fixed-field
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approximation. Instead of simulating the full-time evolution of the sys-
tem, relaxation factors are applied to estimate the time-averaged effects
of the reflected electrons on gyrotron operation, assuming stable oper-
ation of the nominal mode. Such simulation for each operating point
requires approximately one to two days of computation time, using
the high-performance computing facilities at ETH Zurich.”’

The behavior of the reflected electrons has been thoroughly
examined. Most of these electrons gain energy from the electromag-
netic mode within the cavity and, after multiple reflections, eventually
reach the collector wall. However, a small fraction of them reach the
cathode surface, potentially causing overheating of the emitter ring
and triggering secondary electron emission effects that are not consid-
ered in this analysis.

Reflected electrons can have a profound impact on gyrotron
operation. Specifically, the quality of the electron beam deteriorates
significantly, affecting interaction efficiency. Additionally, the energy
gained by reflected electrons from the electromagnetic fields in the cav-
ity strongly influences both the output power and overall efficiency.

The highest efficiency is observed at a deceleration voltage slightly
higher than the threshold proposed. Nonetheless, the slowest electron
criterion should be used to determine the optimal decelerating voltage,
as additional detrimental effects were not considered here.

Furthermore, a key conclusion is that, according to this model,
the generated power is not significantly affected by reflected current
less than one ampere. This finding is particularly important for the
development of multi-stage depressed collector systems, where a small
fraction of the current may be reflected.*
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