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ABSTRACT

We report on the initial validation of the novel code FENNECS, which simulates the spontaneous formation of trapped electron clouds in
coaxial geometries with strong externally applied azimuthal flows and in the presence of a residual neutral gas. For this purpose, a realistic
gyrotron electron gun geometry is used in the code, and a self-consistent electron cloud build-up is simulated. The predicted electronic
current resulting from these clouds that is collected on the gun electrodes is simulated and successfully compared with the previous experi-
mental results for configurations with different externally applied electric and magnetic fields. These different configurations effectively
modify the size and depth of the trapping potential wells responsible for the confinement of the electron clouds. This investigation also pro-
vides further insight into the link between potential well depth and resulting electronic current.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0136340

Gyrotrons are planned to play a key role in heating magnetically
confined fusion plasmas through electron cyclotron resonance heat-
ing.1–4 In addition, gyrotrons can be used to drive the electronic cur-
rent in tokamaks and to stabilize some types of plasma instabilities
that could cause disruptions of the fusion plasma.1–3 These gyrotrons
are high power microwave sources operating in the range of
0.1–2MW and 50–300GHz and are capable of operating in pulsed
and CW modes. These devices rely on the excitation of the electron
cyclotron resonance maser instability of a magnetized weakly relativis-
tic electron beam flowing through a cylindrical cavity.5,6 The develop-
ment and design of gyrotrons are challenging on many levels, one of
which is the possible trapping of secondary electrons (i.e., not belong-
ing to the main electron beam) in the electron gun region of the
gyrotron. These electrons can be trapped due to the presence of elec-
trostatic potential wells created by the combination of electric and
magnetic fields and are similar in nature to the ones used to trap non-
neutral plasmas in Penning–Malmberg traps.7 These wells are present
for electrons when the electric potential has a local maximum along a
magnetic field line, and their depth is defined as the potential differ-
ence between this local maximum and the highest closest local mini-
mum on each side along the magnetic field line.8,9 Once trapped, the

electrons can ionize the residual neutral gas present in the vacuum
vessel and promote the formation of high-density electron clouds. A
steady leakage of the electron clouds, for example, due to collisional-
driven cross field drifts, leads to the collection of potentially damaging
currents on the gun electrode surfaces and sometimes even to an arc-
ing event.8–10 In addition, these resulting currents need to be sustained
by a polarizing power supply (PS) that is generating the accelerating
electric field for the main beam. Typically, exceeding a critical current
as low as a few tens of mA will cause the PS to switch itself off and,
therefore, prevent the gyrotron operation. Furthermore, the presence
of these clouds could also perturb the accelerating electric field of the
main electron beam, modifying the beam characteristics and reducing
the efficiency of the beam–wave interaction in the cavity. To avoid
such issues, the current solution is to prevent the formation of any
potential well in the electron gun at the nominal magnetic field by
carefully adapting the electrodes shape. This, however, introduces
stringent constraints in the design of gyrotrons. A better understand-
ing of the dynamics of these trapped electrons, and on the relation
between the potential well and the currents collected on the electrodes,
would be very beneficial to define relaxed design criteria for future
electron guns. A numerical model has recently been derived to study

Phys. Plasmas 30, 030702 (2023); doi: 10.1063/5.0136340 30, 030702-1

VC Author(s) 2023

Physics of Plasmas LETTER scitation.org/journal/php

https://doi.org/10.1063/5.0136340
https://doi.org/10.1063/5.0136340
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0136340
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0136340&domain=pdf&date_stamp=2023-03-01
https://orcid.org/0000-0003-4303-5767
https://orcid.org/0000-0002-4862-7393
https://orcid.org/0000-0002-4971-0674
https://orcid.org/0000-0001-6914-8685
https://orcid.org/0000-0002-3858-5388
https://orcid.org/0000-0003-0950-6342
https://orcid.org/0000-0003-3707-5391
mailto:guillaume.lebars@epfl.ch
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0136340
https://scitation.org/journal/php


the dynamics of trapped electron clouds, and scaling laws have been
proposed to explain and quantify the collection of currents on the elec-
trodes.9 In this manuscript, we present the first validation of this
model by comparing experimental results with numerical simulations
using the actual geometry of a gyrotron electron gun. This is an impor-
tant milestone that increases the confidence in the numerical model. It
also shows the capability of this model to predict the risk of problem-
atic currents in future gyrotron electron guns and that this model can
facilitate the design phase of the gun geometry. We would like to
remark that this work also represents the first validation of simulations
of trapped electron clouds in gyrotron guns, ever performed against
experiments.

The problem of trapped electron clouds has been observed in
some gyrotrons such as in the magnetron injection gun (MIG) devel-
oped for the initial prototype of the 2MW 170GHz coaxial gyrotron
planned for ITER.11 In this gun, the nominal accelerating bias could
not be sustained due to trapped secondary electrons, which lead to
excessive currents flowing through the PS. The presence of a potential
well caused excessive currents in the CW operation (without electron
beam), and the gun also suffered from adiabatic trapped electrons,8

which did not allow the operation of the gyrotron at the nominal
parameters even in short pulses. These effects hindered the nominal
operation of the gyrotron and limited the efficiency and power out-
put.12,13 A new geometry was then designed in which a special atten-
tion was paid to avoid the formation of any potential well, for the
nominal magnetic field of the gyrotron.14 This particular refurbished
gun geometry is presented in Fig. 1. The added benefit of this refur-
bished geometry for studying electron trapping is the capability to cre-
ate potential wells of different shapes and depths by slightly varying
the magnetic field lines topology, from the nominal one, in the gun
region. This can be achieved by varying the current Icc flowing through
two particular control coils (C3 and C4 in Fig. 1). It was experimen-
tally shown that for some magnetic field topologies where a potential
well is present, the voltage stand-off capabilities of the accelerating
electrodes were significantly worsened.14 This means that the maxi-
mum bias D/, which could be applied to the electrodes without mea-
suring any current flowing between them, was significantly reduced.
For this experiment, a dummy gyrotron gun was built according to the
design of the refurbished prototype of the 2MW 170GHz coaxial
gyrotron planned for ITER. In the dummy-gun, no emissive ring was
installed; therefore, no electron beam could be produced. The goal of
the dummy-gun was to test the voltage stand-off capabilities of the
design without the magnetic field and at the nominal magnetic field
configuration for operating the gyrotron at the nominal power.

During the experimental campaign, the voltage stand-off was also
tested with increasing potential well depths Uwell and size by decreas-
ing the control coil currents as shown in Figs. 2 and 3. For a set of con-
trol coil currents, the maximum bias D/, which could be applied
without observing problematic currents (without tripping the PS), was
measured up to the PS limits of 105 kV.14 The results of these experi-
ments are shown in Fig. 6 (red dots and white dashed line) and show a
sharp reduction in the voltage stand-off below a control coil current of
Icc ¼ 5:3A. Figure 6 also shows the lines of constant potential well
depth Uwell (red dashed line). It is important to note that, for some
configurations, a potential well could be present while no problematic
currents were measured, which is a good indication that relaxed MIG
design criteria could be defined.

In conjunction to these experimental studies, a numerical study
of these electron clouds dynamics has been performed and is the
subject of this Letter. We used a 2D (r, z) axisymmetric electrostatic
particle-in-cell (PIC) code called FENNECS (Finite Element Non-
Neutral Electron Clouds Simulator) developed at the Swiss Plasma
Center (SPC).9 This code solves the Vlasov–Poisson equations for the
distribution function of electrons with the inclusion of a collision

FIG. 1. Geometry of the refurbished elec-
tron gun and of the superconducting coils
C1–C8 generating the magnetic field. An
azimuthal symmetry is implied. The red
dashed rectangle represents the limits of
the simulation domain. Gray denotes a
metallic material, and blue denotes an
insulator. The yellow section represents
the emissive ring where the main electron
beam is produced.

FIG. 2. Detail of the trapping region and normalized vacuum potential well formed
for a control coil current Icc ¼ 4:6A. In the white region, the well depth is 0 and the
black dashed–dotted lines represent the magnetic field lines for Icc ¼ 4:6A. The
blue dashed line represents the magnetic field lines for a magnetic configuration
where Icc ¼ 6:2A and no potential well is present.
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operator that describes electron–neutral elastic and inelastic (ionizing)
collisions. By solving these equations, the code is capable of simulating
the self-consistent evolution of the potential well and of the trapped
electron cloud by taking into account the space-charge effects of the
electrons and by simulating the ionization of the residual neutral gas
(RNG) present in the vacuum vessel. The RNG is simulated as a back-
ground gas of uniform density at room temperature.9 The ions
released during the ionization processes are considered not magne-
tized due to their large Larmor radius and are accelerated toward
the cathode and captured on the electrode surface after a time sloss
� 10�8s much faster than the expected cloud formation time
sf � 10�2 � 10 s. For this reason, they are not simulated in the code.
It is important to note that both in the experiment and in the simula-
tions, the cathode was cold and the main electron beam of the gyro-
tron was, therefore, not generated. The primary electrons that ionize
the RNG and start the cloud formation are expected to be generated
either by field-emission15 or by ionization of the RNG due to back-
ground radiation. This effect is simulated in the code by an ad hoc vol-
umetric source covering the full simulation domain. The electron
production rate of this source S is also adapted such that this source is
negligible compared to the ionization rate Si of the RNG by trapped
electrons (S� Si). The Poisson solver uses a finite element method
based on weighted extended b-splines,16 and the particle pusher uses
the Boris algorithm.17 To simulate the complex geometry of the elec-
trodes, some modifications have been done to the FENNECS code.
The geometric weight definition used to impose the Dirichlet bound-
ary conditions in the Poisson solver has been adapted. Indeed, the
metallic boundary conditions surfaces (Dirichlet) can now be defined
using b-spline curves and the geometric weight is now based on a
smoothed distance function to the metallic wall.16 This change allows
the simulation of arbitrary geometries, and, in particular, the simula-
tion of the complex and realistic electron gun geometry in the code.
Furthermore, the magnetic field applied by the eight superconducting
coils, C1–C8 in Fig. 1, is precomputed numerically by solving the
Biot–Savart equation and provided as an input to the code. It is then

possible from the simulations to measure the effect of the potential
shape and depth on the trapped electron cloud density and on the
amplitude of the electronic current collected on the electrode surfaces.
The simulations show the formation of a quasi-steady state, as a bal-
ance between the source of electrons caused by the ionization of the
RNG, and a sink imposed by collisional driven cross field radial drifts
causing the electrons to hit the electrodes and be captured. Due to the
trapping geometry, the electron clouds form a ring radially confined
inside coaxial electrodes as seen in Fig. 4 and are located in the regions
where the self-consistent well including space-charge effects is the
deepest as seen in Fig. 5. To compute the potential well depth Uwell,
the electric potential / is evaluated along a set of magnetic field lines.
For each field line and each position s0 along the field line, the closest
minimum of electric potential minð/ðsÞÞ is determined on each
side of the position considered. The highest of these minima is then
subtracted from the local potential with Uwellðs0Þ ¼ /ðs0Þ
�maxðminð/ðsÞjs < s0Þ;minð/ðsÞjs > s0ÞÞ. The well depth is then
transposed from field line coordinates to cylindrical coordinates. This
implies that the vacuum potential well shape is purely defined by the
magnetic field topology and the electrodes geometries. For a fixed Icc,
the vacuum well depth is, therefore, directly proportional to the
applied bias D/ and a normalized depth can be defined as Uwellðr; zÞ=
D/ (Figs. 2 and 3).

A set of 136 simulations were carried out by scanning the control
coil current in the range Icc ¼ 4:6–6:8A with 0:2A steps and biases in
the range D/ ¼ 5� 95kV with 10kV steps covering the scanned
parameters of the experimental results. The bias scan was even
extended with biases D/ ¼ 115; 150; and 200 kV, shown by the
hatched gray region of Fig. 6, which could not be achieved experimen-
tally due to PS limitations. In each simulation, the time step is
Dt ¼ 8� 10�12s � 0:05=fce, where fce ¼ eB=ð2pmeÞ is the cyclotron
frequency; e is the electron charge; B � 0:23T is the magnetic field
amplitude in the trapping region; andme is the electron rest mass. The
Poisson equation was solved using a finite element method based on

FIG. 3. Detail of the trapping region and normalized vacuum potential well formed
for a control coil current Icc ¼ 5:6A. In the white region, the well depth is 0 and the
dashed–dotted lines represent the magnetic field lines.

FIG. 4. Detail of the trapping region and steady-state electron density for a control
coil current Icc ¼ 4:6A and an applied PS bias D/ ¼ 45 kV. The black dashed–
dotted lines represent the magnetic field lines, and the blue dashed lines represent
the electric equipotential lines.
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quadratic b-splines and an axially uniform grid of Dz ¼ 0:25mm, but
radially non-uniform with Dr ¼ 0:05mm in the region of cloud trap-
ping (between 59 < r < 65mm and 77 < r < 84mm), and Dr
¼ 0:25mm outside. The RNG is simulated as a uniform background
of H2 at room temperature and an enhanced neutral pressure pn
¼ 1� 10�2mbar to reduce simulation time, but low enough to ensure
correct separation of the electron–neutral collisions timescales scoll
� 8� 10�8s and the electrons axial bounce timescale sb � Lk=vth;k
� 1� 10�8s in the trap along the magnetic field lines. Here, Lk is the
length of the cloud along the magnetic field line and vth;k is the thermal
parallel velocity. A reduced fluid model predicts that the steady state is
reached due to the balance between the electron source caused by the
RNG ionization, and the sink caused by radial drifts induced by azi-
muthal friction forces.9 This model predicts a linear dependence
between the collected current and the neutral gas density. For this rea-
son, the measured current is then normalized by pn. To confirm this
proportionality, simulations have been run at different neutral gas
pressure and the steady state current has been measured for the case
with D/ ¼ 55 kV and Icc ¼ 4:8A and is represented in Fig. 7. Each
simulation was run on a 36 core node for�12–36 h, depending on the
bias and control coil parameters, until the system reaches a quasi-
equilibrium. From the simulation results, the maximum electronic
current collected on the electrodes was then calculated and is plotted
as a rectangle on the color plot in Fig. 6. As mentioned earlier, these
simulations neglect the ionic current but in steady state it is expected
that this contribution will simply double the measured current and
will not change the separation between regions, in the parameter space
(D/; Icc), with and without problematic currents. When a strong cur-
rent is observed, two electron clouds are present at the positions of
local minima of potential well. As can be observed in Fig. 4, one cloud
forms close to the cathode surface, while the other forms close to the
anode. As seen in Fig. 5, each cloud changes the local potential well
due to the clouds space charge, effectively reducing the potential well
depth and its confinement properties. This can also allow electrons

with high parallel velocity to exit the well along the magnetic field lines
and lead to their collection on the anode surface.

As the total collected current was not measured during the
experiments and the pressure in the vessel is uncertain, no direct com-
parisons of the current amplitude can be done between simulations
and experiments. However, the simulation results show the same trend
of high problematic currents for low Icc and low or no problematic
currents for high Icc. Furthermore, the range of Icc marking the limit
between these two regions is in good agreement with the sharp
decrease in the voltage stand-off at Icc ¼ 5:3A. The simulation results
also show that, as in the experiments, a region exists where some
potential well is present but no problematic current is measured
between Icc ¼ 5:3 and Icc ¼ 6:2A. This is relevant for the development
of future gyrotrons electron guns as it means that the current design
criteria of avoiding any potential well in the gun region can be relaxed.
To this end, FENNECS could be used as a useful design tool to predict
the risk of problematic currents for a given gun geometry. We would

FIG. 7. Total electronic current collected on the electrodes in the steady state for
various neutral gas pressures, for the case with D/ ¼ 55 kV and Icc ¼ 4:8A (blue
crosses). The black dashed line highlights the linear dependency.

FIG. 5. Detail of the trapping region and self-consistent potential well for a control
coil current Icc ¼ 4.6 A and an applied PS bias D/ ¼ 45 kV. The black dashed–
dotted lines represent the magnetic field lines, and the red dashed line indicates
the outline of the cloud where ne ¼ 0:1maxðneÞ.

FIG. 6. Numerically measured total electronic current collected on the electrodes
and stand-off voltage achieved in the experiments. The maximum voltage of 105 kV
was limited by the PS capabilities and not the stand-off properties of the gun. The
red dotted contour gives the maximum potential well depth in vacuum. The gray
hatched rectangle shows the bias range unexplored experimentally due to PS limi-
tations but explored numerically.
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like to remark that the formed annular electron clouds are susceptible
to the diocotron instability that develops azimuthally and can, there-
fore, not be simulated in FENNECS.18–20 However, the agreement
between experiment and simulations is a strong sign that the dioco-
tron instability might not play an important role for the amplitude of
the collected current in this configuration, therefore supporting the
use of axisymmetry for the simulations.

The extended scan in applied bias (gray hatched region in Fig. 6)
gives further insight on the conditions of electron trapping. It shows
that, for a given Icc, increasing the bias voltage increases the collected
current until a maximum is reached. If the bias is increased further, the
collected current decreases again, which can lead to new regions where
no problematic currents arise. This result, and the fact that for some
potential wells no problematic current was observed, shows that the vac-
uum potential well depth and volume are not a sufficient measure to
predict the amplitude of the current collected on the electrodes. This is
visible by following the isolines of maximum potential well depth at 1
and 3 keV (Fig. 6), where a problematic current is observed for low Icc
but no problematic current is observed for high Icc. The current hypoth-
esis to explain this result is that larger bias D/ increases the Larmor
radius for the electrons, due to larger~E �~B velocity imposing a larger
electron perpendicular velocity. This could lead to Larmor radii larger
than the radial dimensions of the potential well and could limit the
trapped electron cloud density by a reduction in the axial confinement.

In conclusion, we have shown that FENNECS can reproduce the
same regions of problematic and non-problematic currents observed
experimentally for the dummy-gun geometry. We have shown that a
new region devoid of problematic currents could be accessed if the
electric bias could be increased above the 105 kV experimental limit.
However, this additional result still needs to be verified experimentally.
A new flexible experiment called T-REX is being built at SPC.21 This
new experiment will study the electron cloud dynamics with more pre-
cise and dedicated diagnostics, allowing for different geometries and
field topologies, and, thus, more direct comparisons between the simu-
lations and experiments will be possible.
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