N
N

N

HAL

open science

Multipactor thresholds prediction for geometries subject
to standing waves
Eva Al Hajj Sleiman, Julien Hillairet, Mohamed Belhaj

» To cite this version:

Eva Al Hajj Sleiman, Julien Hillairet, Mohamed Belhaj. Multipactor thresholds prediction for geome-
tries subject to standing waves. MULCOPIM 2022 - International Workshop on Multipactor, Corona

and Passive Intermodulation, Oct 2022, Valence, Spain. hal-03930959

HAL Id: hal-03930959
https://hal.science/hal-03930959
Submitted on 9 Jan 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03930959
https://hal.archives-ouvertes.fr

Multipactor Thresholds Prediction for Geometries Subject to Standing Waves

Eva Al Hajj Sleiman®?, Julien Hillairet™, Mohamed Belhaj®

(CEA, IRFM, 13108 Saint-Paul Les Durance, France
Email: eva.alhajjsleiman@cea.fr — Julien.hillairet@cea.fr

@ONERA, DPHY, Université de Toulouse, 31055 Toulouse, France
Email: Mohamed.belhaj@onera.fr

INTRODUCTION

Multipactor is a vacuum discharge, observed in microwave structures [1] at sufficiently low pressures so that the electron
free path is longer than the vacuum space [2]. This discharge is caused by a resonant secondary electron emission
mechanism [3], where initial electrons enter in resonance with the alternating RF field at specific phase angles. These
electrons contribute to the multiplication of the number of electrons if the one-way transit time between the electrodes
corresponds, roughly, to an integer number of RF cycles, so that the returning electrons see the same conditions and their
velocity is large enough to liberate from electrodes' surfaces more electrons. The multipactor mechanism sustains itself
also by secondary electron emission resulting from electrons' impact with the component surfaces. Multipactor can be
observed in many applications such as space applications, in particular, RF satellites payloads; experimental tokamak
fusion reactors RF components: antennas, transmission lines, and RF windows; microwave vacuum tubes or particle
accelerator structures.

For multipactor to occur, two conditions must be simultaneously fulfilled [4]: i) one necessary but not sufficient condition,
that the impact energy of electrons colliding with an electrode must be sufficient so that the total electron emission yield
(TEEY) of the electrode surface is greater than one. ii) the second condition is the resonance condition for the electron's
motion to be synchronized with the phase change of the RF electric field.

We are particularly interested in the case of nuclear fusion experimental devices, where the consequences of multipactor
are problematic and may affect or limit the performances of the antennas used in plasma heating and current drive. This
phenomenon can lead to an increase in the reflected power back to the source, which can damage the high RF power
sources (klystrons or tetrodes), and therefore should be avoided. Multipactor can also trigger RF breakdowns, which can
damage RF components. As multipactor experiments are expensive to realize, especially with complex components of
big dimensions and for megawatts range of RF power as the ones used as heating systems for fusion reactors, we rely on
numerical tools for multipactor predictions. In lon Cyclotron plasma heating systems, the antennas used to couple the RF
power to the plasma, operate at a high power density, above the highest multipactor threshold. Therefore, in practice, the
multipactor power bands of the different components of the antennas are bypassed during operation. However, it requires
ramping up the RF power sufficiently fast to minimize the time spent in the multipactor regions to avoid multipactor to
develop and detune the RF systems [5]. This sheds the light on the importance of the determination of both the lowest
and the highest multipactor thresholds of all the components of the antenna.

Contrary to other applications, such as space applications, where RF components are usually matched to the load
preventing reflected power to flow back to the source, this is usually not the case for antennas used on experimental fusion
reactors. These antennas are subject to high power densities under vacuum, so they are prone to multipactor regimes under
a wave pattern being a resultant of incident and reflected waves. For RF frequency below the electron plasma frequencies,
i.e. typically below 100 GHz, a mismatch can occur between the load (which is the magnetized plasma itself) and the
antennas’ impedance, leading to a partial power reflection. In addition, the plasma properties can change with time, thus
changing the loading conditions. Moreover, there are additional causes for reflected power in the antennas due to their
intrinsic RF design. For example, sections of these antennas can be resonant, meaning that the RF power recirculates
within these sections. Furthermore, power splitters such as three ports passive components (T-junction type) cannot be
lossless, reciprocal and mismatched at the same time; and impedance transformers, used to improve the matching to the
plasma, induce some reflected power. All these component types are parts of the lon Cyclotron antennas used on the
tokamak WEST, located at Cadarache in France. Hence, it is important to determine multipactor criteria for the lowest
and the highest multipactor thresholds of each component independently of the reflection coefficient values.

This paper aims to develop two criteria for the lowest and the highest (when exists) multipactor thresholds, that are
independent of the amount of reflected power. Two geometries are analyzed herein: a coaxial transmission line of
characteristic impedance 50 Q, and a T-junction type component (called bridge hereafter) used in the IC antennas of
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WEST. The rest of the paper is organized as follows; first, the previous findings on the determination of the multipactor
thresholds under standing wave regimes are discussed and then the geometries’ models, analyzed here, are presented.
Later the methodology is explained, to finally detail the results.

PREVIOUS FINDINGS

In [6], the authors applied a computational method on quarter-wavelength coaxial lines operating under travelling, mixed
and standing waves. The developed method is used to determine the multipactor powers, type and order, by following the
electron trajectories in the structures. For the standing wave (SW) case, the authors start the analysis with initial electrons
being seeded on both conductors. They found that, for SW, the surviving trajectories, being the electrons causing
multipactor, are the ones that appear near the maximum of the electric field. Moreover, they stated that the contribution
of the surviving electrons that are far from the electric field’s maximum appeared at high incident powers, and the non-
phase focusing electrons that are far from the electric field’s maximum drift toward the minimum of the electric field.
They deduced that, within their power incident range, the multipactor for coaxial lines operating in SW is due to the
electric field. In addition to that, they proposed a scaling law for the electric multipactor, relating the multipactor powers
of the travelling wave (TW) case (excited by a voltage V) and the SW case (excited by a voltage V from each side of the
coaxial line), given by Py, = 4P;,, since the peak voltage of the SW is twice that of the TW in such a case. For the mixed
wave (MW) case, they found that when the reflection coefficient increases from zero (TW case), the multipactor resonance
regime is split into two distinct modes. The first set of resonance modes will coincide with the electric multipactor mode
of the SW case. The second set of modes shifts to very high incident powers very rapidly and is caused by the magnetic
field. The multipactor caused by the magnetic field is known as the magnetic multipactor mode. A scaling law exists
between the electric multipacting powers of the MW case and the TW multipactor powers and is given by

ﬁPTW. They summarized that the multipactor for the TW case is of mixed nature where both the electric and

magnetic fields contribute to multipactor, but as the reflection coefficient increases, the multipactor processes are
dissociated into electric and magnetic multipactor processes. Whereas for the pure SW case, the multipactor resonance
mode appears close to the maximum of the electric field, and there is ho multipactor maintained at the electric field nodes.
Somersalo et al. [6] indicate that the magnetic multipactor process does not exist for this case since it requires infinite
incident power for it to be sustained. However, some missing multipactor processes have not been taken into account due
to numerical limitations and the scanned incident power range is limited to hundreds of kW.

Py~

In [7], the authors have developed a numerical model to predict the multipactor thresholds in transverse electromagnetic
(TEM) mode cylindrical coaxial transmission lines of infinite length in the propagation direction. These transmission
lines are subject to three types of RF signals of different reflection coefficient I' = Re/¥ (R and 1 are respectively the
magnitude and the phase): i) travelling wave (TW) corresponding to a null reflection, where R = 0. ii) Mixed wave (MW)
defined by a reflection coefficient of magnitude 0 < R < 1 and phase ¢ = . iii) Standing wave (SW) corresponding to
R =1, and ¢ = . Their model was based on the computation of effective electrons’ trajectories that are perturbed by
the electromagnetic fields and the inter-electrons interactions to account for the space charge effect due to Coulombian
repulsion. Their simulation tool allows determining the number of electrons released after each collision based on the
TEEY data of the tested material. They have focused only on the lowest voltage multipactor thresholds, and have found
that the voltage multipactor thresholds are higher for the SW case than the case of a TW for high values of f x d products
(where f is the frequency, and d is the distance separating the inner conductor from the outer one). They attributed this
effect to the existence of very low electric field regions in the wave propagation direction (SW nodes), absorbing the
electrons before the ignition of the multipactor phenomenon. They found that this effect is more pronounced for f x d
products higher than 7 GHz. mm, independently of the choice of f and d. Nevertheless, for f x d products less than this
threshold the voltage multipactor thresholds are the same for SW, MW, and TW cases.

In [8], the author performed simulations of multipactor discharge using CST Particle Studio, for a coaxial waveguide
subject to SW. The findings of [7] were confirmed to come from the Gaponov-Miller force that pushes electrons toward
the low electric field region and contributes mitigating multipactor. In addition, three multipactor zones have been
identified in the SW mode: i) the low electric field zones showing the similarity between the multipactor for SW and that
for TW, where the Gaponov-Miller force has yet no effect; ii) a medium electric fields zone where this force gains
strength and the secondary electrons are more concentrated in the electric field nodes; iii) the high electric field zones
where the concentration of electrons is denser on a very small volume located in the electric field nodes. The results from
Romanov’s work disagreed with the analysis done by Somersalo for the SW case, since the simulations have shown a
multipactor near the nodes of the electric field.

In all these papers, the multipactor thresholds were given in terms of incident RF power and reflection coefficients. In
antennas for nuclear fusion experiments, however, measuring or deducing the incident and reflected powers are not always



possible, in particular in the resonant sections of the antennas. In addition, some components (such as the bridge) are not
coaxial and the definition of a voltage is no more unique. Electric field topology in the components, on the contrary, can
be deduced from the global circuit’s model resolutions [9]. As the multipactor is inherently caused by the electromagnetic
field topology inside the RF components, its knowledge is in theory sufficient to determine the multipactor susceptibility
regions for a given excitation. For these reasons, multipactor thresholds are defined in the following sections in terms of
electric field magnitudes rather than RF powers or voltages.

GEOMETRIES MODELS

In this paper, we address two types of geometries: a simple cylindrical coaxial cable of characteristic impedance Z, =
50 Q, and the bridge geometry of the IC antennas used on the tokamak WEST.

Coaxial cable

We consider a uniform circular coaxial transmission line consisting of an inner conductor of radius a and an outer
conductor of radius b, where d = b — a is the gap spacing between electrodes (illustrated in Fig. 1). The TEM mode is
considered, and the incident wave propagation direction is +z. At each frequency f, the length of the coaxial cable in the
propagation direction is taken equal to A/2, A being the wavelength corresponding to frequency f. The RF
electromagnetic fields are described by a superposition of two TEM waves travelling in opposite directions, i.e., both
ports are excited respectively with the pzy, and R?pzy. p being the incident power on the first port; R, and

respectively the magnitude and phase of the reflection coefficient I' = Re/¥. The incident powers are normalized to 1W,
leadingtop = T +1R2. Three cases will be considered: i) travelling wave (TW), expressed by R = 0; ii) mixed wave (MW),
expressed by 0 < R < 1,and y = 180° (particularly we are interested in the case R = 0.5); and iii) standing wave (SW),
given by R = 1, and ¢ = 180°. Hence, we can express the RF fields by

E(# t) = écos(wt — Bz)é, + Lbcos(wt + Bz + ) é, (D)
VI+R%rin(3) VI+Rzrin(3)
A v ; RV .
B(#,t) = ————cos(wt — fz)é , — —bcos(wt +pz+Y)eé, (2)
V1 + Récrin (E) V14 R?crin (E)

where (€, €, €,) are the unit vectors of the cylindrical coordinates (r, ¢, z), 7 the position vector, c the light speed,
V =Viw =+/2Z,, and w = 2rf the angular frequency.

7

Fig. 1: Coaxial geometry representation. The light grey represents the vacuum and the dark grey the conductors.

Bridge

In experimental magnetic confined nuclear fusion reactors, radio-frequency (RF) systems are used to heat the plasma.
Among the heating systems used on the tokamak WEST, is the lon Cyclotron Resonance Heating (ICRH) system
composed of three antennas operating in the frequency range [46 - 65] MHz. Each ICRH antenna, as represented in Fig.
2, is composed of two sides, left and right; each constituted of two variable capacitors, a bridge, an impedance transformer,
and an RF feed-through ceramic window. Each side has its own RF power generator so that either one or both sides of
the antenna could be powered. From all these components, we are particularly interested in the analysis of the multipactor
properties of the bridge geometry, which is a three ports structure, as shown in Fig. 3. Since the geometry of the bridge is
not homogeneous, so are the electric and magnetic fields. Therefore, the multipactor analysis region is split into six regions
where geometries and fields are almost homogenous: Region D, Region E and Region F are cylindrical coaxial
geometries. Whereas Region A is parallel-plates-like geometry, Region B is a coaxial geometry of elliptical cross-section
and Region C is a complex geometry composed of two output ports and a parallel-plates-like geometry joining the two



ports. Practically, the incident power is only known on port 1. The incident powers on ports 2 and 3 can be obtained for
a given plasma facing the antenna by modelling the circuit of the antenna with all its components: input power and phase
from the generators, RF windows, impedance transformers, bridges, tuning capacitors and front face. The Table 1 gives
an example of the calculated excitations for the bridge section, when the antenna is tuned to radiate without plasma, a
typical case used during antenna RF conditioning. In this example, calculated at 55 MHz, the generators are set-up such
that the right side is powered with (1W, 0°) and the left side with (1W, 180°).

Table 1: All bridge’s port excitations were obtained from solving the antenna circuit of an IC antenna operating at 55
MHz and facing vacuum (no plasma).

Bridge side Port#1 Port#2 Port#3
Left (1.112W, 146.937°) | (19.081W, -143.768°) (22.853W, 31.097°)
Right (1.124W, -33.058°) (35.111W, 37.49°) (40.277W, -146.558°)

Toward
generator

RF feed-through
window,

of

Left | Right

Impedance transformer

Bridge
9% Variable

1 Capacitors
| Front-face

Fig. 2: An illustration of the different components of one side of an ICRH antenna used on the tokamak WEST. The other
side is not shown in the figure but has the same set of components.

Port#1

Region £ Region F

Fig. 3: Left — Bridge geometry. Right — Multipactor regions.

METHODOLOGY

To develop a criterion for each of the lower and upper multipactor powers, independently of the choice of the reflection
coefficients, we first look at the case of the coaxial line. Fig. 4 represents different voltage magnitudes in function of the
positions along the wave propagation direction of the coaxial cable represented in Fig. 1: i) the green horizontal line
represents the constant voltage V, when the coaxial is subjectto a TW (R = 0). ii) The orange curve represents the voltage
in a coaxial cable subject to a MW with R = 0.5, and ¥ = 180" (The voltage standing wave ration quantifying the

. . _ Vmax _ 1+R _ s .. . V(-R)
reflected power is defined as VSWR = =T 3), so that the voltage’s minimum is Npvvd and the voltage

Vmin 1-

. iii) The blue curve represents the voltage in a coaxial cable subject to a SW with R = 1, and ¢ =

V(1+R)

V1+R2

maximum is




180" (VSWR = o0), so that the voltage’s minimum is zero, and the voltage’s maximum is v/2V. The region within the
dashed red lines of Fig. 4 is the multipactor region, bounded by the lower and upper voltage multipactor thresholds.

For the TW case, when V < Vi, jower, N0 Multipactor occurs. When Vi, jower < V' < Vinp upper the multipactor can take
place anywhere in the coaxial. For the MW and SW cases, we can observe that once the peaks of the blue and orange
curves reach the value Vi 1ower, the multipactor can take place in the vicinity of the maximum voltages’ locations only.
This reveals that the ignition of multipactor is controlled by the peak voltage on the line (i.e. peak electric field),
independently of the wave pattern. Moreover, for the MW and SW cases, when the peak voltage is between Vi, 1ower
and Vinp, upper the multipactor will be triggered in the regions where the voltage is within the multipactor region as the
dotted regions for the MW case. As the peak voltage is increased above the Vi, ,pper, the multipactor regions get smaller
as illustrated by the purple hatched regions of Fig. 4. As the peak voltage increases more above Vi, ypper, the multipactor
regions move toward the minimum electric field regions. For the MW case, the multipactor will ends when the minimum
voltage along the line is higher than Vi, \,per- Therefore, the multipactor region for the highest multipactor threshold
will be located near the minimum electric field regions. On the contrary, for the pure SW case, the minimum voltage is
always lower than Vi, jower, While the maximum voltage can be above Vy,, upper- Hence, in theory, multipactor could
always be triggered in such cases, in particular close to the nodes of the electric field. It should be noted that, in reality,
due to the space charge, non-linear effects such as ponderomotive force and the surface conditioning effects (reduction
of TEEY), multipactor may no more be triggered above a certain threshold, even for the pure SW case.

Motivated by this analysis, we expect that the maximum multipactor electric field corresponding to the lower power
multipactor bound remains almost the same for the three wave patterns (TW, MW or SW). Moreover, we expect that the
mean (average) multipactor electric field, calculated in the multipactor susceptible region, corresponding to the upper
power multipactor bound remains almost the same for the three wave patterns.

Vi 12V 3

np. Ugper

V(1+R)W1+R2 ]

Ving, lower

— TW

— SW

Voltage Magnitude |V| [V]

V(1 -RW1+R? ]

MI4 A2
Propagation direction z [m]

Fig. 4: Voltage magnitude at different positions of a coaxial line in the wave propagation direction. The voltages of three
waves’ regimes are plotted: travelling wave, mixed wave, and standing wave. The dashed red lines represent the lower
and upper multipactor voltages. The dotted regions and the hatched purple regions represent respectively the multipactor
locations along the propagation direction for the MW and the SW cases.

RESULTS

As a first step, the cartography of the electromagnetic fields is generated using ANSYS-HFSS for the targeted excitations’
pattern P where P is the powers and phases inputs for each port of the structure. This cartography is then imported into
Spark3D, which is used to determine the lower P, 1ower- aNd UPPET P, upper POWET multipactor thresholds. As a second
step, the multipactor electromagnetic field corresponding to Py, iower» AN Py upper 1S Calculated with HESS, with the
initial port excitations multiplied by the multipactor power thresholds. For Py, iwer, the electric field criterion is the
peak multipactor electric field Eeqx (Pmp,1ower) found in the multipactor susceptible region, located in the vicinity of the



maximum electric field. For P, ,pper, the electric field criterion is the mean (average) multipactor electric field
Emean (Pmpupper) Calculated within the susceptible multipactor region corresponding to the upper power multipactor
threshold, which is found to be a region near the lowest (nodes for the SW pattern) electric field region. The multipactor
susceptible regions, corresponding respectively to Py, jower AN Py upper» are the set of surface meshes where for each
mesh the following inequality holds: E.; < E; X TEEY < E.; X TEEY 4. Ec1, @nd E, are the first and second crossover

energies, TEEY,,,, is the maximum of the TEEY data, and (E;, TEEY) are the electrons’ impact energy and average
TEEY value for the surface mesh.

Coaxial cable

In Fig. 5 (left), the blue, orange and green curves represent respectively the lower and upper power multipactor thresholds
(Pmp,towerr Pmpupper) Obtained for a 50 Q coaxial cable in the frequency range [20 — 150] MHz, for TW, MW, and SW

patterns. The purple, and black points correspond to the MW, and SW expected lower power multipactor thresholds,
calculated from the TW counterpart using Somersalo’s scaling laws Py, = %;fz), and Pgy = PTTW, since port
excitations are normalized to 1W. These proposed scaling laws are in good agreement with the P, jower Obtained by
simulation, as expected as this criterion is linked to the maximal electric field. The surface TEEY corresponds to that of
a silver-coated stainless steel material relevant to the WEST IC operational conditions. This figure illustrates the fact that
the multipactor power thresholds (lower or upper) are affected by the wave pattern, especially for the upper power
multipactor thresholds. By looking at the multipactor susceptible regions for (Pup iowers Pmpupper), it Was found that
the multipactor starts near the maximum (purple region) of the electric field and ends near its minimum (orange region)
as depicted in the right hand sided illustration of Fig. 5. Consequently, the region chosen for the computation of the mean
multipactor electric field corresponding to the upper power multipactor threshold is around the lowest electric field region
(being the region of the peak of the magnetic field). The lower Epeqx (Pmp tower) aNd UPPEr Eyean (Pmp upper) €lECtric
field criteria corresponding t0 Py, iowers @A Py, upper are illustrated respectively in black and blue for the TW (solid
lines), MW (dotted lines), and SW (dashed lines) in Fig. 6. It shows that the multipactor electric field threshold is
independent of the wave pattern for both the lower and the upper thresholds, which validates the proposed criteria. The
error between the peak multipactor electric field Epqqx (Pmp,iower) COrresponding to a MW/SW case, and its TW
counterpart case (taken as reference) is at most 7%. For the upper thresholds, the error between the mean multipactor
electric field E,,oqn (Pimp,tower) COrresponding to a MW (SW) case, and its TW counterpart case is at most 15% (6%).
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Fig. 5: Left — The blue, orange, and green curves represent respectively the lower and upper power multipactor thresholds
for the wave patterns: TW, MW, and SW. The purple and black points represent the expected lower multipactor thresholds
for the MW, and SW patterns as suggested by Somersalo. Right — On top the electric field cartography for a SW pattern
is plotted, and on bottom the multipactor susceptible regions for the lower and upper power multipactor thresholds are
represented respectively in purple and orange.

Bridge

The two different excitations obtained from the circuit analysis of one IC antenna facing vacuum (Table 1) are first
normalized to 1W, and then their corresponding electromagnetic cartographies are imported to Spark3D for multipactor



power threshold calculations in each of the predefined regions. It has been found that, at 55 MHz, for the chosen TEEY
data curve, no multipactor is observed in regions: A, B, and D. Whereas, the multipactor appears in regions C, E, and F.
The lower and upper power multipactor thresholds (P, iower» Pmpupper) fOr €ach of these regions are given in Table 2.
On the left hand side of Fig. 7, the electric field cartography for the antenna right-sided bridge’s normalized excitations
is plotted. On the right, the purple, and orange susceptible regions correspond respectively to the lower P, jower, and
UPPEr Py, upper POWeEr multipactor thresholds are plotted. This evidences that the multipactor ignition is near the
maximum of the electric field, whereas, its quenching is near the minimum of the electric field within the same region.
The same conclusions were drawn from the analysis of regions E and F. For each bridge excitation (left and right), and
in each region, the proposed criterion for the Py, jower AN Py upper -85 Epeak (Pmp,tower) N0 Ernean (Pimp upper) are
evaluated to check their independence of the geometry’s excitations. The obtained values are plotted in Fig. 8 and show
that Epeak (Pmp,tower) aNd Epean (Pmp‘upper), of the left and right port excitations, are almost equal in each of the regions.
The percentage difference does not exceed 4%.
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Fig. 6: The solid, dotted and dashed black curves represent the peak electric field corresponding to the lower power
multipactor thresholds of respectively the TW, MW, and SW patterns. The solid, dotted and dashed blue curves represent
the mean electric field calculated in the multipactor regions and correspond to the upper power multipactor thresholds of
respectively the TW, MW, and SW patterns.
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Fig. 7: Left — The electric field cartography in region C, corresponding to the normalized excitations of the right side
bridge. Right — The purple and the orange regions correspond respectively to the multipactor susceptible region of the
lower, and upper multipactor power thresholds.

Table 2: Power multipactor thresholds for the regions C, E, and F of the bridge geometry of each antenna side.

Bridge Region C Region E Region F
P mp,lower [W] P mp,upper [W] P mp,lower [W] P mp,upper[W] P mp,lower[W] P mp,upper[W]
Left 9680 2.58 x 10° 1480 19310 660 5053
Right 11323 2.8 x10° 1297 15013 717 5677
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Fig. 8: The black points represent the peak electric field corresponding to the lower power multipactor thresholds of the
regions C, E, F for the bridge’s left (arrows) and right (squares) antenna excitations. The red points represent the mean
electric field corresponding to the upper power multipactor thresholds of the regions C, E, F for the bridge’s left (arrows)
and right (squares) antenna excitations.

CONCLUSION

In this paper, we have proposed two multipactor-electric field-based criteria for both the lower and upper multipactor
thresholds and independently of the ports excitations (wave patterns). The proposed criteria have been validated for two
types of geometries: a coaxial line and a complex 3-port geometry, where we have found that independently of the ports
excitations the maximum multipactor electric field of the lower power multipactor threshold and the mean multipactor
electric field of the upper power multipactor threshold are always the same. Moreover, the results found in this work are
in good agreement with the previous findings, in terms of proposed scaling laws for the lower multipactor voltages’
independency of the wave patterns, and the sustainability of the multipactor near the nodes of the SW pattern at very high
incident powers for a simple coaxial geometry.
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