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Multipactor Thresholds Prediction for Geometries
Subject to Standing Waves

Eva Al Hajj Sleiman™, Julien Hillairet™, and Mohamed Belhaj

Abstract— High-power radio frequency (RF) systems, such
as those found in high-voltage/current test beds for RF compo-
nent testing and RF plasma heating antennas, often experience
standing waves (SWs). In such scenarios, the amplitude of electro-
magnetic (EM) fields ceases to be longitudinally homogeneous,
and the resulting electric field gradient nonlinearly influences
electron trajectories, introducing challenges in predicting mul-
tipactor, the exponential electron-growth mechanism, compared
to traveling wave (TW) cases. This study identifies a specific
regime where the mean and maximum electric field magni-
tudes characterize the upper and lower multipactor thresholds
independently of the reflection coefficient. This unique regime
enables the prediction of multipactor thresholds in devices using
simulations with a single, forward-TW, eliminating the need for
extensive simulations involving multiple waves’ excitation. Unlike
previous works focusing solely on predicting thresholds initiating
multipactor in geometries subject to SWs, our interest extends
to predicting the upper multipactor thresholds, beyond which
electron-growth diminishes. We use the commercial software
Spark-3D, employed as a breakdown analysis tool, to determine
the lower and upper multipactor scaling factors for complex 3-
D geometries subject to SWs. By comparing multipactor electric
fields for SW cases to those for TW cases, we propose multipactor
electric field thresholds that remain constant independently of the
reflection coefficient within the frequency range of interest.

Index Terms— Coaxial transmission line, high power, multi-
pactor, radio frequency (RF), resonator, standing wave (SW),
total electron emission yield (TEEY).

I. INTRODUCTION

ULTIPACTOR is a vacuum discharge observed in

microwave structures [2] at sufficiently low pressures
so that the electron-free path is longer than the vacuum
space [3]. The multipactor mechanism sustains itself by sec-
ondary electron emission, resulting from electrons’ impact
on the component surfaces. Multipactor can be observed in
many applications, such as space applications, in particular,
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radio frequency (RF) satellite payloads [13]; experimental
tokamak RF components: antennas, transmission lines, and RF
windows [15]; and microwave vacuum tubes [16] or particle
accelerator structures [14].

For multipactor to occur in all-metal devices, two conditions
must be simultaneously fulfilled [4]: 1) 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 and 2) the second condition is the resonance
condition for the electron’s motion to be synchronized with
the phase change of the RF electric field.

Contrary to signal amplification applications where the
multipactor is beneficent, we are particularly interested in
applications where the consequences of multipactor are prob-
lematic and may affect or limit the performance of the RF
components [5]. As multipactor experiments are expensive,
especially with complex big dimensions components and for
a megawatt range of RF power, we rely on numerical tools
for multipactor predictions.

TITAN [1] is a test-bed facility devoted to ion cyclotron
resonance heating (ICRH) subassembly testing, built at
CEA-Cadarache in France. Within this test-bed facility, the
under-test component is connected to a high-power RF genera-
tor, delivering up to 2 MW in the frequency range 46—65 MHz.
An RF resonator was used to reach relevant RF performance
under vacuum conditions, i.e., a voltage in the order of a few
tens of kilovolts and current in the range of thousands of
amperes. This resonator was made of two coaxial transmission
lines fed with a T-junction. One of these branches is connected
to the device under test, followed by a variable-matching short
circuit. The other one is also connected to a variable-matching
short circuit. For a given generator’s frequency, the match-
ing point is achieved by optimizing the electric lengths
of the coaxial transmission lines, being the two variable-
matching components. This resonator operated at levels up to
(50kV-3kA) to mimic the operating voltage and current of the
devices under test (for a single frequency) [18]. The resonator
is fed by an RF generator with a 30-Q2 coaxial transmission
line. Being an under-vacuum device, it is therefore prone to
multipactor.

In such applications, RF components are tested at high
voltage (or current) densities in ranges that can be above
the upper multipactor thresholds. Therefore, in practice, the
multipactor power bands of the different parts of the resonator
are bypassed during operation. However, it requires ramping
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Fig. 1. Coaxial transmission line geometry’s representation. The light gray
represents the vacuum and the dark gray represents the conductors. The inner
and outer conductors are, respectively, of radii a and b.

up the RF power sufficiently fast to minimize the time spent
in the multipactor regions to avoid multipactor to develop
and detune the RF system [5]. This operation elucidates the
necessity for determining the lower and the upper multipactor
thresholds of all the resonator’s parts.

Contrary to other applications where the RF components are
matched to the load, preventing reflected power from flowing
back to the source, the main specificity of the double-branch
resonator is its operation with a high standing wave ratio
(SWR). In this case, the wave pattern is the superposition of
an incident and reflected waves. The benefit of the resonator’s
operation under standing waves (SWs) is that we can achieve
high voltages or currents at specific target locations within the
resonator branches with relatively low input power. Neverthe-
less, the remaining components of the resonator are subject to
low voltages or currents. Since the voltage gradient affects the
electrons’ trajectories, it is crucial to determine the lower and
upper multipactor thresholds for SW cases and to determine
relevant multipactor quantities for these multipactor thresholds
regardless of the reflection coefficient values.

This article aims to identify a regime where the lower and
the upper (when existing) multipactor thresholds are constant,
regardless of the amount of reflected power. Two geometries
are considered herein: 1) a coaxial transmission line of char-
acteristic impedance 502 analyzed in the frequency range
[25, 1500] MHz and 2) the different parts of the resonator
of the TITAN test-bed facility at a frequency of 63 MHz.

The rest of this article is organized as follows. Section II
lists the previous findings on the multipactor thresholds’
determination in SW regimes. Section III presents the geome-
tries models analyzed here. Section IV explains the generic
methodology applied to determine the relevant quantities for
the lower and upper multipactor thresholds, regardless of the
percentage of the reflected power. The obtained results are
detailed in Section V. Finally, Section VI concludes the work.

II. PREVIOUS FINDINGS

Somersalo et al. [6] applied a computational method on
quarter-wavelength coaxial transmission lines operating under
traveling wave (TW), mixed wave (MW), and SW. The coaxial
transmission line is excited only from one side. Hence, the
multipactor power threshold is defined as incident power. They
used their developed method to determine the multipactor
power thresholds, type, and order; by following the electron
trajectories in the structures.

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 far from the
electric field’s maximum appeared at higher incident powers,
and the nonphase focusing electrons far from the electric
field’s maximum drift toward the minimum of the electric
field as the power increases. They deduced that the multipactor
for coaxial transmission lines operating in SW is due to the
electric field within their power-incident range. In addition,
they proposed a scaling law relating the multipactor powers
of the TW case to those of the SW case. This scaling law is
given by Prw = 4Psw since the peak voltage of the SW is
twice that of the TW in such a case.

For the MW case, they found that when the reflection
coefficient is higher than zero (TW case), the multipactor
resonance regime splits into two distinct modes. The first set
of resonance modes will coincide with the electric multipactor
mode of the SW case. The second set, caused by the magnetic
field, shifts to very high incident powers and is known as
the magnetic multipactor mode. A scaling law exists between
the electric multipactor powers of the MW case and the TW
multipactor powers and is given by Pyw ~ (1/(1 + R)?) Pry.
They summarized that the multipactor for the TW case is
of mixed nature, where both the electric and magnetic fields
contribute to the multipactor. However, as the reflection coef-
ficient 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 no multipactor is
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 considered due to numerical limitations, and
the scanned incident power range is limited to hundreds of
kilowatts.

Perez et al. [9] have developed a numerical model to predict
the multipactor thresholds for coaxial transmission lines of
infinite length in the propagation direction. Here, the authors
choose to excite the coaxial transmission line from both ports
so that the resultant wave is a superposition of two waves
propagating in opposite directions. These transmission lines
are subject to three types of RF signals of different reflec-
tion coefficients: 1) TW corresponding to a null reflection;
2) MW defined by a 50% reflection coefficient; and 3) SW
corresponding to a 100% reflection. Their model was based
on the computation of effective electron trajectories perturbed
by the electromagnetic (EM) fields and the inter-electron
interactions to account for the space charge effect due to
Coulombian repulsion. They have focused only on the lower
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 low electric
field regions’ existence in the wave propagation direction
(SW nodes), absorbing the electrons before the multipactor
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Fig. 2. TEEY data for silver-coated, copper, and stainless steel samples.

phenomenon ignition. They found that this effect is more
pronounced for f x d products higher than 700 MHz - cm,
independently of the choice of f and d and the chosen
material. Nevertheless, for f x d products less than this
barrier, the voltage multipactor thresholds are the same for
SW, MW, and TW cases.

Romanov [10] performed simulations of multipactor dis-
charge using CST Particle Studio for a coaxial transmission
line subject to SW. The findings of Perez et al. [9] were
confirmed to come from the Gaponov-Miller force (also
known as ponderomotive force) that pushes electrons toward
the low electric field region and contributes to mitigating
multipactor. In addition, three multipactor zones have been
identified in the SW mode: 1) the low electric field zones
showing the similarity between the multipactor for SW and
that for TW, where the ponderomotive force has, yet no
effect; 2) a medium electric field zone where this force gains
strength and secondary electrons are more concentrated in the
electric field nodes; and 3) the high electric field zones where
the concentration of electrons is denser on a small volume
located in the electric field nodes. The results from Romanov’s
work [10] disagreed with the analysis done by Somersalo et
al. [6] for the SW case since their simulations have shown
multipactor near the nodes of the electric field.

III. INVESTIGATED GEOMETRIES

Two geometries are elaborated: 1) a 50-Q coaxial trans-
mission line of stainless steel silver-coated material and
2) the resonator of the TITAN test-bed facility, constituted
of three different material types: silver, copper, and stainless
steel. The TEEYs used for the different materials are measured
at ONERA/DPHY [20] and are given in Fig. 2.

A. Coaxial Transmission Line

We consider a uniform coaxial transmission line consisting
of an inner conductor of radius @ and an outer conductor
of radius b, where d = b —a (d = 4 cm) is the gap
spacing between electrodes (illustrated in Fig. 1). At each
frequency f, the length of the coaxial transmission line in

the propagation direction is A/2, A being the wavelength
corresponding to the frequency f. The RF EM fields are
described by a superposition of two TEM waves traveling in
opposite directions (+z and —z), i.e., both ports are excited,
respectively, with p/y and R%*p/y. p and R?p are the
incident powers on the first and second ports, respectively.
R and ¢ are, respectively, the magnitude and phase of the
reflection coefficient I' = Re/Y. The total incident powers on
both ports are normalized to 1 W, leading to p = (1/1 + R?).
Three cases will be considered: 1) TW, expressed by R = 0;
2) MW, expressed by 0 < R < 1, and ¢ = 0° (particularly
we are interested in the case R = 0.5); and 3) SW, given by
R =1 and ¥ = 0°. Hence, we can express the RF fields by

14
V1+R%r ln(g)
n RV

V14 RrIn(%)

14
14+ chrln(g)
K t+ Bz +V)e (2)
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where (€,, &, é'z) are the unit vectors of the cylindrical coor-
dinates (7, ¢, z), ¥ is the position vector, ¢ is the light speed,
V = Viw = (2Z¢)"/?, and w = 27 f is the angular frequency.
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B. Resonator

The resonator is a three-port passive RF geometry consti-
tuted of two coaxial transmission lines’ branches, as illustrated
in Fig. 3. Port 1 is the input port of the geometry and is
connected to the RF generator. Ports 2 and 3 are connected to
two short circuits of variable lengths and resistance, adjusted to
create an SW pattern. On the left of Fig. 3, the inner (bottom)
and outer (top) conductors of the resonating loop are shown.
Different colors refer to various materials: green for silver-
coated conductors, light red for copper-coated conductors, and
violet for stainless steel conductors.

Herein, the resonator’s frequency of interest is 63 MHz.
Therefore, to minimize the reflected power back to the RF
generator (S parameter at Port 1) at the frequency of interest,
the physical length of the two variable-matching coaxial
transmission lines connected to Ports 2 and 3 is optimized.
To do it, we use ANSYS Electronics as shown in Fig. 4,
where two resistors are added to Ports 2 and 3 to model the
connected resistive shorts. Once the lengths minimizing the
reflected power at Port 1 are determined, the electric field
pattern in the resonator is similar to the plot on the right of
Fig. 3, where it is seen that the wave is an SW consisting of
a resultant from an incident and reflected waves.

To perform multipactor analysis for such configurations,
we create numerous multipactor sections of homogeneous
geometry and/or electric field, following the method described
in [8]. For the resonator, 19 sections are chosen, whose
location of each is indicated with numbered arrows in Fig. 3.
Details on each section’s type and material are given in
Table I.
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create an SW pattern. The variable parameters are dpyt and dcga being the
physical length of the variable coax terminations.

IV. METHODOLOGY

To identify two multipactor thresholds for the ignition and
extinction of the multipactor phenomenon, regardless of the
value of the reflection coefficient, we investigate the case of
a coaxial transmission line for its simplicity. Let us consider
a coaxial transmission line, for which we suppose that the
multipactor conditions are simultaneously fulfilled at a given
frequency so that the multipactor voltage thresholds Vi 1ower
and Vip.upper are known [7], as represented in Fig. 5. The mul-
tipactor region, bounded by the red dashed lines of Fig. 5 being
the lower (Vinp lower) and upper (Vipp upper) Voltage multipactor
thresholds, is constant regardless of the wave pattern and is
dependent solely on the frequency, and geometry’s dimensions
and material.

The coaxial transmission line geometry will be subjected to
different wave patterns for relevant physical quantities identi-
fication of the lower and upper multipactor thresholds and the
multipactor location identification from ignition to extinction

phase. Fig. 5 represents different voltage magnitudes for
different wave patterns as a function of the position along
the wave propagation direction z of the coaxial transmission
line represented in Fig. 1. Three wave patterns are considered.

1) TW, ie., R = 0 illustrated in Fig. 5(a)—(c). The blue
horizontal line represents the constant voltage V.

2) MW is illustrated in Fig. 5(d)—(f). The orange curve
represents the voltage pattern of a coaxial transmission
line subject to MW with R = 0.5 and ¢ = 0° (the
voltage SW ratio quantifying the reflected power is
defined as VSWR = (Vipax/ Vinin) = 1+ R/1—R) = 3)
so that the voltage’s minimum is (V (1 — R)/(14+R?)'/?)
and the voltage maximum is (V (1 4+ R)/(1 + R?)!/?).

3) SW illustrated in Fig. 5(g)—(i). The green curve repre-
sents the voltage in a coaxial transmission line subject
to an SW with R = 1 and ¢ = 0° (VSWR = 0o0)
so that the voltage’s minimum is zero, and the voltage’s
maximum is (2)!/2V. V is progressively increased when
going from Fig. 5(a) to (c), from Fig. 5(d) to (f), and
from Fig. 5(g) to (i).

For the TW case, when V < Vppiower, N0 multipactor
occurs. When Vipiower < V' < Vinp.upper» the multipactor can
take place along the coaxial transmission line, as represented in
Fig. 5(a)—(c). For the MW and SW cases, we can observe that
once the peaks of the orange and green curves reach the value
Vmp.lower [respectively, in Fig. 5(d) and (g)], the multipactor
can take place in the vicinity of the maximal voltage location
only. The latter reveals that the ignition of the multipactor is
controlled by the peak voltage on the line (i.e., peak electric
field), regardless of the wave pattern, and is localized in
the vicinity of the maximal voltage. Moreover, for the MW
and SW cases, once the multipactor region intersects the
voltage pattern seen across the line [illustrated, respectively,
in Fig. 5(e) and (h)], the multipactor will be triggered in
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phase along the structure. (c) Extinction multipactor phase along the structure.

(d) Ignition multipactor phase localized at the maximal voltage. (¢) Intermediate

multipactor phase drifting toward the minimal voltage region. (f) Extinction multipactor phase localized at the minimal voltage. (g) Ignition multipactor phase
localized at the maximal voltage. (h) Intermediate multipactor phase drifting toward the minimal voltage region. (i) Theoretically, there is no multipactor

extinction phase for SW pattern.

the zones where the voltage is within the multipactor region.
These zones are represented as a dotted zone for the MW
case and a hatched zone for the SW case and correspond
to the geometry’s parts where the multipactor conditions are
simultaneously fulfilled. The latter reveals that for both MW
and SW, as the voltage V increases, a displacement in the loca-
tion of the sustained-multipactor phenomenon is observed, and
therefore, the multipactor drifts from the maximal voltage’s

vicinity toward the minimal voltage’s location on the line.
Moreover, one can remark that for such cases, the maximal
voltage observed on the line is no more the relevant physical
quantity, in terms of location and value, for the developed
multipactor.

Theoretically, for the MW case, the multipactor extinction
takes place when the minimal voltage across the line reaches a
value higher than Viyp upper, as illustrated in Fig. 5(f). Therefore,
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the multipactor is localized in the minimal voltage vicinity
before extinction. Nevertheless, there is always a null voltage
across the line for the pure SW case. The latter means that,
theoretically, the multipactor could always be sustained close
to the voltage nodes for SW. It should be noted that, in reality,
due to the space charge effects [19], nonlinear effects, such as
ponderomotive force [21], as well as the surface conditioning
effects (reduction of TEEY) [7], the multipactor is no more
sustained above a certain barrier, even for the pure SW case.

As for generic and multiport complex geometries, it is
sometimes not possible to define a voltage unequivocally, and
as the electric field is the gradient of the voltage (E = —VYV),
the multipactor thresholds are expressed as multipactor electric
field thresholds rather than voltage thresholds.

Motivated by the coaxial transmission line analysis,
we expect that the maximal multipactor electric field’s magni-
tude of the multipactor-susceptible zone corresponds to the
ignition of the multipactor and remains almost the same
for the three wave patterns (TW, MW, or SW). Moreover,
we expect that the mean (i.e., average) multipactor electric
field’s magnitude, calculated in the multipactor-susceptible
zone, corresponds to the extinction of the multipactor and
remains almost the same for the three wave patterns. The
multipactor-susceptible zone corresponds to the geometry’s
part where the multipactor conditions are simultaneously
fulfilled. We expect that this principle is also true when
working with complex 3-D geometries, as will be shown in
Section V-B.

A. Implementation

The software used for multipactor analysis is Spark-3D,!
and the multipactor decision algorithm is detailed in [7].
As our software’s version only supports a single TEEY, the

"Version 1.6.3.

Steps summarizing the applied methodology for the determination of the multipactor electric field thresholds, which are constant regardless of the

sections having multiple TEEY will be analyzed for each
TEEY, composing the section separately.

For an imported geometry into Spark-3D, the total initial
incident power on all the ports of the geometry must be equal
to 1 W. If the imported geometry has one activated port, then
the software will give, as output, the multipactor incident
power(s). Otherwise, if the imported geometry has N -activated
ports, where each port i has an initial incident power P;,
i =1,..., N, such that the total initial incident power is one,
ie., X, P, =1 W, the software’s output is a scaling factor
F, and once multiplied by each port’s incident power (P;),
it gives the ports’ incident powers triggering multipactor in the
analyzed geometry. In other terms, to obtain the multipactor
electric field in the geometry, each port will have an incident
power equal to P, x F, i 1,..., N. Note that if the
geometry has two multipactor thresholds, then the output of
the multipactor decision algorithm is two scaling factors Fp,
and F,x for the ignition and extinction of the multipactor,
respectively. As we are dealing with coaxial transmission lines
having two thresholds [7], we stick to Fii, and Fix.

As varying the reflection coefficient can be obtained by
changing the initial incident power on the different geom-
etry’s ports, the scaling factors Fpi, and Fy.x obtained by
the multipactor software will vary as well. Therefore, for
each port and each reflection coefficient, we associate an
incident multipactor power, which is not practical, especially
with multiport geometries of variable reflection coefficients.
Therefore, defining the multipactor thresholds as electric field
multipactor thresholds rather than multipactor incident power
thresholds is crucial.

The proposed methodology will be implemented, as illus-
trated in Fig. 6. In the first step, the EM field cartography
is calculated by an EM solver (here, ANSYS-HFSS). After
choosing the initial power ports’ excitation and the appropriate
TEEY curve, the EM field is imported into the multipactor
solver (here, Spark-3D). In the second step, the scaling factor



TABLE I

DIFFERENT MULTIPACTOR-ANALYSIS SECTIONS OF THE RESONATOR STRUCTURE. THE TYPE OF THE GEOMETRY, SECTION’S NAME, INNER AND OUTER
CONDUCTORS’ SURFACE MATERIAL, AND THE IN-PLANE VACUUM ILLUSTRATION ARE GIVEN

Geometry Section(s) Inner Outer Vacuum Illustration
conductor conductor
~18.74 Q) coaxial geometry S2 Copper Copper
///
502 coaxial geometry S8, and S13 Silver Copper 3.9'/9" }
\\\
S4, S6, and S15 Copper Copper —
‘ \
30 coaxial geometry S17 Copper Inox }: S5 :}
AN /
S19 Silver Silver —
Tee-junction 30 €2 coaxial geometry S10 Silver Silver
Bend 302 coaxial geometry S11 Silver Silver I
Helical (bellows) 30 €2 coaxial S5, and S16 Copper Copper f —j
geometry = =
S7 Copper Copper
S12 Silver Copper
Tapered geometry (50 2 - 30€2) e
S9 Silver Silver
S14 Copper Copper
S1 Copper Copper
Tapered geometry (302 - ~18.74 Q) \ /
S3 Copper Copper
Tapered geometry (302 - 26 2) S18 Copper Inox [ —

Fiey 1s iteratively changed for decision-making on the exis-
tence of a multipactor based on the number of electrons’
evolution in time [7]. The output of this step is the determina-
tion of Fy, and Fi.x, as well as the multipactor-susceptible
zones where the multipactor conditions are simultaneously
fulfilled (detailed in the following). After that, the ports’
excitation is scaled with the multipactor scaling factors to
generate the multipactor EM field cartography. The final
step is the evaluation of the maximum and mean electric
fields—in their corresponding multipactor-susceptible zones—

respectively, as the lower and upper multipactor thresholds,
following the methodology proposed in Section IV.

The multipactor-susceptible zone is the zone of the sim-
ulated region where multipactor takes place for the lower
and upper multipactor thresholds and, therefore, where
the multipactor conditions are fulfilled simultaneously. The
multipactor-susceptible zone is determined by analyzing the
statistical data generated by Spark-3D. In particular, the aver-
age TEEY and the average impact energy for each surface
mesh in the model are interesting statistical quantities for
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Fig. 7. Lower and upper multipactor scaling factors Fyin and Fax, obtained
by Spark-3D for the three wave patterns: TW, MW, and SW (detailed in
Section III-A), are represented, respectively, in plain purple, black dotted,
and red dashed. The green crosses and blue circles correspond to the scaling
laws proposed by Somersalo et al. [6], respectively, for the MW case and the
SW case.

defining the susceptible zone. The two conditions simulta-
neously imposed on a surface mesh to be considered in the
multipactor-susceptible zone are the following: 1) the average
TEEY of the surface mesh should be greater than or equal
to one and 2) the average impact energy E; should satisfy
E.1 < E; < E.», where E.; and E., are, respectively, the
first and second crossover energies of the TEEY imported data.

In the following, we are showing that the chosen relevant
physical quantities for the ignition of the multipactor, the
maximal electric field, and for its extinction, the mean electric
field, are constant regardless of the initial chosen P;, i =
1,..., N, and therefore regardless of the reflection coefficient
up to some frequency.

V. RESULTS
A. Coaxial Transmission Line

First, we want to examine the scaling factors provided by
the Spark-3D software for a 50-Q coaxial transmission line
to assess its variability with the reflection coefficient, i.e.,
its dependency on the ports’ excitation. Fig. 7 represents
the lower and upper scaling factors Fy,, and Fj,,x obtained
for the different wave patterns: TW (plain violet curve),
MW (black dotted curve), and SW (dashed red curve) in the
frequency range [25, 1500] MHz. Moreover, the scaling laws
of Somersalo et al. [6], mentioned in Section II, for the MW
and the SW cases as a function of the multipactor input power
obtained for a TW case are represented, respectively, in blue
circles and green crosses. The scaling laws are proposed for
the lower multipactor thresholds.

In contrast to the findings of Perez et al. [9], where the
700 -MHz - cm barrier separates the regime of constant lower
multipactor thresholds from the one with variable thresholds,
our study reveals a distinct behavior. In our results, the first
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Fig. 8. Relevant physical quantity for the multipactor’s ignition, which is the
maximum electric field’s magnitude evaluated in the multipactor-susceptible
zone of the coaxial transmission line when the initial ports’ excitation is scaled
by the multipactor scaling factor Fpi. The lower multipactor electric field
thresholds are evaluated for the three wave patterns detailed in Section ITI-A
and are represented in plain purple, black dotted, and red dashed.

dashed-dotted gray vertical line denotes the 700-MHz - cm
barrier. This line signifies the boundary between the mul-
tipactor regime where the upper electric field multipactor
thresholds remain constant, regardless of the variability of the
reflection coefficient, and the regime where the electric field
multipactor thresholds depend on the reflection coefficient.
In addition, what distinguishes our study is the second critical
point, represented by a barrier at 1200 MHz - cm, surpassing
the first one. Above this higher barrier, we observe the non-
linear ponderomotive force’s influence on the lower electric
field multipactor thresholds. This discovery is motivated by
our observation that the multipactor initiation occurs near
the maximal electric field, where the ponderomotive force’s
magnitude is null. As the multipactor threshold increases,
a displacement toward the electric field’s node, correlated with
an increase in the ponderomotive force, is observed. Therefore,
intuitively, the effect of the ponderomotive force should be
observed first for the upper and then the lower multipactor
thresholds, as explained in detail in the Appendix.

Fig. 7 shows that the scaling factors F, and Fp,x, cor-
responding to the ignition and extinction of multipactor, vary
with the variability of the reflection coefficient. In addition
to that, we remark that: 1) below the second barrier (at
1200MHz - cm), Fi, for the MW and SW cases (the lower
branch, respectively, for the black dotted curve and the dashed
red curve) shows a good agreement with the proposed scaling
laws by Somersalo et al. [6] (respectively, the green crosses
and the blue curves) and 2) above the second barrier, the
proposed laws are no longer in good agreement with their
corresponding simulated scaling factors. The latter is explained
by the ponderomotive force’s effect, as seen later.

Second, the methodology explained in Section IV-A is
applied to the coaxial transmission line for the three wave
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by the multipactor scaling factor Fpax. The upper multipactor electric field
thresholds are evaluated for the three wave patterns detailed in Section III-A
and are represented in plain purple, black dotted, and red dashed.

patterns to demonstrate the validity of the methodology below
the first barrier at 700 MHz - cm. Consequently, in this region
of validity, the multipactor electric field thresholds remain con-
stant regardless of the variability of the reflection coefficient.

The relevant physical quantity for the ignition (respectively,
extinction) of multipactor, corresponding to the lower (respec-
tively, upper) scaling factor Fi,, (respectively, Fiax), for the
TW, MW, and SW is represented in Fig. 8 (see Fig. 9).

Below 700MHz-cm (respectively, 1200 MHz - cm), the
results show that the obtained upper (respectively, lower)
electric field multipactor thresholds are constant for the dif-
ferent tested reflection coefficients, proving that the proposed
methodology is valid below 700MHz-cm. The pondero-
motive force does not affect the electron dynamics below
700 MHz - cm.

Nevertheless, the nonlinearity effect of the ponderomo-
tive force is more pronounced above 700 MHz - cm for the
upper multipactor thresholds as indicated by the fact that
the multipactor electric field responsible for the extinction of
multipactor in the SW case is smaller than that of the TW
case, as the multipactor extinction takes place easier when
there is a significant force pushing the electrons toward the
nodes of the electric field. Moreover, above 1200 MHz - cm,
it affects the lower multipactor thresholds, where we notice
that the multipactor electric field responsible for the ignition
of multipactor in the SW case is higher than that of the TW
case, as more power is needed to trigger multipactor since
the ponderomotive force is attracting the electrons toward the
electric field nodes without having enough energy to maintain
a multipactor in the nodes’ vicinity.

Our results agree with Perez et al. [9], except for having
two nonlinearity-triggering barriers for the upper and then
the lower multipactor thresholds. The nonlinearity-triggering

Eca X Sinax
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Impact Energy x TEEY
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Fig. 10.  Top: electric field representation (corresponding to the color
map on the left) for an SW propagating in the coaxial transmission line.
Middle (respectively, bottom): multipactor-susceptible zone located near the
maximal (respectively, minimal) electric field for the lower (respectively,
upper) multipactor threshold. The color map of the susceptible zones is
represented on the right side.

f x d product for the upper multipactor thresholds is lower
than that of the lower ones.

It should be noted that the results of Figs. 8 and 9 cannot
be quantitatively compared as they refer to different quantities
evaluated in different susceptible zones (Fig. 10).

Below 4000 MHz - cm, the multipactor’s susceptible zone,
for the lower (respectively, upper) multipactor thresholds, is in
the vicinity of the maximal (respectively, minimal) electric
field on the line as expected for the coaxial transmission line
as represented in Fig. 10.

Nevertheless, above 4000 MHz:-cm, the ponderomotive
force in the axial direction outperforms that in the radial
direction over a wide range of the coaxial transmission line.
The latter is due to the reduced distance between the maximum
of the electric field and its node. As a result, electrons are
pushed toward the direction of the electric field node before
initiating any multipactor process. Subsequently, the ignition
and extinction of the multipactor occur in the vicinity of the
electric field’s nodes, as illustrated in Fig. 11. This observation
could explain the minimal difference between the lower and
upper multipactor scaling factors. In this scenario, the lower
scaling factor tends to overlap with the upper scaling factor,
triggering the multipactor in the geometry for the f x d
products of 4000 and 6000 MHz - cm in the SW case, as seen
in Fig. 7.

Consequently, our analysis elucidates the role of the pon-
deromotive force in influencing multipactor thresholds for a
coaxial transmission line at different f x d products. Specif-
ically, at low f x d products (<700 MHz - cm), the radial
component dominates, rendering the ponderomotive force neg-
ligible. At intermediate f x d products (7O0MHz - cm < f x
d <1200MHz - cm), the axial ponderomotive force becomes
significant near the field nodes, affecting only the upper
multipactor threshold. However, at higher f x d products
(>1200MHz - cm), the axial ponderomotive force becomes
the dominant factor, impacting both upper and lower multi-
pactor thresholds. Therefore, the methodology is valid below
<700MHz - cm for the coaxial transmission line of 50-2
characteristic impedance.

B. Resonator

In this section, the simulations aim to demonstrate the
equivalence of multipactor electric field thresholds for the
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Fig. 11. Top: electric field representation (corresponding to the color map
on the left) for an SW propagating in the coaxial transmission line, for
an f x d product above 4000 MHz - cm. Middle (respectively, bottom):
multipactor-susceptible zone located near the minimal electric field for the
lower (respectively, upper) multipactor threshold. The color map of the
susceptible zones is represented on the right side.
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Fig. 12.  Relevant physical quantities for the multipactor’s ignition and
extinction when the initial ports’ excitation is scaled by the multipactor scaling
factor Fuin and Fpax. The horizontal lines are the physical quantities obtained
for a TW in coaxial transmission lines of different characteristic impedances.
Silver material sections are considered.

SW pattern within the resonator to those in simplified coaxial
transmission lines with TWs—assuming equal characteristic
impedance. Specifically, we apply the developed methodology
to determine the maximal (respectively, mean) multipactor
electric field evaluated in the susceptible zone corresponding
to the ignition (respectively, extinction) of multipactor in
each resonator section. The analysis is performed for each
material type separately. Sections with identical geometries
and materials but different electric fields (as illustrated in
Fig. 3) are considered comparable. Furthermore, the results
for the coaxial transmission line sections are compared to the
reference TW case results. Figs. 12—14 represent the lower
and upper multipactor electric field thresholds obtained by our
methodology for the silver, stainless steel, and copper material
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for a TW in coaxial transmission lines of different characteristic impedances.
Stainless steel material sections are considered.
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Copper material sections are considered.

sections, respectively. Each point on the figures represents the
averaged result obtained from three simulation runs.

As represented in Fig. 12, the silver-coated tapered geome-
tries S9 and S12 are not prone to multipactor (red markers).
The lower and upper electric field multipactor thresholds of
50-£2 coaxial transmission line geometries S8 and S13 (orange
markers) are within at maximum 15 % of the ones obtained for
the same geometry subject to TW (orange plain and dashed
horizontal lines). The same is observed for the 30-Q2 coaxial
transmission line S19 (green). The electric field thresholds of
S10 and S11 are represented as bold green markers since the
geometries are not typical 30-Q2 coaxial transmission lines, yet



their thresholds are comparable to the ones of a typical 30-Q2
coaxial transmission line.

Similarly, as illustrated in Fig. 14, the copper-coated tapered
geometries (S1, S3, S7, S12, S14, and S18) are not prone
to multipactor. The lower and upper electric field multipactor
thresholds for the 18.74-Q2 (S2), 30-Q2 (5S4, S6, S15, and S17),
and 50-2 (S8 and S13) coaxial transmission lines are at most
within 15 % of the multipactor thresholds obtained for the
same geometry subject to a TW pattern. The outer conductor
bellows 30-L2 (S5 and S16) are not prone to multipactor (bold
green markers).

The same conclusion is applied to the stainless steel 30-2
coaxial transmission line (S17), as shown in Fig. 13. It was
found that the stainless steel material tapered geometry S18
is prone to multipactor, and its multipactor thresholds are
determined.

These results show that our methodology is also valid for the
resonator’s complex structure operating at 63 MHz as the mul-
tipactor of the sections having the same geometries is almost
similar regardless of the wave pattern. Once the multipactor
conditions are met for the analyzed sections, the ignition
(extinction) of the multipactor is in the vicinity of the high
(low) electric field magnitude seen on the section. The sections
prone to multipactor are marked with underlined red numbers
in Fig. 3.

VI. CONCLUSION

We introduced a novel methodology for characterizing
multipactor thresholds, focusing on the ignition and extinc-
tion of multipactor phenomena across various wave patterns
and reflection coefficients. Our approach relies on evaluating
the maximum and mean electric field magnitudes in the
multipactor-susceptible zones, providing a unified framework
for understanding lower and upper multipactor thresholds, irre-
spective of underlying wave patterns or reflection coefficients.
The developed methodology was found to be valid in a region
before the dominance of the ponderomotive force’s nonlinear
effects.

Our findings revealed that, regardless of the complexity of
geometries and the number of ports, the lower multipactor
threshold crucially depends on the maximum electric field and
the upper multipactor threshold depends on the mean electric
field. This insight establishes a foundation for predicting
multipactor thresholds in scenarios with varying wave ports’
excitation.

We validated our methodology through extensive simula-
tions, focusing on a 50-Q coaxial transmission line and a
complex three-port resonating geometry. The results demon-
strate the robustness of our approach, particularly in frequency
regimes below 700 MHz - cm for the coaxial transmission line.
Furthermore, the methodology is valid across the geometries
of the resonator structure by comparing multipactor thresholds
obtained with an SW pattern to those of a TW pattern
for a coaxial transmission line with similar characteristic
impedance.

Therefore, the methodology is applicable to predict multi-
pactor thresholds in diverse EM systems where the reflection
coefficient is variable, such as the ICRH antennas of the

experimental tokamak WEST, operating in the frequency range
[46, 65] MHz and subject to wave patterns of variable reflec-
tion coefficients.

In conclusion, this work contributes to a nuanced under-
standing of multipactor thresholds and presents a robust
methodology applicable to varied scenarios with complex
geometries and various frequencies.

APPENDIX

From the expression of the ponderomotive force, it is seen
that this force has a component in the radial direction due to
the nonhomogeneity of the electric field in a coaxial transmis-
sion line and an axial component that only exists if the electric
field is nonhomogeneous in the wave propagation direction z.
Therefore, the axial component of the ponderomotive force is
nonzero in the case of an MW or an SW.

We exploit herein the case of an SW, where the electric field
can be expressed by simple trigonometric identities applied
on (1) as

EGF 1) = cos(wt) cos(B2)é, = Eg(¥) cos(wt)

V2V
In(2)
where E s(F) is the spatial vector of the electric field.
From the derivation of the ponderomotive force [21], we can
find that the radial and axial components are expressed by

- Egl.

P, = _mqwz il ©)

> ,Bsm(ﬂz)_,

F,.= Eg? é.. 4
T mo 2' | cos(Bz) - @

Figs. 15-18 represent the average radial and axial com-
ponents of the ponderomotive force averaged over one time
period corresponding to the upper multipactor threshold of
the coaxial transmission line at the f x d products. The
ponderomotive force only affects the multipactor threshold if
|F | > |F | in the region where the multipactor is triggered
(l-e'» Vmp,lower V= Vmp,uppcr)'

Here is an explanation for each f x d product.

1) 120MHz-cm: An f x d for which the proposed
methodology is valid as the radial component is always
greater than the axial component.

2) 700MHz-cm: An f x d barrier above which the
proposed methodology is nonvalid for the upper mul-
tipactor threshold as the axial component outperforms
the radial component near the center of the coax-
ial transmission line where the electric field node is
located—multipactor-susceptible zone of the upper mul-
tipactor threshold.

3) 1200MHz - cm: An f X d barrier above which the pro-
posed methodology is nonvalid for the lower multipactor
threshold as the axial component of the ponderomotive
force becomes dominant over a larger segment of the
coaxial transmission line and the electric field peak and
node are becoming closer to each other.

4) 4000MHz-cm: An f x d for which the proposed
methodology is nonvalid for the lower and the upper
multipactor threshold.
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Fig. 16. Magnitude of the axial and radial components of the ponderomotive
force versus the wave propagation direction z. The plots correspond to the
upper multipactor threshold but have the same shape for the lower multipactor
threshold with slightly lower values and therefore are omitted. The plots
correspond to 700 MHz - cm.

For the lower multipactor thresholds, the two components
of the ponderomotive force have the same shape but different
values and are not plotted for clarity purposes.

At 120MHz - cm, the radial component’s magnitude is
higher than that of the axial component, i.e., the force pushing
the electrons toward the node of the electric field is negligible
with respect to its radial counterpart. Hence, there is no effect
for this nonlinear force at such low frequencies, and the
proposed methodology is valid.

At 700MHz - cm, the radial component’s magnitude is
larger than that of the axial component, except for the region
in the vicinity of the electric field node (~7% of the coaxial
transmission line). Hence, the effect of this nonlinear force is
more pronounced on the upper multipactor threshold but still
insufficient for affecting the lower multipactor threshold, for
which the multipactor is triggered near the maximal electric
field. At higher f x d, we observe that the region over which
the axial component exceeds the radial one is wider (~12% of
the coaxial transmission line at 1200 MHz - cm and ~36% of
the coaxial transmission line at 4000 MHz - cm). Therefore,
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Fig. 17. Magnitude of the axial and radial components of the ponderomotive
force versus the wave propagation direction z. The plots correspond to the
upper multipactor threshold but have the same shape for the lower multipactor
threshold with slightly lower values and therefore are omitted. The plots
correspond to 1200 MHz - cm.
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Fig. 18. Magnitude of the axial and radial components of the ponderomotive
force versus the wave propagation direction z. The plots correspond to the
upper multipactor threshold but have the same shape for the lower multipactor
threshold with slightly lower values and therefore are omitted. The plots
correspond to 4000 MHz - cm.

the nonlinear effect will be seen on the lower and upper
multipactor thresholds.

In summary, our analysis of the ponderomotive force com-
ponents reveals a nuanced frequency-dependent behavior that
plays a pivotal role in influencing multipactor thresholds at
different locations along the coaxial transmission line. Notably,
the dominance of the axial component becomes increasingly
pronounced at higher frequencies, leading to a sequential
impact on the upper and lower multipactor thresholds.

Importantly, our findings indicate that the nonlinearity-
triggering f X d product for the upper multipactor thresholds
is lower than that for the lower multipactor thresholds. This
intriguing observation is attributed to the heightened influence
of the axial component near the electric field nodes, particu-
larly in regions closer to the center of the coaxial transmission
line where the multipactor diminishes. As the f x d product
increases, the axial component’s effect progressively extends
to regions with varying electric field characteristics, ultimately
affecting the lower multipactor thresholds.
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