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Abstract—This article briefly reviews the theory and mod-
eling of single-surface multipactor discharge on a dielectric,
focusing on recent studies on two-frequency RF-field-induced
multipactor. A novel multiparticle Monte Carlo simulation model
with adaptive time steps is used to investigate the time-dependent
physics of multipactor discharge. Two-frequency RF operation is
found to be effective in reducing multipactor strength compared
with single-frequency RF operation with the same total RF
power. Strong multipactor mitigation is also demonstrated for
nonsinusoidal RF fields of multiple frequencies. Migration of
multipactor trajectory is shown for different configurations of
the two-frequency RF field. Frequency-domain analysis shows
that multipactor-induced normal surface charging electric field
consists of only even harmonics of the RF frequency for single-
frequency RF operation, but is dominated by strong intermodu-
lation products of the RF carrier frequencies for two-frequency
RF operation.

Index Terms— Frequency-domain analysis, Monte Carlo (MC),
multipactor, nonsinusoidal waveform, time-dependent physics,
two-frequency.

I. INTRODUCTION

ULTIPACTOR discharge [1]-[7] is a nonlinear phe-

nomenon in which electrons driven by a high-frequency
RF field create an avalanche by impacting one or more metallic
or dielectric surfaces. The electron avalanche sustains itself
by an exponential charge growth through secondary electron
emission [8]-[11] from the surfaces. If this avalanche of elec-
trons reaches a sufficiently high saturation level [2], [4], [5] by
inducing appreciable outgassing from the surface, it can even-
tually turn into a gaseous-like discharge within the desorbed
gas layer, which is called flashover [12].
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While there are some beneficial aspects of multipactor
discharge [3], such as vacuum conditioning or electron
sources, it is considered detrimental to RF systems in
most applications. The discharges may cause breakdown
of dielectric windows [13]-[16], erosion of metallic struc-
tures, melting of internal components, and perforation of
vacuum walls [2]. Multipactor can also detune RF sys-
tems, limit the delivery of RF power, and cause a local
pressure rise due to the desorption of surface gases [17].
In some cases [18], [19], the multipactor can induce a
glow discharge below the expected minimum pressure for a
multipactor-free, Paschen-type RF glow discharge [20]. Due
to its various undesired effects, multipactor has been a major
concern for high-power microwave (HPM) sources [21]-[26],
RF accelerators [15], and space-based communication
systems [27]-[37].

To date, theoretical and experimental multipactor inves-
tigations have heavily focused on multipactor discharge
induced by a single-frequency RF field. However, many mod-
ern communication systems use multicarrier RF transmis-
sion [38], [39]. In addition, modern satellites and spacecraft
extensively perform complex multifrequency communication
through restricted frequency spectrum [36]. Due to restricted
availability of orbital slots, several advanced communication
missions are being frequently incorporated in a single satel-
lite payload rendering multifrequency communication essen-
tial [40]. Incidental superposition of multiple frequencies can
also occur in many RF components due to coupling between
imperfectly isolated subsystems, such as in transmission lines
and supporting components. Therefore, it is imperative to
understand multipactor discharge with multifrequency RF
fields.

In this article, we review recent studies conducted at
Michigan State University on single-surface dielectric mul-
tipactor discharge induced by two-frequency RF fields [41].
The discharge is modeled using a novel multiparticle Monte
Carlo (MC) simulation scheme [42]. We start with a
mini historical review of studies on single- and multifre-
quency RF-field-induced single-surface multipactor discharge
(Section II). We would like to point out that it is not our
intention to give a comprehensive review of multipactor;
rather, to provide essential background information for the
later discussion. Next, we present the modeling setup for
single-surface multipactor with two-frequency RF field and
the multiparticle MC model (Section III). The time-dependent
physics and the frequency-domain analysis of multipactor
discharge are presented in Sections IV and V, respectively.
In Section VI, we discuss multipactor mitigation with

0093-3813 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.


https://orcid.org/0000-0001-7460-3339
https://orcid.org/0000-0002-8437-6990
https://orcid.org/0000-0002-2662-9777
https://orcid.org/0000-0002-7078-3544
https://orcid.org/0000-0003-0606-6855

IQBAL et al.: REVIEW ON TWO-FREQUENCY RF FIELD-INDUCED SINGLE-SURFACE MULTIPACTOR DISCHARGE

nonsinusoidal RF electric fields. Finally, we conclude the arti-
cle by noting a few aspects of future research in Section VII.

II. MINI HISTORICAL REVIEW
A. Multipactor Discharge on a Single Surface

Multipactor discharge was first reported in the 1920s by
French physicists C. Gutton and H. Gutton [43]. The first con-
ceptual description of multipactor phenomenon in American
technical literature was given in 1934 by Farnsworth [1] who
first referred to this phenomenon as “multipactor” and received
several patents on technologies which highlighted multipactor
discharges [44]-[47]. In 1936, Henneburg et al. [48] derived
the resonance condition for two-surface multipactor on the
transit time for electrons emitted with zero initial velocity.
In the 1940s, while investigating high-frequency gas dis-
charges at low pressure, Gill and von Engel [49] rediscovered
multipactor and conducted many theoretical and experimen-
tal studies on it. In 1950s, Hatch and Williams [6], [7]
reformulated the theory within a more concise mathematical
framework.

Research on multipactor discharge during this period heav-
ily focused on two surface multipactors and investigation
on single-surface multipactor was scarce. However, in his
1961 publication, Vaughan [14] described two types of exper-
imentally observed dielectric window failure in magnetrons
and klystrons, namely, cracking and puncturing, and attributed
these failures to the electrostatic charging of an evaporated
metallic deposit on the surface and an internal multipactor dis-
charge, respectively. In the same year, Preist and Talcott [13]
suggested that the dielectric window failure in microwave
tubes could be attributed to excessive heating caused by
“electron bombardment.” They proposed a theory and outlined
the necessary conditions for such dielectric failure to take
place which was essentially the first theoretical treatment of
single-surface multipactor. In the late 1990s, Kishek et al.
expanded on their theory and conducted a comprehensive
study [4], [50] on the topic.

The theory of multipactor discharge on single dielectric
surface has been extensively researched since the 1980s.
Notable numerical investigations were carried out using MC
particle simulations [3], [5], [39] and particle-in-cell (PIC)
simulations [51]. The classical analytical theory based on
electron kinetics has been used to study the single-surface
multipactor susceptibility diagram [4] and power deposition
onto the dielectric [52]. The effects of space charge [53], [54],
external electric and magnetic fields [5], [55], [56], oblique RF
electric fields [56], [57], wave reflection [55], and desorption
or background gases [5], [S8] have been investigated. The
transition of window breakdown from vacuum multipactor
discharge to RF plasma has been studied, by both PIC
simulations [51] and volume-averaged global models (GMs)
[59], [60]. Analytical scaling laws have been derived for
dielectric window breakdown in vacuum and collisional
regimes [61]. Time-dependent physics of single surface mul-
tipactor has been investigated [62].

In 2010, Anza et al. [28] proposed the nonstationary statisti-
cal theory for both two-surface and single-surface multipactor.
Recently, Siddiqi and Kishek [63] have proposed a map-based
theory based on principles from nonlinear dynamics and chaos
theory to study multipactor discharge. The theory has been
used to study multipactor stability and growth [64] and to
obtain susceptibility charts [65].
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B. Multipactor Under Multicarrier RF Operation

To date, a majority of the studies on multicarrier
RF-field-induced multipactor discharge have been -carried
out for two-surface geometry. The industry has widely
adopted semiempirical multipaction threshold prediction meth-
ods [66] and nonempirical and conservative approaches [67]
to tackle multicarrier multipactor discharge for parallel plate
waveguides, including the most commonly used “20 gap
crossing rule” [30]. Anza et al. [29], [31] generalized
the nonstationary statistical theory for multicarrier signals.
Wong et al. [36] recently proposed a model to assess the
effects of multipactor on the distortion of a signal for
planer and coaxial geometry. They also proposed a novel
way of using multipactor discharges for harmonic genera-
tion [68] using the intrinsic phase-focusing mechanism of
multipactor as a natural charge-bunching mechanism. Hub-
ble et al. [35], [69] studied multipactor under two-tone and
multicarrier RF operations in microstrip geometry and pro-
posed useful improvements in multipactor testing and diagnos-
tics [70]-[72]. In addition, several studies have been conducted
on the frequency-domain analysis of two-surface multipactor
discharge [73]-[76].

Multicarrier operation has also been found effective for
multipaction mitigation. Semenov et al. [38] showed in the
early 2000s that with two-frequency RF operation, mitigation
of multipactor breakdown can be achieved in a metallic
gap when the two carrier waves have close but separated
frequencies. Using the two-frequency RF field, Rice and
Verboncoeur [77] demonstrated the migration of multipactor
trajectories to specific desirable locations in the parallel plate
geometry for the purpose of cleaning the structure or reducing
multipactor susceptibility.

For single-surface geometry, we note Siddiqi and
Kishek’s [78] investigation of single-surface susceptibility
diagrams for two-frequency RF field using the map-based
theory.

IIT. MODELING SINGLE-SURFACE MULTIPACTOR
WITH TWO-FREQUENCY RF FIELD

A. Electron Kinetics Modeling Setup

The multipactor electrons are subjected to forces imposed
by the RF electric field E, = [Erpsin(wt+0) +
P Egrgsin (n(wt +0) + y)] acting along the y-direction and
the normal electric field E, originating from the residual
charge on the dielectric acting along the x-direction (Fig. 1).
Here, Egp is the peak electric field strength, w is the angular
frequency, and 6 is the initial phase of the electric field of the
fundamental carrier mode. £ is the field strength of the second
carrier mode relative to the fundamental mode, 7 is the ratio of
the frequencies of the two carrier modes, and y is the relative
phase of the second carrier mode. The flight trajectory of a
multipactor electron is governed by the force law [4], from
which we can obtain the instantaneous velocities and positions
of the multipactor electrons as well as their impact energies
and angles [79].

The secondary electron yield (SEY), o, defined as the
average number of secondary electrons produced by the impact
of each primary electron upon the surface, is a function of the
impact energy of the primary electron, E;, and the angle to
the surface normal, &, at which it strikes the surface [10].
It also depends on material properties, i.e., the maximum
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Fig. 1. Schematic of the single-surface multipactor discharge on a dielectric
in a normal electric field and a two-frequency parallel RF field. Reproduced
from [81] with the permission of IEEE.

yield, dmax, and the energy at which it occurs, Ep,x. We adopt
Vaughan’s [10], [80] empirical formula to estimate the SEY.
Two values of impact energy, termed the first and second
crossover points, E; and E;, respectively, result in a yield
of 1, with > 1 in between.

B. Multiparticle MC Model

Kishek et al. [3], [4] first used a single macroparticle MC
simulation approach for analyzing single-surface multipactor
susceptibility boundaries. In this approach, electrons emitted
from the surface are considered to be clumped together
in a single macroparticle. Upon its impact on the surface,
the charge and mass of the macroparticle are updated accord-
ing to the SEY (d) of the impact. In a given (ERf, Ey)
parameter regime, boundaries of multipactor susceptibility are
determined when the average SEY over N impacts becomes
1, ie., 6 = (61.02, .. .,5N)1/N = 1. The single macroparticle
MC model has been effective in constructing the susceptibility
diagram [4], [5], [41]. However, it showed significant limita-
tions in resolving the time-dependent physics of single-surface
multipactor, producing low-resolution temporal profiles of the
RF (Egrr) and the normal (E,) electric fields, as well as the
SEY (9) (see Fig. 5 of [52]).

To overcome the limitation of the single-particle MC simu-
lation, Kim and Verboncoeur [62] adopted a variable number
of particles’ approach, where the number of particles is varied
in the simulation while the charge per particle is kept fixed.
This allows for better statistics in a growing discharge, but is
relatively computationally costly, as the fixed time steps have
to be set small compared with the time of flight of the particles
between subsequent bounces on the surface [62].

To tackle these limitations, we introduced the novel mul-
tiparticle MC model [42] where the simulation consists of
a fixed number of macroparticles throughout the simulation.
Each macroparticle is assigned the same amount of initial neg-
ative charge. For charge neutrality, the total charge contained
in the macroparticles is equal to the total positive surface
charge, which produces the corresponding surface charging
field E,.. We follow the trajectory of these macroparticles
over a large number (N) of impacts in an MC simulation.
Each iteration of the MC simulation tracks one impact of a
macroparticle onto the surface, upon which the charge and
mass of the impacting macroparticle and the normal electric
field (E,) are updated according to the SEY and Gauss’
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Fig. 2. Temporal profiles of the normal electric field E, for RF electric

field amplitude Erp = 3 MV/m and RF frequency frr = 1 GHz from PIC
simulation [62] (dashed black line) and multiparticle MC simulation (blue
solid line) [42]. The results from MC simulations match almost exactly with
that of PIC simulation. We use N = 50 macroparticles in MC simulation [79].

law, respectively, while the charge and mass of the other
macroparticles in flight remain unchanged by the impact. The
temporal profiles of E,, E, and ¢ are obtained by converting
the iteration number N into the scale of time using the transit
times 7min,; for each iteration.

The multiparticle MC approach captures the statistics bet-
ter than the single-particle approach. Since the number of
macroparticles is fixed in this model, it still offers a simpler
and less costly implementation than the variable number
of particles approach or PIC simulation. More importantly,
the time intervals between subsequent bounces of different
macroparticles on the surface are calculated exactly.

It is noteworthy that though space charge effects are not
considered in the multiparticle MC model, Fig. 2 demonstrates
that the temporal profiles of E, obtained from the PIC
simulation of Kim and Verboncoeur (Fig. 2(b) of [62]) which
accounts for space charge effects and from our multiparticle
MC technique (Fig. 2(a) of [42]) match almost exactly, for the
special case of RF electric field amplitude Exr = 3 MV/m
and RF frequency frr = 1 GHz. In Fig. 3(a)—(c), excellent
agreement is also observed between the instantaneous normal
electric field (E,) profiles obtained from the multiparticle MC
and PIC simulations [57], [82] for three different cases of two-
frequency RF-field-induced multipactor. This indicates that the
effects of space charge may not be significant for the parameter
space explored in this study. A detailed examination on the
effects of space charge on single-surface multipactor dynamics
and susceptibility is needed for future research.

IV. TIME-DEPENDENT PHYSICS

It is understood [4], [39], [42] that the ac saturation for
a given RF amplitude, where the normal surface charging
field reaches a time-averaged saturation value and the temporal
relationship between the fields normal and parallel to the sur-
face traces a closed Lissajous curve [62], occurs at the lower
multipactor susceptibility boundary. For instance, for the RF
amplitude Err = 3 MV/m and the total transmitted RF power
per unit area Prp = ceIERF|2/2 =12x 10" W/m?, the ac
saturation occurs at point “A” of Fig. 4(a) with the normal
electric field £, = 0.93 MV/m. This is very close to the time-
averaged value of E,(f) of 0.9 MV /m obtained from Fig. 4(b).
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Fig. 3. Instantaneous normal electric field, Ey, for two-frequency RF fields with carrier frequencies (a) fi = 1 GHz and f> = 1.05 GHz, (b) fi =1 GHz

and f> = 1.20 GHz, and (¢) f1 = 1 GHz and f, = 1.30 GHz obtained from multiparticle MC simulation (black lines) and PIC simulation [57], [82] (blue
lines). We set f =1,y =0, and Err = 3 MV/m in the calculation. We use N = 50 macroparticles in MC simulation [79].
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(a) Multipactor susceptibility boundaries obtained from single-particle MC simulation in the (Ey, Erp) plane with single-frequency RF field. The
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cyan region shows the parameter regime where the multipactor discharge develops. (b) and (c) Instantaneous RF electric field, Ey (solid blue lines), normal
electric field, E, (broken black lines), and SEY, J (dotted red lines), for (b) single-frequency RF field, f = 0 and Err = 3 MV/m, and (c) two-frequency
RF field, n =2, =1,y =0, and individual carrier amplitude Egrr = 3/ V2 MYV /m obtained from multiparticle MC simulation. The average SEY Jayg = 1
in the saturation regime. We use a fundamental RF frequency, frr = | GHz, dmaxo = 3, Emaxo = 420 eV, and Eq,,/Emaxo = 0.005 in all the calculations.
Reproduced from [79] and [81] with the permission of IEEE and American Physical Society (APS).

For a single-frequency RF electric field, it is found [42],
[62], [79] that the temporal profile of the normal electric field
E, oscillates at twice the RF frequency in the ac saturation
state, as shown in Fig. 4(b). With the addition of the second
carrier mode, the overall RF electric field becomes periodi-
cally modulated, which is expected to distort the electrons’
trajectory, leading to modified multipactor dynamics [42]. For
instance, in Fig. 4(c) with n = 2, = 1, and y = 0,
the temporal profiles of the SEY ¢ and normal electric field E,
oscillate at four times the RF frequency [42]. Consequently,
the normal surface charging field, E, [broken black curve
in Fig. 4(c)], which corresponds to the multipactor strength in
the system stays at a lower value [broken black circled regions
in Fig. 4(c)] for a longer duration during an RF period. The
resulting time-averaged saturation value of E, becomes lower
(~ 0.75 MV/m) compared with that with single-frequency RF
field with the same total RF power Pgr [79]. Therefore, two-
frequency RF operation reduces multipactor strength compared
with single-frequency RF operation with the same total RF
power. We also find that multipactor susceptibility is insensi-
tive to y while the effect of the second carrier mode becomes
less prominent as S decreases.

Examination of the multipacting particle trajectories reveals
that with a single-frequency RF field acting parallel to the sur-
face (y-direction in Fig. 1), the mean horizontal displacement
over a complete RF period is negligible. This happens due

to the periodic symmetry of the single-frequency RF field in
the positive and negative y-direction. However, when a second
carrier mode is present in the RF field, the periodic symmetry
in the y-direction is typically not present, and consequently,
a mean horizontal displacement of the macroparticles takes
place over a complete RF period. Fig. 5 shows that for
0 < y < m, the periodic asymmetry of the RF field causes
a mean horizontal displacement of the macroparticles in
the —y-direction and the maximum horizontal displacement
occurs for y = /2. On the other hand, for 7 <y <
27, a mean horizontal displacement of the macroparticles in
the +y-direction is observed, and the maximum horizontal
displacement occurs for y = 3z /2. This capability of migrat-
ing multipactor trajectories can be of interest to RF system
operators in applications such as cleaning a given location in
a structure to reduce further susceptibility to multipactor, or for
directing multipacting electrons to a specific desirable location
in the geometry [77].

The effect of frequency ratio (n) on multipactor suscepti-
bility is negligible [79]. This is evident from Fig. 6(a) where
the upper and lower susceptibility boundaries for different
frequency ratios (n) are largely overlaid with one another.
The reason for this insensitivity can be inferred from the
time-dependent physics. We find that for different frequency
separations between the two carrier modes, the RF envelopes
become different. However, for a given RF amplitude, the
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Fig. 5. Comparison of the mean horizontal displacements (along the dielectric

surface) for the single- and two-frequency RF electric fields with frp =
1 GHz,0 =0,n=2,f =1, and y =0,37/16, /2, w, 197 /16, 37 /2.

time-averaged values of the resulting normal electric fields
remain almost the same.

The periodic beating of the RF electric field E, [blue
line in Fig. 6(b)] due to noninteger frequency ratio between
the two carrier modes produces beat wave in the temporal
profile of the normal surface charging field [broken black curve
in Fig. 6(b)] consisting of multiple frequency components [79].
The beat frequency of such waves depends on the frequency
separation, Af = f, — fi. The frequency components of
the normal electric fields are analyzed through the frequency-
domain analysis of single-surface multipactor [81].

V. FREQUENCY-DOMAIN ANALYSIS

For the frequency-domain analysis of single-surface multi-
pactor, we first use the fast Fourier transform (FFT) algorithm
using MATLAB to obtain the discrete Fourier transform (DFT)
(also called the amplitude spectrum) of the temporal profiles
of E, in the ac saturation state. We conduct our analysis for
both single- and two-frequency RF-field-induced multipactor.
To our knowledge, this is the first study conducted on the
frequency-domain analysis of single-surface multipactor.

In the amplitude spectrum of E, for single-frequency
RF-field-induced multipactor [Fig. 7(a)], the first spectral peak
appears at frequency f = 0 which corresponds to the time-
averaged value of E, in the ac saturation state [corresponding
to point “A” in Fig. 4(a)]. Spectral peaks also appear at even
harmonics of the RF frequency, 2/frr, where [ is a positive
integer. The absence of odd harmonics of the RF frequency in
E, is expected. Because surface charging due to multipactor
discharge from the dielectric surface is independent of the
direction (i.e., either positive or negative) of the parallel
RF electric field Erp, the normal surface charging field E,
must be symmetric in the positive and negative half cycles
of ERF-

The heights of the spectral peaks are almost independent of
the RF frequency, frr, and proportional to the RF amplitude,
Egrr. Therefore, the relationship between the spectral peak
heights and the RF amplitude can be expressed with a linear
empirical equation [81]. The temporal profiles of the normal
electric field can be approximated with a simple empirical
equation in terms of the DFT peaks as well [81]. Our empirical
fitting coefficients presented in [81] remain applicable to new
cases.
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In the amplitude spectrum of E, for two-frequency RF-field-
induced multipactor [Fig. 7(b)], we observe spectral peaks at
various frequencies of intermodulation products of the carrier
frequencies ( fi2). Pronounced peaks are observed at the sum
and difference frequencies of the carrier frequencies, at mul-
tiples of those frequencies, and at multiples of the individual
carrier frequencies. Similar to the single-frequency RF-field-
induced multipactor case, the relationship between the heights
of the spectral peaks and the RF amplitude can be fit with
a linear equation [81]. An empirical equation has also been
derived to approximate the temporal profiles of the normal
electric field in terms of the most prominent DFT peaks [81].

VI. NONSINUSOIDAL RF-FIELD-INDUCED
SINGLE-SURFACE MULTIPACTOR

In this section, we briefly discuss our study on single-surface
multipactor discharge with a Gaussian shape RF electric field,
Ey, = Ege{exp[—B(t —11)*] —exp[—B(t — )*]}i nTre <
t < (n+ 1)Tgrg. Here, Egp is the field amplitude, and 7, =
(n+0.25)Tgr and 1, = (n + 0.75)Tgr are the times of the
field maximum and minimum, respectively, with n being an
integer and Tgrp the RF period. f corresponds to the half
peak widths, Az = 2(In2/4)!/?, of the field. Fig. 8(a) shows
the temporal profiles of the RF electric fields of sinusoidal
and Gaussian form for different values of Az with the same
average RF power, Prp = 1.2 x 10'° W/m?.

We previously observed in Section IV that for single- and
two-frequency RF operations with Pgr = 1.2 x 10" W/m?,
the time-averaged saturation values of the normal electric
field are E,4~0.9 MV/m and E, ., ~ 0.75 MV/m,
respectively. However, with Gaussian-type RF field with the
same Prp, we find that for 0.05 < At/Tre < 0.15, E, 4y, is
reduced by at least a factor of 2 up to an order of magnitude
compared with those for the sinusoidal cases [Fig. 8(b)]
[82]. The reason for this reduction in multipactor strength
can be explained from the time-dependent physics [82]. Due
to the larger RF field peak values at t = #; and t = 1y,
the electrons in flight gain more energy during these times in
an RF period. However, as the half peak width At decreases,
the energy gained by emitted electrons from the RF field
and consequently the impact energies of the electrons also
decrease. As a result, the time-averaged values of the SEY
and the normal electric field are significantly reduced for RF
field with smaller half peak width.

Since Gaussian-type RF field is intrinsically a multifre-
quency waveform, which is shown to be well-represented by
an RF field consisting of only five frequency components [82],
this key result demonstrates that multicarrier RF fields may
be helpful in the design of agile RF waveshapes to mitigate
single-surface multipactor discharge.

VII. CONCLUSION

In light of the growing importance of multicarrier RF
operation in RF systems and devices as well as in space
applications, this article attempts to collate recent studies
on single-surface multipactor discharge induced by RF fields
with two carrier frequencies. Two-frequency RF operation has
been found to be useful in multipactor suppression and also
in controlling the migration of multipactor trajectories in a
given geometry. Frequency components associated with single-
surface multipactor discharge for single- and two-frequency
RF operation have been analyzed.
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regime. We set f =1,y =0, and Err = 3 MV/m in the calculation. Reproduced from [79] with the permission of APS.
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American Institute of Physics (AIP) publication.

Our ongoing study extends to two-frequency RF-field- The scope for future studies remains vast. The time-
induced two-surface multipactor where the effects of the dependent physics and multipactor susceptibility of multicar-
second carrier mode on multipactor susceptibility and the time- rier RF-field-induced single-surface multipactor discharge are
dependent physics are explored with and without space charge still largely unexplored. In particular, multipactor susceptibil-
effect. A detailed account of this study will be presented in a ity charts may be constructed for various nonsinusoidal RF
future publication [83]. waveforms. Another domain of future research is to explore
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multipactor induced by nontransverse RF modes of multi-
ple frequencies, which are expected to significantly change
electron impact energies and angles, thus leading to different
secondary electron emission conditions.

In our studies presented in this article, we neglected
space charge effects. Systematic studies are needed to exam-
ine space charge effects in both the secondary electron
emission process [54] and the motion of multipactor elec-
trons [53], [84], [85]. Multifrequency multipactor near struc-
tured surfaces [86]-[90] may also be studied.

To our knowledge, the frequency components of the surface
charging field associated with single-surface multipactor dis-
charge have not been investigated in experiments. Diagnosis
and harvesting of these frequency components may be an
interesting research pursuit in the future. These frequency
components may be useful in various applications, such as
harmonic generation [68]. Future research may also include
the effect of these frequency components on transmitted RF
signal quality [36].

Finally, many recent analytical predictions and simulation
results on two-frequency and multicarrier RF-field-induced
multipactor discharge are yet to be experimentally validated.
Such experimental investigations are expected to further
improve our understanding of multipactor under multifre-
quency operation.
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