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ABSTRACT

This paper presents two-surface multipactor discharge with two-frequency rf fields using Monte Carlo simulations and Computer
Simulation Technology (CST) Particle Studio. The effects of the relative strength and phase of the second carrier mode on multipactor sus-
ceptibility and time dependent physics are studied. Compared to single-frequency rf operation, shrinkage of multipactor susceptibility
regions is observed for different configurations of two-frequency rf operation. The presence of a second carrier mode in the rf field results in
mixed multipactor modes in which electrons take a fixed time period to complete a round trip between the two surfaces, while the time for
electrons to traverse the gap in each direction is found to be different. CST simulation reveals that the space-charge effect reduces the electron
growth rate and causes shrinkage of multipactor susceptibility bands.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0070889

I. INTRODUCTION

Multipactor1–7 is a nonlinear ac discharge phenomenon occur-
ring in rf systems. It refers to an electron avalanche driven by a
high-frequency rf field that sustains itself by charge growth through
secondary electron emission8–10 from metallic or dielectric surfaces.
While occasionally useful for specific applications such as vacuum
conditioning and harmonic generation,4,11 multipactor is usually detri-
mental to rf systems and causes various damages to rf devices, includ-
ing breakdown of dielectric windows,12–14 erosion of metallic
structures, melting of internal components, and perforation of vacuum
walls.2 Multipactor discharge also causes intermodulation of signals15

and signal quality distortion.16 Therefore, reducing multipactor is of
significant practical interest in the design and operation of high-power
microwave (HPM) sources, pulsed power devices, rf accelerators,14

and space-based communication systems.17

The mechanisms of multipactor discharge have been extensively
studied and are well understood, especially for single-frequency rf
operation. However, the growing importance of multicarrier rf opera-
tion in modern communication systems as well as in satellite commu-
nications16,18 in recent years has rendered the understanding of
multicarrier rf field-induced multipactor discharge imperative.19–21

Different theoretical models have been adopted by researchers in this
regard such as nonstationary22,23 and quasi-stationary24 statistical the-
ories of Anza et al. and the map-based theory25,26 of Siddiqi and
Kishek. In addition, Particle-in-Cell (PIC)27 and Monte Carlo11,16,28,29

simulations have been frequently employed as well. Recently, two-fre-
quency-induced multipactor on a single dielectric surface has been
studied in both time domain and frequency domain.15,19,30–33

Multicarrier rf field-induced two-surface multipactor has also been
conducted through numerical34,35 and analytical36 methods. However,
important aspects of two-surface multipactor discharge due to multi-
frequency rf operation, such as multipactor susceptibility and time-
dependent physics, have not been adequately studied and are still not
well understood.

This paper aims to provide a detailed account of multipactor dis-
charge in parallel plate geometry with two-frequency rf fields. We start
with a brief introduction to the electron dynamics and the force law in
Sec. II. Section III presents various methods used in our study, includ-
ing the analytical model, Monte Carlo (MC) simulation, and
Computer Simulation Technology (CST) model.37 Results of our study
are presented in Sec. IV. In Sec. V, the effects of space-charge38–41 on
multipactor susceptibility and time-dependent physics are discussed
through case studies in CST. A summary with the main conclusions
and possible future work is presented in Sec. VI.

II. THE FORCE LAW

Figure 1 depicts a simplified schematic of the two-surface planar
multipactor. An rf electric field Ey ¼ Erf sin xt þ hð Þ þ bErf sin nðxtð
þhÞ þ cÞ is applied normal to the parallel plates A and B along the
y-direction. Here, Erf is the peak electric field strength,x is the angular
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frequency, and h is the initial phase of the fundamental carrier mode
of the electric field. b is the field strength of the second carrier mode
relative to the fundamental mode, c is the relative phase of the second
carrier mode when (xt þ hÞ ¼ 0 or integer multiple of 2p, and n is
the ratio of the two carrier frequencies. Assuming one-dimensional
particle motion along the y-direction, the force law governing the elec-
tron trajectories is as follows:

ay tð Þ ¼ eVrf

md
½sin xt þ hð Þ þ b sin n xt þ hð Þ þ c

� �
�; (1)

where ayðtÞ is the acceleration, Vrf is the peak voltage, and d is the gap
distance between plates A and B. The velocity of the electron is
obtained as

vy tð Þ ¼
eVrf

mxd

�
cos h� cos xt þ hð Þ

þb
n

cos nhþ cð Þ � cos n xt þ hð Þ þ c
� �� ��

þ v0; (2)

and the instantaneous position of a multipactor electron along the
y-direction is obtained as

y tð Þ ¼ eVrf

mx2d

�
xt cosh� sin xtþ hð Þ þ sinh

þ b
n2

nxt cos nhþ cð Þ � sin n xtþ hð Þ þ c
� �

þ sin nhþ cð Þ
� ��

þ v0tþ y0: (3)

Here, v0 is the initial velocity and y0 is the initial position of the elec-
tron at t¼ 0.

III. METHODS
A. Analytical model for single-frequency
susceptibility boundaries

For single frequency rf operation [b ¼ 0 in Eqs. (1)–(3)],
Vaughan’s analytical model2 considers only electron motion that tra-
verses the gap, i.e., the trajectories labeled as sA!B and sB!A in Fig. 1.
The multipactor resonance condition2 specifies that an electron emit-
ted from one surface at the initial rf phase h must traverse the elec-
trode spacing, d, and impact the opposing surface with a time
duration of Np=x, where N is a positive odd integer, i.e., y ¼ d at
xt ¼ Npþ h. Invoking this condition in (3), the condition for multi-
pactor resonance in a parallel plate geometry can be easily found in
the absence of space charge as2

Vrf ¼
m
e

xd xd � v0Npð Þ
Npcoshþ 2sinh

: (4)

The lower multipactor boundary is obtained from (4) with
h ¼ arctan 2

Np

� �
; which minimizes Vrf regardless of the value of emis-

sion velocity v0. The upper boundary is given by (4) with the maximum
negative value of the angle h, determined by the condition that the ini-
tial emission velocity v0 just allows the electron to escape from the
emission surface against the initially retarding field.2 The detailed pro-
cedure to determine this maximum negative value of h and, therefore,
the upper multipactor boundary is revisited in Sec. 5.1.2 of Ref. 32.

In order to have multipactor growth, the secondary electron
yield (SEY), defined as the average number of secondary electrons
produced by the impact of primary electrons upon the surface,
must be larger than one. The curve of SEY vs electron impact
energy is characterized by two crossover points at which SEY is
unity and is larger than one in between. By setting the impact
energy of electrons when reaching the opposite electrode surface to
the first and second crossover incident energies (V1;2), we have two
more boundaries,42

Vrf V0; V1;2; fd;Nð Þ ¼
mxd
2e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Npð Þ2 þ 4

2m

ffiffiffiffiffiffiffiffi
V1;2

p
�

ffiffiffiffiffiffi
V0
p	 
2

þ xd � Np

ffiffiffiffiffiffiffiffi
2V0

m

r !2

� Np

ffiffiffiffiffiffiffiffiffiffi
2V1;2

m

r
�

ffiffiffiffiffiffiffiffi
2V0

m

r !
xd � Np

ffiffiffiffiffiffiffiffi
2V0

m

r !vuut
; (5)

where V0 ¼ mv20=2 is the electron emission energy.
In this study, we assume copper (Cu) as the electrode material

and employ Vaughan’s model for secondary electron emission.9 We
use first crossover incident energy V1 ¼ 42 eV, second crossover inci-
dent energy V2 ¼ 3054 eV, peak incident energy Vmax0 ¼ 277:5 eV,
and peak SEY dmax0 ¼ 2:0887; all these values are for normal inci-
dence. A typical two-surface multipactor susceptibility diagram with
single-frequency rf operation is shown in Fig. 2.

For two-frequency rf operation, different combinations of n; b;
and c can lead to very different rf waveshapes. Therefore, it would be
questionable to make a general assumption about certain resonant
multipactor modes, as electron motion labeled as sA!A or sB!B in
Fig. 1 may become important, and the motions in sA!B and sB!A are
typically asymmetric. Thus, in this article, we resort to simulations
with Monte Carlo (MC) and CST to study the two-frequency rf
field-induced multipactor discharge, while the analytical model for

FIG. 1. Multipactor discharge with an electric field oscillating between two metal
electrodes A and B separated by a gap distance d.
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single-frequency rf operation is primarily used for verifying our MC
and CST models.

B. Monte Carlo (MC) simulation

To calculate the growth rate of the multipactor discharge, we fol-
low the trajectory of a weighted macroparticle over a large number of
impacts in a MC simulation.4,5,43 The initial rf phase, h, is uniformly
distributed over 0 � h < 2p. Each time a macroparticle leaves the sur-
face of an electrode, we assign it a random initial energy V0 ¼ 1=2ð Þmv2o
and angle / (with respect to the surface parallel) according to the fol-
lowing distributions:3

f V0ð Þ ¼
V0

V2
0m

e�
V0
V0m

� �
; (6a)

g /ð Þ ¼ 1
2
sin/; 0 < / < p; (6b)

where V0m is the peak of the distribution of emission energies.3

Referring to Fig. 1, transit times of an electron in flight for single sur-
face impacts on plate A (sA!A) and plate B (sB!B) are calculated by
solving (3) for y0 ¼ y sA!Að Þ ¼ 0 and y0 ¼ yðsB!BÞ ¼ d, respectively.
Transit times for two-surface impacts sA!B and sB!A are calculated
by solving (3) for y0 ¼ 0, yðsA!BÞ ¼ d and y0 ¼ d, yðsB!AÞ ¼ 0,
respectively. Then, we calculate the impact energy, Vi ¼ mv2i =2, from
(2) and the secondary electron yield, d; from Vaughan’s model.9 We
use this value of the yield to adjust the charge and mass on the macro-
particle and then emit it again with a random velocity. We repeat the
process to obtain a series of yields d1: d2…dNð Þ for Ni consecutive
impacts. The rf phase h is calculated self-consistently ðhiþ1 ¼ hi
þxsiÞ at the beginning of each flight for a given macroparticle. The
average value of secondary yield over Ni impacts is then calculated as
d ¼ d1: d2…dNið Þ1=Ni , where Ni ¼ 20 is used in the calculation. It is
checked that multipactor susceptibility charts remain unchanged if the
number of impacts is increased beyond Ni ¼ 20 in the MC simulation.
For a specific combination of angular rf frequency x, gap distance d,
and accelerating voltage Vrf , if we find a valid electron trajectory for
any of the initial rf phase h for which d > 1, we conclude that multi-
pactor discharge develops in the system for this set of parameters.

C. CST model

CST Particle Studio (CST PS)37 is a particle-in-cell (PIC) code that
includes secondary electron emission and has been widely used for the
simulation of rf vacuum electronics44–46 as well as for multipactor dis-
charge.47 For the simulation of two-surface multipactor using CST, we
consider a simple parallel plate structure as shown in Fig. 3(a). Plates A
and B are made of copper with a vacuum gap between them. Each
plate has a length l ¼ 20mm, width w ¼ 20mm, and thickness
tp ¼ 0:2mm. A constant amplitude of f ¼ 1GHz excitation is applied

FIG. 2. Two-surface multipactor susceptibility diagram with single-frequency rf oper-
ation. Multipactor susceptibility regions for the first five modes N ¼ 1; 3; 5; 7, and
9 are shown with emission energy, V0 ¼ 1

2mv
2
0 ¼ 2 eV. The boundaries corre-

sponding to the first and second crossover points are calculated from (5).

FIG. 3. (a) Schematic of the parallel plate geometry used in the CST simulation for two-surface multipactor. A and B are the bottom and top plates, respectively. The plates are
separated by a gap distance d. (b) Waveguide ports 1 and 2 used to apply the 1-GHz excitation shown as red planes. O is the particle source with an emission area of
10�4 mm2.
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to a waveguide port on one end [port 1 in Fig. 3(b)] of the parallel plate
structure and exits through a waveguide port on the opposite end [port
2 in Fig. 3(b)]. For two frequency rf operation, the excitation signal is
defined as Ey ¼ Vrf

d ½sin xt þ hð Þ þ bsinðn xt þ hð Þ þ cÞ�. A variation
in fd is achieved in the simulation by varying the gap distance, d.

For secondary electron emission, we use the built-in Vaughan’s
model in CST, which assumes an emission energy distribution that is
gamma distributed and weighted by a temperature Te:

37 For the simu-
lations in this study, we assume a temperature of Te ¼ 2 eV.
Secondary electrons are emitted at angles relative to the surface normal
with the following probability distribution function (PDF):37

f hNð Þ ¼ coshN ; hN 2 ½0; p=2�: (7)

A particle source O with an emission area of 10�4 mm2 is
located at the center of the top plate pointed toward the�y direction
[Fig. 3(b)]. The particle source emits seed particles into the vacuum
gap between the plates during the first period (temission ¼ 1 ns) of the
excitation at a constant rate and remains inactive during the rest of
the simulation. To ensure seed particle emission at a constant rate,
we chose the Gaussian PIC emission model in CST with the follow-
ing parameters:37 (a) number of bunches¼ 1, (b) the inflection point
for the first pulse, r ¼ temission ¼ 1 ns, (c) the width of the pulse (or
the cutoff length)¼ temission ¼ 1 ns, (d) the offset between the field
calculation and the particle emission¼ 0, and (e) the bunch
distance¼ 0. With these specified parameters, an emission rate of
1515 particles/ns was generated by CST. We specify the number of
electrons, Ne, contained in each particle at the beginning of a simula-
tion that is kept fixed for all the particles throughout the simulation.
Each of these initially injected primary particles has an initial kinetic
energy, Ek0 ¼ 0 eV. We turn off space-charge effects in CST (i.e., no
volume space charge and no image charge field) for results presented
in Sec. IV and then turn on space-charge effects for results presented
in Sec. V. With a time step of 0:01 ns, we run the simulation for
t ¼ 20 ns, which corresponds to 20 cycles of the fundamental excita-
tion signal. For a specific combination of angular rf frequency, gap

distance d, and accelerating voltage Vrf , if we observe an exponential
growth of electron population in our simulation, we conclude that
multipactor discharge develops in the system for this set of
parameters.

IV. RESULTS WITHOUT SPACE CHARGE EFFECTS
A. Comparing MC and CST models
with analytical theory

First, we compare susceptibility boundaries obtained from analyt-
ical theory and from the MC simulation for single-frequency rf opera-
tion (b ¼ 0). In Fig. 4(a), the MC simulation is conducted for
secondary electrons with fixed emission energy, V0 ¼ 1

2mv20 ¼ 2 eV,
and emission angle / ¼ p=2, which is the same as in the analytical
theory. In this case, the susceptibility charts obtained from the MC
simulation and the analytical calculation are in good agreement. In
Fig. 4(b), the MC simulation is conducted with random emission
energy and emission angle for secondary electrons given by (6). We
note that allowing random emission energy and angle for secondary
electron emission results in a relatively smaller region of multipactor
susceptibility in Fig. 4(b) compared to that in Fig. 4(a).

We also observe from both Figs. 4(a) and 4(b) that portions of
the susceptibility regions obtained from the MC simulation (red dots)
lie outside the analytical susceptibility boundaries. To explain this, we
study multipactor particle trajectories for a few representative cases of
successful multipactor development from the MC simulation with dif-
ferent combinations of Vrf and fd. For the cases in Figs. 5(a) and 5(b)
corresponding to the points m and n in the susceptibility chart in Fig.
4(b), we observe that the transit time of the macroparticle from the
bottom plate to the top plate (sA!B) is equal to the transit time of the
macroparticle from the top plate to the bottom plate (sB!A). For
the case in Fig. 5(a), multipactor develops for an emission rf phase
h ¼ 0:9468 ¼ 0:3014p; and the macroparticle crosses the gap distance
in N ¼ 1 half cycle of the rf period. Therefore, the corresponding
point m in Fig. 4(b) lies inside the analytical susceptibility region of
N ¼ 1 mode. For the case in Fig. 5(b), multipactor develops for an

FIG. 4. (a) Multipactor susceptibility chart calculated from MC simulation (red dots) for fixed emission energy V0 ¼ 1
2mv

2
0 ¼ 2 eV and emission angle / ¼ p=2 along with

analytical boundaries for the first five modes, N ¼ 1 (solid black line), 3 (solid blue line), 5 (solid red line), 7 (solid magenta line), and 9 (solid green line), calculated as
described in Sec. III A. (b) Same plot as in (a) but for random emission energy and emission angle given by (6). These simulations were produced using Vaughan’s SEY model
parameters for copper Emax0 ¼ 277:5 eV and dmax0 ¼ 2:088. For all cases, we use rf frequency, f ¼ 1 GHz; and variation of fd is obtained by varying the gap distance, d.
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emission rf phase h ¼ 0, and the macroparticle crosses the gap dis-
tance in N ¼ 3 half cycles of the rf period. Therefore, the correspond-
ing point n in Fig. 4(b) lies inside the analytical susceptibility region of
N ¼ 3 mode.

However, for the cases of Figs. 5(c) and 5(d) where multipactor
develops for emission rf phases of h ¼ 0 and 0:4974 ð¼ 0:1583pÞ,
respectively, the transit times, sA!B 6¼ sB!A, and the total time
required for the round trips, sround , is not always constant. Therefore,
these cases give rise to mixed multipactor modes, and the correspond-
ing points o and p in Fig. 4(b) lie outside the analytical susceptibility
region. Thus, we note that due to the assumption that electrons must
traverse the gap distance in odd integer multiples of the rf half cycles,
the analytical model is unable to resolve these mixed multipactor
modes as predicted in the MC results.

Next, we benchmark the CST simulation for single-frequency rf
operation. Figure 6(a) shows the comparison of the susceptibility
charts obtained from analytical calculations described in Sec. IIIA
(solid lines), MC simulation described in Sec. III B (red dots), and CST
described in Sec. IIIC (black dots). We observe that there is excellent
agreement between the MC and the CST simulation. Typical simula-
tion times to generate a full susceptibility diagram [black dots in Fig.
6(a)] were on the order of a few hours to a day using a PC with two
12-core Intel Xeon E5-2687WV4 processors.

For higher multipactor modes ðN ¼ 5; 7; and 9Þ in Fig. 6(a),
some points in the Vrf � fd space are found to be susceptible to multi-
pactor through the MC simulation, while CST simulation shows that

they are not susceptible to multipactor. The difference between the MC
and CST results is due to the different simulationmethodologies and sec-
ondary electrons’ energy distribution functions adopted in the two mod-
els. In MC, all the emitted secondary electrons are assumed to be
contained in a single macroparticle, which is then emitted from the sur-
face following the energy and angle distributions given by (6). In CST,
discrete secondary particles are emitted with energies following the
gamma distribution37 [red curve in Fig. 6(b)], which is different from the
distribution used in the MC simulation [black curve in Fig. 6(b)].
Because of the polar angle distribution of the emitted secondary particles
in CST given by (7), we note a lateral diffusion of electrons in the three-
dimensional CST simulation, as shown in Fig. 7.

B. Multipactor susceptibility charts for two-frequency
rf operation

Figure 8 shows the multipactor susceptibility charts calculated
fromMC simulations for random emission energy and angle following
(6), and from CST simulations for two-frequency operation with
Vrf ½sin 2pft þ hð Þ þ bsinðn 2pft þ hð Þ þ cÞ�; for the cases with rela-
tive strength of the second carrier b ¼ 1, frequency ratio between the
two carrier modes n ¼ 2, and relative phase of the second carrier
c ¼ 0; p=2; and 3p=4. It is important to note that even though the
total rf power under the two-frequency operation is doubled for inte-
ger frequency separation between the carrier modes (i.e., n is integer)
compared to the single-frequency operation in Fig. 8, the multipactor
susceptibility region (particularly the first band) is reduced. By keeping

FIG. 5. Instantaneous rf voltage Vy ¼ Vrf sin xt þ hð Þ (blue lines) and the corresponding macroparticle trajectories (red lines) for (a) Vrf ¼ 216:5 V; fd ¼ 2:025GHzmm, (b)
Vrf ¼ 323:3 V; fd ¼ 4:143 GHzmm, (c) Vrf ¼ 600 V; fd ¼ 4:143 GHzmm, and (d) Vrf ¼ 3160 V; fd ¼ 8 GHzmm. For all the cases, we use rf frequency, f ¼ 1 GHz; and
the variation of fd is obtained by varying the gap distance, d. Plots (a)–(d) correspond to the points m; n; o; and p in the susceptibility chart in Fig. 4(b), respectively.
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the same total rf power, the multipactor susceptibility region is
expected to be further reduced. From Figs. 8(b)–8(d), we observe that
multipactor susceptibility regions are sensitive to the relative phase c
of the second carrier mode. As c increases from c ¼ 0 to p=2; the mul-
tipactor susceptibility regions shrink; as c further increases to 3p=4,
the susceptibility region increases slightly, but still smaller than the
c ¼ 0 case. This agrees with previous results of Semenov48 and can be
attributed to the modulation of the rf envelope by the second carrier
mode. We observe that in the parameter space presented in Fig. 8, the
susceptibility regions have the smallest area for c ¼ p=2. The differ-
ence between the MC and the CST results can be attributed to the dif-
ferences between the two methods, as described in Sec. IVA.

Figure 9 shows that as the relative strength of the second carrier
mode decreases, the effect of the second carrier mode becomes less

prominent on the susceptibility chart, as the chart gradually becomes
more similar to that of single frequency rf operation. A similar effect
of decreasing b on the multipactor susceptibility region has been previ-
ously observed for single surface multipactor discharge with two-
frequency rf fields.31

C. Electron trajectories at different multipactor
susceptibility regions

As discussed before in Sec. IIIA, multipactor modes cannot be
rigidly defined for two-frequency rf operation. For single frequency
operation, in a single multipactor mode, as shown in Figs. 5(a) and
5(b), the transit time of the macroparticle from the bottom plate to the
top plate (sA!BÞ and from the top plate to the bottom plate ðsB!A)

FIG. 7. Evolution of the multipactor discharge at t ¼ (a) 0.3, (b) 2.3, (c) 4.3, (d) 6.3, (e) 8.3, and (f) 10 ns, with, Vrf ¼ 99 V; fd ¼ 0:9902GHzmm, f ¼ 1 GHz, and
d ¼ 0:9902mm.

FIG. 6. (a) Comparison of the multipactor susceptibility charts obtained from analytical calculations (solid lines), MC simulation (red dots) for random emission energy and
emission angle given by (6), and CST simulation (black dots). The CST simulation is conducted for fd ¼ 1; 1:5; 2; 3; 4; 5; 6; 7; 8; 9; 10; 12; 15; and 18 GHz�mm. For all
the cases, we use rf frequency, f ¼ 1 GHz; and the variation of fd is obtained by varying the gap distance, d. For CST simulations, we use the number of electrons contained
in each particle, Ne ¼ 105, emission period of seed particles, temission ¼ 1 ns; and the total number of seed particles, Nseed;total ¼ 1515: (b) Emission energy probability distri-
bution function (PDF) used in CST with Te ¼ 2 eV (red curve) and that obtained from (6a) (black curve).
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are equal. However, due to the modulation of the rf envelope by the
second carrier, we observe multipactor modes where sA!B 6¼ sB!A,
and yet, the total time required for the complete round trip of a parti-
cle remains constant. For example, Fig. 10(b) shows a case [point m in
Fig. 10(a)] of two-frequency operation with b ¼ 1; n ¼ 2; c ¼ 0,
Vrf ¼ 56:86V; and fd ¼ 0:9902GHzmm, where sA!B ¼ 0:4 ns and
sB!A ¼ 0:6 ns. The total time required for the round trip, sround ¼
1 ns; is constant. In the case of Fig. 10(c) with Vrf ¼ 283V; fd ¼
3:112GHzmm [point n in Fig. 10(a)], we have sA!B ¼ 0:8 ns and
sB!A ¼ 1:2 ns. The total time required for the round trip is, therefore,
sround ¼ 2 ns. Similarly, for the cases of Figs. 10(d) and 10(e), which
are for points o and p in Fig. 10(a), respectively, we have sA!B ¼ 1:5
and 2:5 ns; respectively, and sB!A ¼ 2:5 and 4:5 ns, respectively. The
total time required for the round trips is, therefore, sround ¼ 4 and
7 ns, respectively.

Figure 11 shows similar mixed multipactor modes for
b ¼ 1; n ¼ 2; and c ¼ p=2, where sA!B 6¼ sB!A, but sround remains
constant. For Figs. 11(b)–11(e), we show four cases with sround
¼ 1; 1; 5; and 7 ns; respectively.

V. SPACE-CHARGE EFFECTS

In this section, we turn on space-charge effects in CST37,47 and
examine the effects of space-charge on multipactor susceptibility and
time-dependent physics.We observe from Figs. 12(a) and 12(b) that
the susceptibility charts obtained from CST (black dots) without space
charge and with space charge are almost identical when we choose
number of electrons per particle Ne ¼ 105. However, if we increase
the total volume charge by choosing Ne ¼ 5� 105 [Fig. 12(c)],
space-charge effects result in the shrinkage of multipactor susceptibil-
ity bands. This trend agrees with a previous study conducted by G.

FIG. 8. Multipactor susceptibility charts in the Vrf � fd space calculated from MC simulation (red dots) for random emission energy and emission angle given by (6) and from
CST simulation (black dots) without space-charge effects for (a) single frequency rf operation, (b)–(d) two-frequency rf operations with relative strength of the second carrier
b ¼ 1, frequency ratio between the two carrier modes n ¼ 2, and relative phase of the second carrier, (b) c ¼ 0; (c) c ¼ p=2, and (d) c ¼ 3p=4. For all the cases, we use
fundamental rf frequency, f ¼ 1 GHz; and the variation of fd is obtained by varying the gap distance, d. For CST simulations, we use the number of electrons contained in
each particle, Ne ¼ 105, emission period of seed particles, temission ¼ 1 ns, and the total number of seed particles, Nseed;total ¼ 1515:
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Romanov.38 Susceptibility charts with space-charge effects for different
configurations of two-frequency rf operation are shown in Figs.
12(d)–12(f). Shrinkage of multipactor susceptibility bands (black dots)
compared to MC calculations without space-charge effects (red dots)
is prominent for each of these cases. It is noteworthy that in CST, the
total volume charge and, therefore, the effects of space charge depend
on the value of Ne:

32 Thus, it is important to choose a proper Ne in
CST simulation in order to have sufficient volume charge to observe
the impact of the space charge effect.

The difference in the susceptibility charts with and without
space-charge effects can be explained from the time dependent phys-
ics. As a simple representative case, we choose a point in the suscepti-
bility chart for single-frequency rf operation (b ¼ 0) with Vrf ¼ 85V
and fd ¼ 0:9902GHzmm. Figure 13 shows that without space charge
(blue curve), as the simulation progresses, the number of particles first
increases. Then, the number of particles decreases momentarily due to

a large number of impacts with d < 1. Near the time when the electric
field changes direction, i.e., t ¼ 1 ns, the average secondary electron
yield of impact becomes greater than unity ðd > 1Þ, and electron pop-
ulation starts growing exponentially. The growth rate of the electron
population without space charge (blue curve) is much higher than that
with space charge (black curve).

For the CST simulation for the 1 GHz excitation, the particle
source O in Fig. 3(b) emits seed particles into the vacuum gap between
the plates during the first period of the excitation (temission ¼ 1 ns) at a
constant rate of 1515 particles/ns. Figures 14(a)–14(c) show that when
space charge is absent, the number of seed particles increases linearly
from Nseed ¼ 456 to Nseed ¼ 797 from time t ¼ 0:3 to t ¼ 0:5 ns
according to the specified conditions in CST. These seed particles
impact the bottom plate near the time t ¼ 0:5 ns and the impact veloc-
ity of the primary particles vi > 4� 106 m=s [Fig. 14(c)]. At t ¼ 0:5 ns;
the electric field reverses direction, and then the emitted secondary

FIG. 9. Multipactor susceptibility charts in the Vrf � fd space calculated from MC simulation (red dots) for random emission energy and emission angle given by (6) and from
CST simulation (black dots) without the space-charge effect for two-frequency rf operations with frequency ratio between the two carrier modes, n ¼ 2; relative phase of the
second carrier, c ¼ p=2; and relative strength of the second carrier (a) b ¼ 1, (b) b ¼ 0:75, (c) b ¼ 0:5, and (d) b ¼ 0:25. For all the cases, we use fundamental rf fre-
quency, f ¼ 1 GHz; and the variation of fd is obtained by varying the gap distance, d. For CST simulations, we use the number of electrons contained in each particle,
Ne ¼ 105, emission period of seed particles, temission ¼ 1 ns; and the total number of seed particles, Nseed;total ¼ 1515:
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particles are accelerated toward the top plate. These secondary particles
impact the top plate near the time t ¼ 1 ns [Figs. 14(g)–14(h)].

Electron dynamics changes significantly in the presence of space-
charge effects. Figures 14(a) and 15(a) show that at time t ¼ 0:3 ns,

the number of seed particles with space charge is equal to the number
of seed particles without space charge (Nseed ¼ 456 for both cases).
However, at t ¼ 0:4 ns, we only observe Nseed ¼ 371 with space
charge [Fig. 15(b)] compared to Nseed ¼ 607 without space charge

FIG. 10. (a) Multipactor susceptibility chart in the Vrf � fd space for two-frequency rf operation with n ¼ 2; b ¼ 1; and c ¼ 0 obtained from MC simulation for random emis-
sion energy and emission angle given by (6). (b)–(e) Instantaneous rf voltage Vy ¼ Vrf ½sin xt þ hð Þ þ bsinðn xt þ hð Þ þ cÞ� (blue lines) and the corresponding macropar-
ticle trajectories (red lines) for (b) Vrf ¼ 56:86 V; fd ¼ 0:9902GHzmm, (c) Vrf ¼ 283 V; fd ¼ 3:112GHzmm, (d) Vrf ¼ 400 V; fd ¼ 5 GHzmm, and (e) Vrf ¼ 800 V;
fd ¼ 10 GHzmm. For all the cases, we use fundamental rf frequency, f ¼ 1 GHz; and the variation of fd is obtained by varying the gap distance, d. Plots (b)–(e) correspond
to the points m; n; o; and p in the susceptibility chart in (a), respectively.

FIG. 11. (a) Multipactor susceptibility chart in the Vrf � fd space for two-frequency rf operation with n ¼ 2; b ¼ 1; and c ¼ p=2 calculated from MC simulation for random
emission energy and emission angle given by (6). (b)–(e) Instantaneous rf voltage Vy ¼ Vrf ½sin xt þ hð Þ þ bsinðn xt þ hð Þ þ cÞ� (blue lines) and the corresponding macro-
particle trajectories (red lines) for (b) Vrf ¼ 100 V; fd ¼ 1:5 GHzmm, (c) Vrf ¼ 178 V; fd ¼ 2 GHzmm, (d) Vrf ¼ 450 V; fd ¼ 4 GHzmm, and (e) Vrf ¼ 800 V;
fd ¼ 10 GHzmm. For all the cases, we use fundamental rf frequency, f ¼ 1 GHz; and the variation of fd is obtained by varying the gap distance, d. Plots (b)–(e) correspond
to the points m; n; o; and p in the susceptibility chart in (a), respectively.
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[Fig. 14(b)]. This happens because when space-charge effects are
accounted for, seed particles emitted from the surface at a later time
are repelled by the particles emitted during the early period and conse-
quently absorbed by the emitting surface (top plate). This is due to the
virtual cathode effect,40,49–52 which is also shown in Fig. 13. In addi-
tion, space-charge repulsion decreases the acceleration of the seed par-
ticles by the electric field. In fact, we observe from black circled regions
in Figs. 15(b) and 15(c) that space charge causes velocity reversal of
particles even before the rf field is reversed. Therefore, the velocities of
the seed particles with space charge [Figs. 15(a)–15(c)] are significantly
lower than those without space charge [Figs. 14(a)–14(c)]. As a result,
the primary particles fail to reach the bottom plate at t ¼ 0:5 ns [Fig.
15(c)] when the electric field reverses direction, i.e., the resonance con-
dition discussed in Sec. IIIA is not met. The reversed electric field dur-
ing 0:5 ns < t < 1 ns decelerates the seed particles approaching the
bottom plate, and therefore, they impact the bottom plate with veloci-
ties vy < 4� 106 m=s [Fig. 15(d)] resulting in a significantly lower
SEY. In addition, many of the emitted secondary particles are absorbed
by the emitting surface due to the virtual cathode effect.

Due to the virtual cathode effect induced by space charge as well
as the low impact energy of primary electrons usually leading to low

FIG. 12. Multipactor susceptibility charts in the Vrf � fd space calculated from MC simulation (red dots) without the space-charge effect for random emission energy and
emission angle given by (6) along with CST simulation (black dots). Top row: Susceptibility charts for single-frequency rf operation including CST results (a) without the space-
charge effect, (b) with the space-charge effect for Ne ¼ 105, and (c) with the space-charge effect for Ne ¼ 5� 105. Bottom row: Susceptibility charts for two-frequency rf
operations including CST results with the space-charge effect for Ne ¼ 5� 105; b ¼ 1, n ¼ 2; and (d) c ¼ 0; (e) c ¼ p=2, and (f) c ¼ 3p=4. For all the cases, we use fun-
damental rf frequency, f ¼ 1 GHz; and the variation of fd is obtained by varying the gap distance, d. For CST simulations, we use temission ¼ 1 ns and Nseed;total ¼ 1515:

FIG. 13. Number of particles vs time in CST without space-charge effects (blue
curve) and with space-charge effects (black curve). For both cases, we use
Vrf ¼ 85 V; d ¼ 0:9902mm; f ¼ 1 GHz, Ne ¼ 105, temission ¼ 1 ns; and
Nseed;total ¼ 1515.
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FIG. 14. y vs vy without space-charge for Vrf ¼ 85 V, f ¼ 1 GHz, and d ¼ 0:9902mm at times (a) t ¼ 0:3Trf , (b) t ¼ 0:4Trf ; (c) t ¼ 0:5Trf ; dð Þ t ¼ 0:6Trf ; eð Þ
t ¼ 0:7Trf ; fð Þ t ¼ 0:8Trf ; gð Þ t ¼ 0:9Trf ; and ðhÞ t ¼ 1:0Trf ; where Trf ¼ 1 ns is the rf period. The total number of seed particles in the simulation is set as Nseed;total

¼ 1515; and the number of electrons contained in each particle is Ne ¼ 105.

FIG. 15. y vs vy with space-charge for Vrf ¼ 85 V, f ¼ 1 GHz, and d ¼ 0:9902mm at times (a) t ¼ 0:3Trf , (b) t ¼ 0:4Trf ; (c) t ¼ 0:5Trf ; dð Þ t ¼ 0:6Trf ; eð Þ
t ¼ 0:7Trf ; fð Þ t ¼ 0:8Trf ; gð Þ t ¼ 0:9Trf ; and ðhÞ t ¼ 1:0Trf ; where Trf ¼ 1 ns is the rf period. The total number of seed particles in the simulation is set as Nseed;total

¼ 1515; and the number of electrons contained in each particle is Ne ¼ 105.
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SEY of impacts, a higher electric field is required to initiate multipactor
in the presence of space charge, which results in the upward shift of
the lower multipactor susceptibility boundary. For the upper bound-
ary, in the presence of the repulsive space-charge field, a lower RF elec-
tric field is required to make sure the emitted electrons do not back
strike and get absorbed by the original emitting surface. As a result,
the presence of space charge leads to the shrinkage of the susceptibility
bands in Figs. 12(c)–12(f) for both single- and two-frequency
operations.

VI. CONCLUDING REMARKS

We investigated two-surface multipactor with two-frequency rf
fields using the Monte Carlo simulation and CST. We observed that
multipactor susceptibility is sensitive to the relative strength and phase
of the second carrier mode. Shrinkage of multipactor susceptibility
regions is observed for different configurations of two-frequency rf
operation. Regions of different multipactor modes are observed in the
susceptibility chart. For multipactor modes under two-frequency oper-
ation, electrons take fixed times to complete a round trip between the
two surfaces. However, the time for electrons in the forward and
return trips to traverse the gap during each round trip is different.

CST simulation with space-charge effects reveals that space
charge significantly changes the time dependent physics of multipactor
discharge. The electron growth rate over a long period of time is low-
ered with space charge because of the virtual cathode effect, disruption
of the resonant electron motion, and reduced SEY due to the reduced
impact energy of primary electrons. Susceptibility bands in the multi-
pactor susceptibility chart shrink in the presence of space charge.

Our study here mainly focuses on two-frequency rf operation
with the second harmonic of the fundamental carrier mode. This may
be of practical importance because in different rf devices such as trav-
eling wave tubes (TWTs), a strong second harmonic component of
the input rf frequency is often generated,53,54 and the analysis of the
multipactor discharge in such practical applications requires a close
examination of the effects of the second harmonic content of the fun-
damental rf frequency. It is also noteworthy that a sufficiently high RF
field can often lead to other complicated events such as surface abla-
tion and gas desorption. In such cases, the electron–neutral collision
will create ionized plasma, which may suppress the secondary electron
emission process and multipactor.5,55 The presence of background
gases can further assist this transition from vacuum multipactor dis-
charge to rf plasma.56

Future work may study the effect of non-integer frequency sepa-
ration on two-surface multipactor, and the connection between single
and two-surface multipactor under two-frequency operation. Two-
frequency rf-induced two-surface multipactor may also be investigated
in other geometries, such as microstrip, circular, and co-axial wave-
guides. The study may be further extended for multi-carrier rf opera-
tion, including non-sinusoidal waves. The study in this paper can also
be extended to investigate multipactor induced by multi-carrier rf
operation with unique geometries such as the wavy double surface,57

or micro-structured surfaces.58,59 In addition, the scaling of the V � fd
relationship due to effects, such as varying the rf frequency beyond the
electron plasma frequency, presence of magnetic fields, relativistic
speeds and varying mass (e.g., ions or anions) of particles, and collision
between the particles, can be explored. Correlating the macroparticle
weight in CST simulation and the space charge density at ac saturation

to the space charge limited current flow might provide important
insight into the scaling of the multipactor susceptibility mitigation.
Future experimental efforts are also desirable to validate the theoretical
and numerical results.
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