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ABSTRACT

Two-surface multipactor with a Gaussian-type waveform of rf electric fields is investigated by employing Monte Carlo simulations and
3D electromagnetic particle-in-cell simulations. The effects of the full width at half maximum (FWHM) of the Gaussian profile on
multipactor susceptibility and the time dependent dynamics are studied. The threshold peak rf voltage, as well as the threshold time-
averaged rf power per unit area for multipactor development, increases with a Gaussian-type electric field compared to that with a
sinusoidal electric field. The threshold peak rf voltage and rf power for multipactor susceptibility increase as the FWHM of the
Gaussian profile decreases. Compared to sinusoidal RF operation, the expansion of multipactor susceptibility bands is observed. In
the presence of space charge, a high initial seed current density can shrink the multipactor susceptibility bands. The effect of space
charge on multipactor susceptibility decreases as the FWHM of the Gaussian profile decreases. Decreasing the FWHM of the Gaussian
electric field can reduce the electron population corresponding to the strength of the multipactor at saturation, at fixed time-averaged
input power.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0170070

I. INTRODUCTION

Multipactor1–6 is a nonlinear discharge phenomenon, which is
generally considered undesirable as it can be detrimental to a mul-
titude radio frequency (rf ) and microwave devices, such as high
power microwave sources,7 particle accelerators,8–10 traveling wave
tubes (TWTs),11 satellite communication payloads and spacecraft
components,12–14 and fusion systems.15 Problems caused by multi-
pactor include the breakdown of dielectric windows,16–19 erosion of
metallic structures, melting of internal components, and perfora-
tion of vacuum walls.2 In addition, multipactor can often detune rf
systems, cause multi-tone coupling and signal distortion,20 limit
the transmission or delivery of rf power, and cause a local pressure
rise due to the desorption of surface gases.21

A common manifestation of multipactor discharge is an elec-
tron avalanche created between two metal electrodes separated by a
vacuum gap and exposed to a radio frequency electric field.2 Under
favorable conditions,2,22 electrons can be locked into a resonant
motion in such a two-surface geometry and cause a rapid charge

growth through secondary electron emission23–26 by repeatedly
impacting the parallel electrodes. Such an electron avalanche may
lead to the cutoff of the power transmission or damage of an rf
device.27 It should be noted that multipactor can be manifested in a
single-surface geometry as well where a rapid charge growth
through secondary electron emission can occur without electrons
being locked into resonant motion.3,6,28–31

Mitigation of multipactor has been one of the major challenges
for the RF community over the past few decades. Common methods
employed for multipactor mitigation include device and surface engi-
neering, such as coating the surfaces with materials having low sec-
ondary electron yield (SEY)32–38 and using artificially roughened,
grooved, and porous surfaces with low effective SEY39–49. These
methods, albeit effective, can be challenging to implement in compo-
nents that are already in use in various applications.22 In addition,
system geometries may have engineering constraints or may be fixed
by the necessary boundary conditions as in a waveguide, which calls
for the employment of other methods to prevent multipactor.
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To address this limitation, in recent years, great emphasis
has been put on multipactor mitigation techniques that modify
the electric or magnetic fields. In addition to the well-known
methods such as applying an external dc electric50,51 or
magnetic52–54 field, recent studies have focused on engineering
the rf field. Iqbal et al. studied multipactor mitigation using two-
frequency rf fields in both single- and two-surface
geometries.30,55–59 In a two-surface geometry, the modulation of
the rf envelope due to multiple carrier frequencies leads to the
disruption of the resonant electron motion, resulting in multi-
pactor mitigation.8,60 Wen et al. showed27,61 that electric fields
consisting of several frequency components, such as the non-
sinusoidal Gaussian-type rf fields, can be very effective for
single-surface multipactor mitigation (reduced the multipactor
strength by an order of magnitude compared to sinusoidal rf
operation for the same transmission rf power).27,61 In practical
vacuum devices, such waveforms could be generated by superim-
posing multiple sinusoidal signals with different carrier frequen-
cies and phase shifts for engineering purposes.27,62 Wen et al.
showed27 that single-surface multipactor mitigation can be
obtained with an approximate Gaussian-type rf field generated
by superimposing as few as three sinusoidal signals. Multipactor
mitigation due to the oblique incidence of the rf fields63 has also
been studied.

In this article, we investigate two surface multipactor with
non-sinusoidal Gaussian-type rf electric fields using Monte Carlo
(MC) simulation and particle-in-cell (PIC) simulations using
Computer Simulation Technology (CST) Particle Studio. We char-
acterize the effect of the full width at half maximum (and/or half
minimum) (FWHM) of the Gaussian profile on multipactor sus-
ceptibility and time dependent physics. We also investigate the
effect of space charge59,64–67 in two surface multipactor with
Gaussian rf waveform. It is noteworthy that the study in Ref. 59 is
focused on engineering the rf waveform with a two-frequency
sinusoidal signal, whereas the current study focuses on the
Gaussian-type signal, which intrinsically comprises an infinite
number of carrier frequencies, while for practical purposes, it can
be recovered by superimposing several carrier frequency sinusoidal
signals.63

We start with a brief introduction to the electron dynamics
and the force law in Sec. II. Section III presents the MC simulation
and CST PIC model.68 The results of our study are presented in
Sec. IV. A summary with the main conclusions and possible future
work are presented in Sec. V.

II. THE FORCE LAW

Figure 1 depicts a simplified schematic of two surface planar
multipactor neglecting space charge with a Gaussian-type rf electric
field,27

Ey(t) ¼ Vrf

d
� {exp[�β(t� t1)

2]� exp[�β(t� t2)
2]},

nTrf � t , (nþ 1)Trf ,
(1)

where Vrf is the peak of the applied RF voltage, d is the distance
between the parallel plates A and B, and t1 ¼ (nþ 0:25)Trf and

t2 ¼ (nþ 0:75)Trf are the time for RF field maximum and
minimum, respectively, with n being an integer and Trf being the
repetition period. The FWHM of the Gaussian wave can be
expressed in terms of the shape-controlling parameter (β) as
Δτ ¼ 2

ffiffiffiffiffiffiffiffiffiffi
ln2/β

p
. Figure 2 shows the temporal profiles of sinusoidal

and Gaussian-type electric fields with different FWHMs but the
same time-averaged rf power per unit area, Prf ¼ cϵ0

Trf

ÐTrf
0 jEy(t)j2dt,

where c is the speed of light and ϵ0 is the vacuum permittivity.
Therefore, a smaller FWHM value (Δτ) corresponds to a sharper
and larger peak of the Gaussian-type rf field.

Assuming one-dimensional particle motion along the
y-direction, the force law governing the electron trajectories is as

FIG. 2. The instantaneous electric field (neglecting space charge) of the sinus-
oidal (solid black curve) and Gaussian form for FWHM, Δτ ¼ 0:15Trf (dashed
blue curve) and 0:05Trf (dotted red curve). All fields correspond to a time-

averaged RF power per unit area, Prf ¼ cϵ0
Trf

Trf
0 jEy(t)j2dt ¼ cϵ0

E2rf,sin
2 (W/m2).

FIG. 1. Multipactor discharge with an electric field oscillating between two metal
electrodes A and B separated by a gap distance d.59 Here, τA!A, τA!B, τB!A,
and τB!B represent a particle’s transit times from electrode A to A, electrode A
to B, electrode B to B, and electrode B to A, respectively. Therefore, τA!A and
τB!B correspond to single-surface impacts, whereas τA!B and τB!A corre-
spond to two-surface impacts.
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follows:

ay(t) ¼
eEy(t)

m
, (2)

where ay(t) is the acceleration. The instantaneous velocity of the
electron is obtained as

vy(t) ¼
ðt

0

ay(t)dtþ v0, (3)

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

y(t) ¼
ðt

0

vy(t)dtþ v0tþ y0: (4)

Here, y0 is the initial position of the electron at t = 0 and v0 is
the initial velocity of the electron.

III. METHODS

In the current work, we separately applied MC and PIC simu-
lations to investigate the multipactor discharge on the two-surface
configuration. A brief description of these methods is provided
below.

A. Monte Carlo simulation

To calculate the growth rate of the multipactor discharge, we
follow the trajectory of a weighted macroparticle over a large
number of impacts in a 1D2V (i.e., assuming one-dimensional par-
ticle trajectory in space and two components of the particle veloc-
ity) MC simulation,3,29,31 neglecting space charge effects in both
volume and the surface charges induced by the volume charges.
The initial rf phase (t/Trf ) is uniformly distributed over a complete
rf period. Each time a macroparticle leaves the surface of an elec-
trode, we assign it a random initial energy V0 ¼ (1/ 2)mv2o and
angle f (with respect to the surface tangent, representing an isotro-
pic flux) according to the following distributions:28

f (V0) ¼ V0

V2
0m

e
� V0

V0m

� �
, (5a)

g(f) ¼ 1
2
sinf, 0 , f , π: (5b)

where V0m is the peak of the distribution of emission energies.28 In
all MC simulations in this article, we choose V0m ¼ 2 eV. It is
important to note that the value of v0 is never known with accu-
racy,2 and simulations using a statistical distribution such as Eq. (5)
can only approximately represent the multipactor dynamics.2

Transit times of an electron in flight for single- (τA!A, τB!B in
Fig. 1) and two-surface (τA!B, τB!A in Fig. 1) impacts on the plates
are calculated by solving Eq. (4). Then, we calculate the impact

energy, Vi ¼ mv2i /2, from Eq. (3) and the secondary electron yield,
δ, from Vaughan’s model.25,69

Upon each impact of a primary particle on the surface, we
update the charge and mass on the macroparticle according to the
SEY and then emit it again with a random velocity. We repeat the
process to obtain a series of yields (δ1: δ2 . . . δN) for Ni consecutive
impacts. The geometric average value of secondary yield over Ni

impacts is then calculated as δavg ¼ (δ1:δ2 . . . δNi )
1/Ni , where

Ni ¼ 20 is used in the calculation.59

For a specific combination of rf frequency f (i.e., inverse of
the waveform period), gap distance d, and accelerating voltage Vrf ,
if we find a valid electron trajectory for any of the initial rf phase,
for which δavg . 1, we conclude that multipactor discharge devel-
ops in the system for this set of parameters.

B. CST PIC model

We employ the three-dimensional electromagnetic PIC simula-
tion setup described in Sec. III C in Ref. 59. Using two waveguide
ports, which are perpendicular to the electrode surfaces, we apply a
constant amplitude of f ¼ 1GHz excitation in a parallel plate geome-
try (see the schematic of the geometric setup for the simulation in
Fig. 3 of Ref. 59). We apply the PEC (perfect electric conductor, i.e.,
tangential electric field, Et ¼ 0) boundary condition to the electrode
surfaces as well as the waveguide ports and PMC (perfect magnetic
conductor, i.e., tangential magnetic field, Ht ¼ 0) boundary condition
to the surfaces that are orthogonal to both the waveguide ports and
the electrode surfaces. We use hexahedral meshes with space step sizes
in the y- (normal to the electrode surfaces), x- (along the electrode
length), and z- (along the electrode width) directions, dy ¼
d/10, dx ¼ l/20, and dz ¼ w/20, respectively, where l ¼ 20 and
w ¼ 20mm are the length and width of the electrode surfaces, respec-
tively, and d is the electrode separation (see Fig. 3 in Ref. 59). A varia-
tion in fd is realized in the simulation by varying the gap distance, d.

The inbuilt Vaughan’s model of CST is used for secondary elec-
tron emission where the emission energy follows a gamma distribu-
tion weighted by a temperature, Te, where 2Te is the average emission
energy of the secondary electrons.68 In our simulations, we use
Te ¼ 2 eV. Secondary electrons are emitted at angles relative to the
surface normal with the following probability distribution function:68

f(θ) ¼ cosθN, θN [ [0, π/2]: (6)

Note that although Eq. (6) in CST documentation68 has a dif-
ferent form compared to Eq. (5b), both equations represent an iso-
tropic flux. We specify the super-particle weight (the number of
physical particles represented by a computer particle), Ne, at the
beginning of a simulation, which is kept fixed for all the particles
throughout the simulation. A particle point source with an emis-
sion area of 10�4 mm2 emits seed particles with an initial kinetic
energy, Ek0 ¼ 0 eV, into the vacuum gap between the plates during
the first period (temission ¼ 1 ns) of the excitation at a constant rate
of 1515 particles/ns (corresponding to an initial seed current
density, Jseed ¼ 2:43� 108 A/m2 for Ne ¼ 105) and remains inactive
during the rest of the simulation.

With a time step of τs ¼ 0:05 ns (i.e., the time step width to
monitor the particles in the simulation and collect parametric data,
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not the step width of updating the electromagnetic fields in the
PIC simulation, which is automatically set by the CST Particle
Studio68), we run the simulation for t ¼ 20 ns which corresponds
to 20 cycles of the rf fields. The temporal evolution of secondary
electron yield δ(t) is calculated as70

δ(t) ¼ ne(tþ τs)
ne(t)

, (7)

where ne(t) and ne(tþ τs) are the electron populations at time t
and (tþ τs), respectively. The time averaged value of δ(t) represents
the average effective SEY of the simulation, δavg.

70

Figure 3 shows the evolution of the electron population and
the corresponding secondary electron yield at various gap voltage
amplitudes of a sinusoidal rf field [corresponding to the suscepti-
bility chart in Fig. 5(a)] for fd ¼ 0:9902GHzmm. We observe that
for Vrf ¼ 93V (blue curves in Fig. 3), the average SEY δavg ¼ 1:005
[Fig. 3(b)], and the corresponding electron population shows an
exponential growth in Fig. 3(a). On the other hand, for Vrf ¼ 111V
(red curves in Fig. 3), the average SEY δavg ¼ 0:994 [Fig. 3(b)], and
the corresponding electron population shows an approximate expo-
nential decay in Fig. 3(a). For Vrf ¼ 99V, the average SEY is unity
[black curves in Fig. 3]. In Fig. 3(a), the seed particle source is active
during the first rf period (temission ¼ 1 ns) as discussed previously.
Therefore, we observe a linear increase in the electron population at
the beginning of the simulations [the inset in Fig. 3(a)] until seed par-
ticles reach the opposite plate at t � 0:5 ns. Beyond the particle
seeding period (i.e., t . 1 ns), only the particles satisfying the resonant
condition2,3 survive, while the rest of the particles die out. In Fig. 3(b),
we show the SEY curves after the particle seeding period is over (i.e.,
t . 1 ns).

An important observation of Fig. 3(b) is the periodic varia-
tions in the SEY curves. To understand the reason for this, we
recall that particles emitted from one surface reach the opposite
surface in approximately one half of an rf period. As we observe
from Fig. 4(a) (the same as the blue curve in Fig. 3(b), zoomed in at
4 ns � t � 5 ns), during 4:15 ns &t &4:3 ns, electron population and
average SEY remain constant as particles emitted from the top plate
traverse the gap distance toward the bottom plate. The front end of
the particle bunch strikes the bottom plate at �4:3 ns [Fig. 4(c)].
These particles are highly energetic [impact energy �70 eV as shown
in the red circled region in Fig. 4(c)] since they strike the bottom
surface soon after the E-field reaches its peak. As the average impact
energy is greater than the first crossover energy, E1, of the SEY curve
[Fig. 4(b)], the average SEY of these impacts is greater than unity [as
observed in Fig. 4(a)]. The average SEY thereupon reaches a
maximum value and then decreases during 4:4 ns , t , 4:5 ns. This
is because during this period, in addition to some high energy
impacts, many low-energy secondaries [impact energy , 10 eV as
shown in the red circled region in Fig. 4(d)] are accelerated back by
the electric field and absorbed at the bottom plate. The resultant
average SEY during this period falls sharply below unity as seen in
Fig. 4(a). During the negative half cycle of the E-field, electrons are
accelerated toward the top plate and the pattern discussed above is
repeated in the SEY curve [Fig. 4(a)] as particles impact the top plate.

IV. RESULTS AND DISCUSSION

Figure 5 shows the multipactor susceptibility charts calculated
from MC simulations for random emission energy and isotropic
angle following Eq. (5), and from CST simulations, for sinusoidal
rf operation as well as Gaussian-type rf operation with FWHM
Δτ ¼ 0:15Trf and Δτ ¼ 0:05Trf . The difference between the MC

FIG. 3. (a) Exponential growth and decay of the electron population at various gap voltage amplitudes of a sinusoidal rf field [corresponding to the susceptibility chart
in Fig. 5(a)]. (b) Evolution of the secondary electron yield δ(t) calculated from Eq. (7). These simulations were produced for sinusoidal RF operation with
fd ¼ 0:9902 GHzmm (f ¼ 1 GHz, d ¼ 0:9902mm) using Vaughan’s SEY model parameters for copper Emax0 ¼ 277:5 eV, δmax0 ¼ 2:088.59
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and CST results is due to the different simulation methodologies
(chiefly the ability to populate phase space by emitting multiple
particles per impact in CST) and secondary electrons’ energy distri-
bution functions adopted in the two models (see Sec. III of Ref. 59
for details). We observe that multipactor threshold voltage (i.e., the
lower susceptibility boundary) increases with Gaussian-type RF
waveshape [Fig. 5(b)] compared to the sinusoidal rf operation
[Fig. 5(a)]. Figures 5(b) and 5(c) show that the threshold voltage
increases further as the FWHM of the Gaussian profile decreases
from Δτ ¼ 0:15Trf [Fig. 5(b)] to Δτ ¼ 0:05Trf [Fig. 5(c)]. This
happens since for fixed peak rf voltage, as the FWHM decreases,
the time-averaged rf power per unit area decreases and a higher
peak rf voltage is required to provide enough energy to primary
particles and generate secondaries.

Figures 5(d)–5(f) show that the threshold time averaged RF
power per unit area Prf for multipactor development also increases
with a Gaussian-type RF waveshape [Fig. 5(e)] compared to a
sinusoidal waveshape [Fig. 5(d)]. As the FWHM decreases,
the threshold Prf for multipactor development further increases
[Fig. 5(f )]. This happens because for a fixed input RF power, as the
width of the E-field pulse decreases with the Gaussian-type RF
operation [i.e., Δτ ¼ 0:05Trf in Fig. 5(f )], the longer decay time
between the Gaussian field peaks (cf. dotted red curve in Fig. 2)
eliminates most free electrons.6,27

We also observe from Fig. 5 that susceptibility bands with the
Gaussian-type rf waveshape are wider than those for sinusoidal rf
operation. To explain this, we recall that for a sinusoidal rf electric
field, Ey ¼ Erf sin(ωtþ θ), each point of the upper multipactor
boundary corresponds to the maximum negative value of the initial
rf phase θ at that point, for which the emission velocity of an elec-
tron just allows it to escape against the initially retarding
field.2,3,6,21,22,69 This maximum negative value of the initial rf phase

is shown in Fig. 6(a) as θ ¼ �θm, which corresponds to the earliest
electron emission time, �tmax,sin.

From Eq. (1), the slope of a Gaussian-type signal at any point
in time can be expressed as

dEy(t)

dt
¼ Vrf

d
� {exp[�β(t� t1)

2]� [�2β(t� t1)]

� exp[�β(t� t2)
2]� [�2β(t� t2)]}: (8)

We find from Eqs. (1) and (8) that at the inflection point (i.e.,

tinflection ¼ t1þt2
2 ), Ey(tinflection) ¼ 0 and dEy(t)

dt jt¼tinflection ¼ 0. On the

other hand, for a sinusoidal signal [i.e., Ey,sin ¼ Vrf
d sin(ωtþ θ),

where ω is the angular frequency, and θ is the initial phase of the
electric field] at the inflection point, Ey,sin(tinflection) ¼ 0 and
dEy,sin(t)

dt jt¼tinflection
¼ Vrf

ωd cos(ωtþ θ). Therefore, for a Gaussian-type
electric field, the rf field strength near the inflection point is lower
compared to the sinusoidal electric field [the red elliptical region in
Fig. 6(b)].

As a result, with a Gaussian-type electric field, an electron can
survive being emitted earlier [�tmax,gauss , �tmax,sin in Fig. 6(b)]
during the negative half cycle compared to the sinusoidal rf opera-
tion, i.e., jtmax,gaussj . jtmax,sinj (analogous to θm,gauss . θm,sin).
Thus, a stronger peak rf voltage for the Gaussian-type rf waveshape
has to be applied to bring the emitted electrons back to their birth
electrode during the initial negative rf phase (in order to extinguish
multipactor). This results in an increase in the upper susceptibility
boundary and an expansion of the susceptibility bands. From
another perspective, θm,gauss . θm,sin signifies a larger range of the
emission phase of secondary electrons with Gaussian-type rf fields
that can establish a resonant motion compared to that with sinusoi-
dal rf fields, resulting in the expansion of the susceptibility bands.

FIG. 4. Top row: (a) Secondary electron yield (blue
curve) and electric field amplitude (red curve) for sinusoi-
dal RF operation with fd ¼ 0:9902 GHzmm
(f ¼ 1 GHz, d ¼ 0:9902mm), Vrf ¼ 93 V; (b) Vaughan’s
SEY curve for copper with Emax0 ¼ 277:5 eV,
δmax0 ¼ 2:088.59 The first and second crossover energies
are E1 ¼ 42 eV and E1 ¼ 3054 eV, respectively. Bottom
row: position (y) vs energy (E) phase-space plots at times
(c) t ¼ 4:33 ns, and (d) t ¼ 4:46 ns. y ¼ 0:4951 and
�0:4951 correspond to the top plate and the bottom
plate, respectively.
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As the FWHM decreases, jtmax,gaussj and θm,gauss increase and the
susceptibility band becomes wider [Fig. 5(c)].

In Fig. 5, we also observe an extension of the susceptibility
bands along the transverse axis (f � d� axis) with Gaussian-type
electric field compared to those with sinusoidal electric fields. For
instance, multipactor is not observed for fd & 0:7GHzmm for
sinusoidal rf operation [Fig. 5(a)]. However, for Gaussian-type rf
operation, the first-order multipactor susceptibility band (N ¼ 1)
seems to be extended in the fd & 0:7GHzmm region. To under-
stand this, we recall that a Gaussian-type signal can be decomposed
into multiple sinusoidal signals with different carrier frequencies
(see the Appendix of Ref. 27 for details). Therefore, in the
fd & 0:7GHzmm region of Fig. 5, while the fundamental fre-
quency component of the Gaussian-type electric field is incapable
of developing multipactor, its higher frequency components might
result in multipactor development. From another perspective, for a

fixed rf period, the Gaussian-type electric field is less efficient for
electron acceleration compared to the sinusoidal electric field.27,61

Therefore, when the gap distance (d) is very small, sinusoidal rf
fields fail to establish resonant electron motion as electrons emitted
from one surface reach the other surface too early. On the other
hand, Gaussian-type rf fields with the same fundamental rf fre-
quency (f) can successfully establish resonant electron motion
across the same gap distance because of the less efficient electron
acceleration.

For sinusoidal rf operation [Fig. 5(a)], different multipactor
modes (i.e., N ¼ 1, 3, . . . , etc:) result in distinct multipactor bands.59

Distinct susceptibility bands are also observed for Gaussian-type rf
operation with Δτ ¼ 0:15Trf [Fig. 5(b)]. Figures 7(a)–7(c)
confirm that these separate bands represent different multipac-
tor modes (see Fig. 5 of Ref. 59 for the detailed analysis of dif-
ferent multipactor modes and corresponding particle trajectories

FIG. 5. Top row: Multipactor susceptibility charts in the Vrf � fd space calculated from MC simulation (gray dots) for random emission energy and emission angle given by
Eq. (5) and from CST simulation (colored dots) without space-charge effects for (a) sinusoidal rf operation, and Gaussian-type rf operations with (b) Δτ ¼ 0:15Trf and
(c) Δτ ¼ 0:05Trf . Bottom row: Susceptibility charts, the same as those in the top row, in the Prf � fd space. The time averaged rf power per unit area is calculated from

Prf ¼ cϵ0
Trf

ÐTrf
0
jEy(t)j2dt(W/m2). The color bar shows the time averaged secondary electron yield, δavg, calculated from CST. For all the cases, we use rf repetition period,

Trf ¼ 1 ns and variation in 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, emis-
sion period of seed particles, temission ¼ 1 ns and the total number of seed particles, Nseed,total ¼ 1515 corresponding to an initial seed current density,
Jseed ¼ 2:43� 108 A/m2. These simulations were produced using Vaughan’s SEY model, where parameters for copper are chosen as Emax0 ¼ 277:5 eV,
δmax0 ¼ 2:088.59
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FIG. 6. (a) For sinusoidal rf operation, θ ¼ �θm corresponding to the upper boundary represents the earliest electron emission time, �tmax,sin. (b) For Gaussian-type rf
operation, jtmax,gaussj . jtmax,sinj, resulting in an expansion of the susceptibility bands and an increase in the upper susceptibility boundary.

FIG. 7. Top row: Instantaneous rf voltage, Vy ¼ Vrf {exp[�β(t� t1)
2]� exp[β(t� t2)

2]}, nTrf � t , (nþ 1)Trf (blue lines) and the corresponding macroparticle trajecto-
ries (red lines) obtained from MC simulation for Δτ ¼ 0:15Trf with (a) Vrf ¼ 5338 V, (b) Vrf ¼ 3000 V, and (c) Vrf ¼ 1602 V. Bottom row: Instantaneous rf voltage (blue
lines) and corresponding macroparticle trajectories (red lines) for Δτ ¼ 0:05Trf with (d) Vrf ¼ 15543 V, (b) Vrf ¼ 7056 V, (c) Vrf ¼ 3613 V. For all the cases, we use
fd ¼ 5:92 GHzmm, fundamental rf frequency, f ¼ 1 GHz. Plots (a)–(c) correspond to points m, n, and o, in Fig. 5(b), respectively and plots (d)–(f ) correspond to the
points p, q, and r, in Fig. 5(c), respectively. The values of δavg are calculated from the MC simulation as described in Sec. III A. These simulations were produced using
Vaughan’s SEY model, where parameters for copper are chosen as Emax0 ¼ 277:5 eV, δmax0 ¼ 2:088.59
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with sinusoidal rf fields). We observe that for (fd, Vrf )
� (5:92GHzmm, 5338V) [Fig. 7(a)] and (5:92GHzmm, 3000V)
[Fig. 7(b)], the transit time of the macroparticle from the bottom plate
to the top plate (τA!B) and the transit time from the top plate to the
bottom plate (τB!A) are approximately Trf

2 ¼ 0:5 ns, as indicated
by Fig. 1. Therefore, the corresponding (fd, Vrf ) points (m and n,
respectively) lie inside the first susceptibility band of Fig. 5(b) (i.e.,
multipactor mode, N ¼ 1). For (fd, Vrf ) � (5:92GHzmm, 1602V)
[Fig. 7(c)], τA!B ¼ τB!A � 3Trf

2 ¼ 1:5 ns. Therefore, the correspond-
ing (fd, Vrf ) point o lies inside the second susceptibility band of
Fig. 5(b) (i.e., multipactor mode, N ¼ 3).

For Gaussian-type rf operation with Δτ ¼ 0:05Trf [Fig. 5(c)],
the susceptibility bands are found to be partially overlapped. In this

overlapping region, mixed multipactor modes are observed, where
τA!B = τB!A. Figure 7(e) [corresponding to point q in Fig. 5(c)]
shows such a mixed multipactor mode for
(fd, Vrf ) � (5:92GHzmm, 7056V). Points p and r in Fig. 5(c)
represent pure multipactor modes N ¼ 1 and 3, respectively, for
Δτ ¼ 0:05Trf , as can be observed from their corresponding macro-
particle trajectories in Figs. 7(d) and 7(f ), respectively.

Next, we turn on the function of space-charge effects in
CST59,68,70 and examine multipactor susceptibility and its time
dependent dynamics. When the function of space-charge effects is
turned on in CST, the simulations account for volume space charge
as well as the image charge field, which are not accounted for in
simulations when the function is turned off.

FIG. 8. Multipactor susceptibility charts in the Vrf � fd space calculated from CST simulation; top row: For Δτ ¼ 0:15Trf, (a) without space-charge effects (no volume
space charge and no image charge field) and (b) with space-charge effects. Bottom row: for Δτ ¼ 0:05Trf, (c) without space-charge effects and (d) with space-charge
effects. Color bar shows the time averaged secondary electron yield, δavg, calculated from the CST simulations as described in Sec. III B. For all the cases, we use rf repe-
tition period, Trf ¼ 1 ns, and the variation in fd is obtained by varying the gap distance, d. We use the number of electrons contained in each particle, Ne ¼ 5� 105, emis-
sion period of seed particles, temission ¼ 1 ns and the total number of seed particles, Nseed,total ¼ 1515 corresponding to an initial seed current density,
Jseed ¼ 12:15� 108 A/m2. These simulations were produced using Vaughan’s SEY model, where parameters for copper are chosen as Emax0 ¼ 277:5 eV,
δmax0 ¼ 2:088.59
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We observe that for an initial seed current density,
Jseed ¼ 12:15� 108 A/m2, space charge effects result in a shrinkage
of multipactor susceptibility bands for Δτ ¼ 0:15Trf [Fig. 8(b)].
However, for Δτ ¼ 0:05Trf , the effect of space charge on multipac-
tor susceptibility is not prominent [Fig. 8(d)] with the same seed
current density. The average SEY is reduced in Fig. 8(d) compared
to Fig. 8(c), while the susceptibility bands in Figs. 8(c) and 8(d)
remain relatively unchanged.

Figure 9 shows the evolution of the particle population with
(dotted lines) and without (solid lines) space charge for
(Δτ, Prf , Vrf ) � (0:15Trf , 2:7� 107 W/m2, 323V) [blue lines in
Fig. 9, corresponding to point m in Figs. 8(a) and 8(b)] and
(Δτ, Prf , Vrf ) � (0:05Trf , 7:9� 107 W/m2, 947V) [red lines in
Fig. 9, corresponding to point n in Figs. 8(c) and 8(d)]. These Prf
values are so chosen that the particle growth rate and, therefore,
the time averaged SEY without space charge for Δτ ¼ 0:15Trf and
0:05Trf are similar (solid curves in Fig. 9). However, we observe
that when space charge is turned on, multipactor is completely sup-
pressed for Δτ ¼ 0:15Trf (dotted blue curve in Fig. 9), whereas for
Δτ ¼ 0:05Trf (dotted red curve in Fig. 9), multipactor discharge is
present with a lower SEY than the solid curves.

We then investigate the (y, vy) phase space of the electrons in
the gap for different FWHMs of the Gaussian profile of the rf field
to understand why the effect of space charge is more prominent on
multipactor susceptibility for a larger FWHM.

For the CST simulation with 1 GHz excitation, the particle
source at the top plate emits seed particles into the vacuum gap
during the first period of the excitation (temission ¼ 1 ns) at a cons-
tant rate of 1515 particles/ns. Therefore, from t ¼ 0 to t ¼ 0:30 ns,
454 seed particles are emitted into the vacuum gap. As shown in
panel A of Fig. 10, when space-charge is accounted for, some of
these seed particles are re-absorbed by the top surface due to the
virtual cathode effect (i.e., the formation of space charge potential
minimum to reflect electrons)59,66,71–74 and the number of particles
at t ¼ 0:30 ns for Δτ ¼ 0:15Trf and 0:05Trf are 372 and 319,
respectively.

As seed charge density grows, the virtual cathode effect
becomes stronger. As a result, at t ¼ 0:40 ns (panel B of Fig. 10),
we observe that space charge causes the velocity reversal of particles
[red circled region in Figs. 10(b) and 10(g)]. From Fig. 11, we
observe that at t ¼ 0:40 ns, the instantaneous rf electric field (Ey)
becomes almost zero for Δτ ¼ 0:05Trf (red curve in Fig. 11). As a
result, the velocity reversal due to the virtual cathode effect is
more prominent in Fig. 10(g) compared in Fig. 10(b). As the
velocity of the impacting particles is very high [approximately
116 eV impact energy, shown in the red circled region in Fig. 10(g)],
they generate secondary particles through secondary electron emis-
sion. Such secondary electron emission is not observed in Fig. 10(b)
as the impact velocity is quite low (approximately 8 eV impact
energy) in this case [red circled region in Fig. 10(b)] due to a
higher value of the rf electric field (Ey) (blue curve in Fig. 11).
As a result, at t ¼ 0:50 ns, the number of particles for Δτ ¼ 0:05Trf

is much higher [312 in Fig. 10(h)] than that for Δτ ¼ 0:15Trf

[98 in Fig. 10(c)].
For 0:50 ns , t , 1:00 ns, the rf field is reversed. Therefore,

during this period, the particles generated during the positive half
cycle (i.e., 0 ns , t , 0:50 ns) impact and get absorbed by the top
plate. We observe from panel D of Fig. 10 that at t ¼ 0:65 ns, all
the seed particles are absorbed by the top plate for Δτ ¼ 0:15Trf .
However, at t ¼ 0:90 ns, some seed particles still remain in the
vacuum gap for Δτ ¼ 0:05Trf [Fig. 10( j)]. These remaining seed
particles result in multipactor discharge during the next rf periods
(as shown in the dotted red curve of Fig. 9).

Wen et al. showed27 that when a dielectric surface is
exposed to a Gaussian-type electric field, the single-surface mul-
tipactor strength at saturation is reduced compared to a sinusoi-
dal electric field. Figure 12(a) shows that the two-surface
multipactor strength, i.e., the electron population (ne) at multi-
pactor saturation, can also be reduced with Gaussian-type rf
operation. We observe from Figs. 12(a) and 12(b) that the multi-
pactor strength decreases as the FWHM of the Gaussian-type rf
field decreases. We find that for Gaussian-type rf operation with
Δτ ¼ 0:05Trf [leftmost points in Fig. 12(b)], first-order (N ¼ 1)
multipactor strength [black curves in Fig. 12(b)] is reduced by
almost 50% and third-order (N ¼ 3) multipactor strength [red
curves in Fig. 12(b)] is reduced by almost 90% compared to the
sinusoidal rf operation with the same time averaged rf power per
unit area.

FIG. 9. Evolution of the particle population (Nparticle) for Δτ ¼ 0:15Trf without
space charge [corresponding to point m in Fig. 8(a)], Δτ ¼ 0:05Trf without
space charge [corresponding to point n in Fig. 8(c)], Δτ ¼ 0:15Trf with space
charge [corresponding to point m in Fig. 8(b)], and Δτ ¼ 0:05Trf with space
charge [corresponding to point n in Fig. 8(d)]. For all cases, we use Trf ¼ 1 ns
and d ¼ 1:52 mm. Note that points m and n represent a time averaged rf power
per unit area, Prf ¼ 2:7� 107 and 7:9� 107 W/m2, respectively. Also note
that for the chosen Prf values and without space charge, average secondary
electron yield and particle growth rate for Δτ ¼ 0:15Trf (solid blue curve) and
Δτ ¼ 0:05Trf (solid red curve) are similar. However, with space charge, multi-
pactor is suppressed for Δτ ¼ 0:15Trf (dotted blue curve), whereas for Δτ ¼
0:05Trf (dotted red curve), multipactor discharge is present. These simulations
were produced using Vaughan’s SEY model, where parameters for copper are
chosen as Emax0 ¼ 277:5 eV, δmax0 ¼ 2:088.59
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V. CONCLUSIONS

We investigated two surface multipactor with Gaussian-type rf
fields using Monte Carlo simulation and the CST particle-in-cell
code. We observed that multipactor susceptibility is sensitive to the
FWHM of the Gaussian profile. As the FWHM of the Gaussian
profile decreases, the threshold peak rf voltage and the threshold rf
power for multipactor increase. In addition, multipactor suscepti-
bility bands become wider for Gaussian-type RF operation com-
pared to the sinusoidal RF operation.

CST PIC simulation with space-charge effects reveals that for
a large FWHM of the Gaussian profile, a high initial seed current
density can result in a shrinkage of the multipactor susceptibility
bands. However, as the FWHM decreases, the effect of space
charge on multipactor susceptibility becomes less prominent. The
multipactor strength, i.e., the electron population at multipactor
saturation, can be significantly reduced with a Gaussian-type elec-
tric field with small FWHM compared to a sinusoidal electric field.

Future work may include the development of an analytical
theory for Gaussian-type rf field induced two-surface multipactor
and validation of presented results against experiments as well as
investigating other waveforms, especially those created with a small
number of sinusoidal carriers, as practical possibilities.
Non-sinusoidal rf induced two-surface multipactor in other geome-
tries, such as microstrip, circular, and coaxial waveguides might
also be of interest. In addition, the scaling of the V–fd relationship

FIG. 10. y vs vy with space charge for (a)–(e) (Δτ, Prf , Vrf )� (0:15Trf , 2:7 �107W/m2, 323V) and (f )–( j) (Δτ, Prf , Vrf )� (0:05Trf , 7:9�107W/m2, 947V), at times t ¼
0:30 ns (vertical panel A), 0:40 ns (vertical panel B), 0:50 ns (vertical panel C), 0:65 ns, (vertical panel D), and 0:90 ns, (vertical panel E), where Trf ¼ 1 ns, f ¼ 1 GHz,
d ¼ 1:52mm, i:e:, fd ¼ 1:52 GHzmm. Note that the plots have two x axes: the bottom x axis shows the velocity (vy ) and the top x axis shows the corresponding energy
of the particles. In all plots, y ¼ 0:76 and y ¼ �0:76mm correspond to the top surface and the bottom surface of the two-surface geometry. The plots have been
zoomed in the region near the top plate for better visualization of particles, which are close to the top plate. 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 Ne ¼ 5� 105, resulting in a seed current density, Jseed ¼ 12:15� 108 A/m2. These simulations
were produced using Vaughan’s SEY model, where parameters for copper are chosen as Emax0 ¼ 277:5 eV, δmax0 ¼ 2:088.59

FIG. 11. The instantaneous electric field of the Gaussian form for
(Δτ, Prf , Vrf ) � (0:15Trf , 2:7� 107 W/m2, 323 V) (solid blue curve) and
(Δτ, Prf , Vrf ) � (0:05Trf , 7:9� 107 W/m2, 947 V) (solid red curve), where
Trf ¼ 1 ns. Dashed vertical lines A, B, C, D, and E correspond to the vertical
panels of Fig. 10 from left to right, respectively.
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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 collisions
between the particles, can be explored. The effects due to the pres-
ence of background gas may also be explored,31 along with the
transition from multipactor to ionization breakdown.75–77
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