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Abstract— This article presents the frequency-domain analysis
of multipactor discharge on a single dielectric surface. We employ
the multiparticle Monte Carlo simulation model in one dimension
with adaptive time steps to obtain the temporal profiles of the
normal electric field, which is due to surface charging that
corresponds to the multipactor strength, induced by single- or
dual-tone radio frequency (RF) electric fields acting parallel to
the surface. We apply a discrete Fourier transform (DFT) to
obtain the amplitude spectrum of the normal electric fields.
It is found that for the single-tone RF operation, the normal
electric field consists of pronounced even harmonics of the driving
RF frequency. The strength of a harmonic component in the
normal electric field depends on its frequency and the incident
RF amplitude. An empirical relation between the strength and
frequency of the harmonics and the input RF amplitude has
been proposed. For dual-tone RF operation, spectral peaks are
observed in the amplitude spectrum of the normal electric field at
various frequencies of intermodulation product of the RF carrier
frequencies. Pronounced peaks are observed at the sum and
difference frequencies of the carrier frequencies, at multiples of
those frequencies, and at multiples of the carrier frequencies.
Empirical relations between the heights of different spectral
peaks and the input RF amplitudes have been proposed.

Index Terms—Dual tone, frequency-domain analysis, inter-
modulation, Monte Carlo (MC), multipactor.

I. INTRODUCTION

ULTIPACTOR [1]-[7] occurs when electrons acceler-
ated by radio frequency (RF) fields are self-sustained
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via an electron avalanche caused by secondary electron emis-
sion from a metallic or dielectric surface. It may cause the
breakdown of dielectric windows [8]—[10], erosion of metallic
structures, melting of internal components, and perforation of
vacuum walls [2]. For space-based communications, multi-
pactor not only threatens the integrity of the microwave com-
ponents but also degrades the signal quality, which has become
a major concern [11]. An investigation of multipactor in
high-power microwave (HPM) sources, RF accelerators [10],
and space-based communication systems [12], [13] has been
a major research focus over the years.

Extensive studies have been conducted on multipactor
mitigation strategies including surface coating with low
secondary electron yield (SEY) materials [14]-[17], using
artificially roughened or porous surfaces with suppressed
SEY [16]-[20], or by modifying the electric or magnetic
fields for the single-surface [21]-[23], parallel-plate [24]-[28],
microstrip [29], [30], and coaxial [31]-[33] geometries. The
effects of space-charge [34]-[36], dual-tone [23], [24], [27],
[37], and nonsinusoidal [38] transverse electric fields; external
dc electric [5], [21] and magnetic fields [22], [39], [40];
oblique RF electric fields [22], [41]; and wave reflection
[39], desorption, or background gases [5], [34] on multipactor
discharge have been investigated with tools such as Monte
Carlo (MC) particle simulations [4], particle-in-cell (PIC)
simulations [42], [43], analytical calculations [4], statistical
theory [44], and most recently with map-based theory [45]
and chaos theory [46].

Studies have been conducted on the time-dependent physics
of single-surface multipactor, revealing that the temporal pro-
files of the normal electric field and the SEY oscillate at
twice of the RF frequency for single-tone operation [43] and
at four times of the fundamental RF frequency for dual-tone
operation with fundamental and second harmonic modes [37].
In addition to the temporal analysis, the frequency-domain
analysis of multipactor discharge is also very important to
understand the effect of multipactor on device operations.
In this respect, Tang and Kudsia [47] investigated multipactor
breakdown and passive intermodulation (PIM) in microwave
components for satellite applications. Zhang et al. [48] inves-
tigated PIM in a parallel-plate transmission line (PPTL)
caused by multipaction with 2-tone and 4-tone RF signals.
Semenov et al. [49] proposed a simplified analytical model
to predict the spectrum of electric current induced by the

0093-3813 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Michigan State University. Downloaded on June 13,2020 at 00:09:04 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-8437-6990
https://orcid.org/0000-0002-7078-3544
https://orcid.org/0000-0003-0606-6855

IQBAL et al.: FREQUENCY-DOMAIN ANALYSIS OF SINGLE-SURFACE MULTIPACTOR DISCHARGE

multipacting electrons between two parallel electrodes exposed
to a single-tone RF electric field. However, the frequency-
domain analysis of single-surface multipactor is rarely studied.

In this article, we examine multipactor discharge in the
frequency domain on a single dielectric surface with single-
and dual-tone RF signals. We employ the multiparticle MC
simulation model [37] to obtain the temporal profiles of the
normal electric field to the surface that corresponds to the
multipactor strength in the system. We perform a discrete
Fourier transform (DFT) on the temporal profiles and obtain
the amplitude spectrum of the normal electric fields in the ac
saturation state. For single-tone RF electric fields, the spectral
peaks are observed at the even harmonics of the fundamen-
tal RF frequency. We find that the heights of the spectral
peaks depend on their frequencies and also on the input RF
amplitude. For dual-tone RF electric fields, spectral peaks
are observed at various frequencies of intermodulation prod-
ucts in the amplitude spectrum of the normal electric field.
We propose the empirical relations between the heights of
the spectral peaks and the input RF carrier amplitude. The
temporal profiles of the normal electric fields obtained from
MC simulation and from the proposed empirical scalings are
in excellent agreement for both single- and dual-frequency RF
electric fields.

II. ELECTRON DYNAMICS AND MC MODEL

The multipactor electrons are subjected to forces imposed
by the normal electric field E, originating from the residual
charge on the dielectric acting along the x-direction and the RF
electric field Ey = [Eyf sin(wt4-0)+f Esf sin (n(wt +0) + 7)]
acting along the y-direction (Fig. 1). Here, E;; 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. f is the field strength of the second carrier mode relative
to the fundamental mode, n is the ratio of the frequencies of
the two carrier modes, and y is the relative phase of the second
carrier mode. Here, n needs not be an integer. Except for
the time-varying strength of E,, the possible space-charge
effects due to multipactor electrons [22], [34], [42], [50] are
not considered. As shown in Fig. 1, the flight trajectory of a
multipactor electron is governed by the force law

-

ov - > >
m5=—|e|[Enc sin(wt +60)+ f Es sin(n(wt4+0)+y )+ Ey].

(1
From this, we obtain
el .
vy = —— Et + vosing (2a)
m
vy = MErf I cos (wt + ) — cost)
me
+ é [cos (n (wt +0) + y) — cos (nf + y)]]
~+ vocos¢ (2b)

where the last terms account for the emission velocity at r = 0.
From (2), we obtain the instantaneous position of a multipactor
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Fig. 1. Schematic of the single-surface multipactor discharge in a normal
electric field and a dual-tone parallel RF field.

electron as
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where xo and yp account for the initial position of the particles
at t = 0. The transit time 7 of an electron in flight before
impacting the dielectric surface is calculated by solving (3a)
for x = 0. It is noteworthy that the solutions to (1) given
in (2a), (2b), (3a), and (3b) apply only during the intervals
between any two consecutive impacts from the entire ensemble
of particles on the surface, during which the normal electric
field E, remains constant. Note also that £, changes upon the
impact of any particle.

The SEY, 0, 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 normal, &, at
which it strikes the surface [51]. It also depends on material
properties translating into two parameters: the maximum yield,
Omax, and the energy at which it occurs, Enyax. We specify
these parameters for the simulation as discussed in [23] and
adopt the following Vaughan’s empirical formula [51], [52] to
estimate the SEY:

5jf()f) = (we'™")", forw <3.6 (4a)

where w = E;/Emax, k = 0.56 for w < 1, k = 0.25 for
I < w=<3.6, Enax = Emax0(1+ksE52/27T)s and Omax =
Omaxo(14+kssE2 /2m), where kgp and kys are surface smooth-
ness factors, both of which are set to 1 in the simulation. Two
values of impact energy, termed the first and second crossover
points, Eq and E», respectively, result in a yield of 1, with
0 > 1 in between.
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Fig. 2. Schematic of the multiparticle MC modeling of the single-surface
multipactor discharge: multiple macroparticles are in flight, and each iteration
traces one impact of a macroparticle onto the surface; charge, g;, and mass,
m;, of only the incident macroparticle hitting the surface are updated after
each iteration. Total surface charge, Ny, and the normal electric field, Ey, are
calculated as described in [37]. Reproduced from [37], with the permission
of AIP Publishing.

Following the algorithm described in [37], we start the
simulation with N = 100 weighted macroparticles emitted
at time ¢ = O from the initial position x =0 and y =0 of a
surface (Fig. 2). An initial electric field Exo (Exo ~ Ert0/30)
is assigned normal to the surface, and the initial surface charge
is calculated as Ny = 2AEop€o/|e|, where A is the area of
the dielectric surface. The same amount of negative charge
is evenly distributed to the N = 100 initial macroparticles.
We follow the trajectory of these macroparticles over a large
number of impacts (Njmpact = 8 X 10*) in an MC simula-
tion [4], [5]. Each time a macroparticle leaves the surface,
we assign it a random initial energy Eo = (1/2) mv(z) and
angle ¢ according to the following distributions [4]:

Ey _(to
f(Eo) = —206 (EO"’)
Om

§(4) = 3sing

where Ey,, is the peak of the distribution of emission energies,
on the order of the work function, i.e., a few electron volts
[2]-[4]. The expected value of Eg is 2Eg, and [ g (¢)dp =1
over 0 < ¢ < m. Substituting these random values of initial
velocities and angles into (2) and (3), we obtain the transit
times of each macroparticle before impacting the surface and
find the minimum of these transit times, 7min, Which identifies
the macroparticle that impacts the surface next. We calculate
this macroparticle’s impact energy, E;, and impact angle, &,
and hence, the SEY, J, of the impact from (4). We use
this value of the yield to adjust the charge and mass on
the impacting macroparticle and then emit it again with a
random velocity and emission angle. The charges and masses
of all the other macroparticles in flight are unchanged by
this impact, and we record their instantaneous velocities and
positions at the time of the impact to use in the next iteration.
Total surface charge and normal electric field values are also

(5a)

(5b)
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updated accordingly at the time of each impact [37]. The
initial RF phase of the fundamental carrier in our simulation is
assigned as § = 0, and then, it is calculated self-consistently
(Biy1 = 6; + otmin) at the beginning of each iteration. For
all the cases, in this article, the relative phase between the
two tones is assigned as y = 0. The temporal profiles of the
surface charge N and the normal electric field to the dielectric
surface E, are obtained by converting the iteration number
into the scale of time using the transit times zpyj, for each
iteration. E, obtained at this stage is on a nonuniform grid in
time. We divide the time scale in uniform bins and compute
the average E, in each of those bins. We then employ a fast
Fourier transform (FFT) algorithm of MATLAB to obtain the
DFT of the temporal profiles of E,.

It is important to note that the multiparticle MC and PIC
results from [43], where each impact produces a “spray” of
secondary electrons, match almost exactly with each other in
the saturation regime. This confirms that it is adequate to emit
just one particle at each impact site in the multiparticle MC
[37]. Furthermore, it indicates that the space-charge effect
(included in the PIC simulation but missing in MC) has
little effect on the multipactor development and, therefore,
the harmonic contents of E in the chosen input parameters.

III. RESULTS

The previous studies conducted by Kim and Verboncoeur
[43] and Igbal et al. [37] showed that for a single-tone RF
electric field [Fig. 3(a)], the temporal profile of the normal
electric field Ey oscillates at twice the RF frequency in the
ac saturation state [Fig. 3(b)]. It is also understood [3], [23],
[37] that the ac saturation for a given RF amplitude occurs at
the lower multipactor susceptibility boundary of Fig. 3(c). For
instance, for the RF amplitude E;fo = 3 MV/m of Fig. 3(a),
the ac saturation occurs at point “A” of Fig. 3(c), where the
time averaged normal electric field is £y = 0.93 MV/m. It is
evident from Fig. 3(b) that the oscillation in the normal electric
field profile is not purely sinusoidal and has multiple frequency
components. We employ DFT to obtain the amplitude spec-
trum of the normal electric field E, and observe its frequency
components for different RF amplitudes and frequencies.

Figure 4 shows the amplitude spectrum of the normal
electric field E, for three different cases of a single-tone RF
field. The RF amplitude is kept fixed at E;p = 3 MV /m, and
the RF frequency is varied as fif = 1, 1.5, and 2 GHz from
Fig. 4(a)—(c), respectively.

As shown in Fig. 4, the peaks in the amplitude spectrum
of E, appear at even harmonics of the RF frequency, 2If;s,
where [ is a positive integer. We also observe that the heights
of the spectral peaks gradually decrease with the increase of
their frequencies. However, the heights of the spectral peaks
are almost independent of the RF frequency. It is noteworthy
that the normal surface charging field E, consists of even
harmonics of the RF frequency only. This is expected since
surface charging due to multipactor discharge from a single
dielectric surface is independent of the direction (i.e., either
positive or negative) of the parallel RF electric field E;f, and
the normal surface charging field E, must be symmetric in
the positive and negative half cycles of Eif.
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Fig. 3.

(a) Temporal profile of the RF field with a frequency fif = 1 GHz and amplitude E o = 3 MV/m. (b) Temporal profile of the normal electric field Ey

in the ac saturation state obtained from the MC simulation. (c) Multipactor susceptibility boundaries (blue regions are subjected to multipactor susceptibility)
in the (Ey, E;fo) plane from MC simulation with single-tone RF field. Here, the maximum SEY, dpax0 = 3, occurring at impact energy Emaxo = 420 eV,
and E,;0/Emaxo = 0.005, where 2E,,( is the average emission energy of secondary electrons. In the calculation of (c), Ex is kept as a constant for each

case, and the susceptibility is recorded when dayg > 1.
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Fig. 4.  Amplitude spectrum of the normal electric field in the ac saturation state induced by a single-tone RF field with amplitude, Eyfgp = 3 MV/m, and
frequencies, fif = (a)l GHz, (b) 1.5 GHz, and (c) 2 GHz. Pronounced spectral peaks are observed at even harmonics of the RF frequency in each case. The

heights of the spectral peaks are independent of the RF frequency.
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Fig. 5.  Amplitude spectrum of the normal electric field in the ac saturation state induced by a single-tone RF field with RF frequency, fif = 1 GHz, and

RF amplitudes, Eyfp = (a) 1 MV/m, (b) 2 MV/m, and (c) 3 MV /m. Pronounced spectral peaks are observed at even harmonics of the RF frequency in each
case. The heights of the spectral peaks increase linearly with the increase of the RF amplitude.

In Fig. 5, we plot the amplitude spectrum of E, for RF
amplitudes Ero = 1, 2, and 3 MV/m while the RF frequency
is kept fixed at fit 1 GHz. It is clear from these plots
that the heights of the spectral peaks at even harmonics
increase as the RF amplitude increases. We can express the
relation between the heights of the spectral peaks, E,;, at even
harmonic frequencies of the RF frequency, f = 2/ f;t, and the
RF amplitude, Efp, with the following linear equation:

E,y(MV/m) =A; Eiqo(MV/m)+B;.

(6)

By curve fitting, we obtain the following empirical formula
for the coefficients A; and B;:

a2t
c@)+d.

(7a)
(7b)

Ay
By

For the DFT results in Figs. 4 and 5, we find ¢ = 1.709,b =
—2.379,¢ = 0.004, and d = —0.036. The temporal profiles
of the normal electric field can be expressed in terms of the
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Fig. 6. Temporal profiles of the normal electric field E in the ac saturation state obtained from the MC simulation (black solid lines) and the empirical (8)
(blue dashed lines) for single-tone RF fields with (a) RF amplitude E.fp =3 MV/m and RF frequency fif =1 GHz, (b) Erfop =1 MV/m and fif = 1 GHz,
and (¢) Erfp =3 MV/m and fif =2 GHz. The time averaged saturation values used in these cases are Ey avg = 0.93,0.42, and 1.03 MV /m, respectively.
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Fig. 7. Amplitude spectrum of the normal electric field in the ac saturation state induced by a dual-tone RF field with individual carrier amplitude,

Eixo = 3 MV/m [with # = 1 in (1)], and carrier frequencies, (a) f; = 1 GHz, f, = 1.5 GHz, (b) fi = 1 GHz, f, = 1.3 GHz, and (¢) f; = 2 GHz,
f2 =3 GHz. Pronounced spectral peaks are observed at frequencies (f2=£f1), 2f1 2, and 2(f2+f1).

DFT peaks as follows:

4
EvZEyave + ) Exsin(loor) ®)
=1

where Ey .y is the time averaged value of the normal
electric field in the ac saturation state, which is the peak
observed at frequency f = 0 in the amplitude spectrum
of Ey, and wy = 2z fir is the angular frequency of the
RF field. It is noteworthy that, for a given FEyf, the value
of Eyag can also be interpolated at point “A” from the
lower susceptibility boundary of the susceptibility diagram
of Fig. 3(c).

In Fig. 6, we have the temporal profiles of the normal
electric fields obtained from (8) (blue dashed lines) and from
the MC simulation (black solid lines), showing very good
agreement. The differences are due to the fact that, in (8),
we only included the first four even harmonics which were
the most pronounced in the amplitude spectrums. The higher
harmonics of E, could not be recovered with confidence due
to the background noises of the DFT. Here, it is important to
note that even though the coefficients used in (6) are obtained

by fitting the data in Figs. 4 and 5, they remain applicable to
new cases in Fig. 6.

We extend the analysis to multipactor due to dual-tone RF
fields. Figure 7 shows the amplitude spectrum of the normal
electric field E, for three cases of a dual-tone RF field. The
individual RF amplitude is kept fixed at Eyfp = 3 MV /m [with
f = 1 in (1)] for all three cases. The carrier frequencies
are varied as f; = 1 GHz and f, = 1.5 GHz [Fig. 7(a)],
f1=1GHz and f, = 1.3 GHz [Fig. 7(b)], and f; =2 GHz
and f> = 3 GHz [Fig. 7(c)], corresponding to n = f>/f1 =
1.5, 1.3, and 1.5 in (1), respectively. We observe spectral
peaks at various frequencies of intermodulation products in
the amplitude spectrum of E,. The pronounced peaks are
observed at the sum and difference frequencies of the carrier
frequencies, at multiples of those frequencies, and at multiples
of the individual carrier frequencies. We list the frequencies of
the most pronounced peaks shown in Fig. 7(a)—(c) and Table 1.

We observe from Fig. 7 that the heights of the different
intermodulation peaks, fo%f1, 21,2, and 2(f>=£ f1), remain
unchanged with the change of the carrier frequencies. For
all three cases, the two strongest peaks have equal spectral
heights and appear at the sum and difference frequencies of the
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Amplitude spectrum of the normal electric field in the ac saturation state induced by a dual-tone RF field with carrier frequencies f; = 1 GHz,

f> =15 GHz [i.e., n = 1.5 in (1)] and equal RF amplitudes [# = 1 in (1)] for the two carriers, Eif dual = (2) 1 MV/m, (b) 2 MV/m, and (c) 3 MV/m.
Pronounced spectral peaks are observed at frequencies (f,%f1),2f1,2, and 2(f £ f1). The heights of the spectral peaks increase with the RF amplitude.
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Fig. 9. Temporal profiles of the normal electric field Ex in the ac saturation state obtained from the MC simulation (black solid lines) and empirical (9) (blue
dashed lines) for dual-frequency RF fields with (a) Erfo quat = 3 MV/m, f1 =1 GHz, f> = 1.5 GHz, (b) Eyfy,dual = 1 MV/m, f; =1 GHz, f> = 1.5GHz,
and (¢) Eif0,dual = 3 MV/m, f; =2 GHz, f, = 3 GHz. The time-averaged saturation values used in these cases are Ex ayg = 1.3,0.52, and 1.3 MV/m,

respectively.

TABLE I
FREQUENCIES OF PROMINENT SPECTRAL PEAKS IN FIG. 7. ALL THE FREQUENCIES ARE IN GHz

Frequencies of the
strongest peaks

RF frequencies

Frequencies of the
2" strongest peaks

Frequencies of the next
two strongest peaks

fi L | h=f| Aith 2fi 2fp | 20-f) | 2(itf2)
1 1.5 0.5 2.5 2 3 1 5

1 13 0.3 2.3 2 2.6 0.6 4.6

2 3 1 5 4 6 2 10

carrier frequencies, f>4 f1. The two second strongest peaks
with equal heights appear at twice the carrier frequencies,
2 f1,2. The third and fourth strongest peaks appear at twice
the difference, 2(f> — f1), and twice the sum, 2(f2 + f1),
of the carrier frequencies, respectively. A number of weaker
peaks are also observed at various intermodulation products of
the carrier frequencies. For instance, we find weaker peaks at
the frequencies 3f1 — f, = 1.5 GHz, 3f, — f1 = 3.5 GHz,
3fi1+ £~ = 3f 45GHz, fi +3f 5.5 GHz,

3f1+2f> =6 GHz, and 3 (f1 + f2) = 7.5 GHz in Fig. 7(a),
at frequencies 3> — f1 = 2.9 GHz,3f; + f>» = 4.3 GHz,
fi+3f> 4.9 GHz, and 3 (f1 + f2) 6.9 GHz in
Fig. 7(b), and at frequencies 3| — f» =3 GHz, 3> — fi
7GHz, 3f, =9GHz, fi +3f, = 11 GHz, 3f1 +2/,
12 GHz, f + 4f> = 14 GHz, and 3(f; + f») = 15 GHz
in Fig. 7(c).

In Fig. 8, we plot the amplitude spectrum of the normal elec-
tric field by a dual-frequency RF field with carrier frequencies,
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TABLE II

EMPIRICAL VALUES OF COEFFICIENTS A; AND B; AT FREQUENCIES OF
INTERMODULATION PRODUCTS WITH THE STRONGEST PEAKS

l Frequency (f™) | Coefficient 4, Coefficient B,
1 H-fi 0.4005 ~0.02547
2 fitfz

3 2/ 0.1518 ~0.001782
4 2f;

5 2(f, - 1) 0.1073 ~0.02528
6 2(fi+f) 0.08427 ~0.04026

f1 =1GHz and f> = 1.5 GHz, and equal amplitudes for the
two carriers [i.e., n = 1.5 and f = 1 in (1)], for E = 1,
2, and 3 MV/m. It is clear that the heights of the spectral
peaks increase as the RF amplitude increases. The relation
between the spectral peak heights at different frequencies of
intermodulation products and the RF amplitude can still be
fitted with the linear relation (6), with the coefficients A; and
B; shown in Table II.

For dual-frequency operation, the temporal profiles of the
normal electric field are approximated as follows:

6
ExZEy avg + Z Eysin(27 £/ M1) 9)

=1
where E ayg is the time averaged value of the normal electric
field in the ac saturation state, which is the peak observed
at frequency f = 0 in the amplitude spectrum of E,, and
fll M denotes the frequencies of intermodulation products, as
shown in Figs. 7 and 8. Figure 9 shows the temporal profiles
of E, obtained from (6) and (9) with coefficients in Table II
(blue dashed lines) and from the MC simulation (black solid
lines), showing very good agreement. The differences are due
to the fact that only the first six strongest frequency peaks are
included in (9). More frequency components can be added to

(9) to give better predictions.

IV. CONCLUSION

This article presents a frequency-domain investigation of
multipactor discharge in single dielectric surfaces exposed to
single- and dual-tone RF electric fields. The study was carried
out using the multiparticle MC simulation model in one dimen-
sion with adaptive time steps. It is observed that the amplitude
spectrum of the normal electric field induced by a single-tone
RF field consists of pronounced peaks at even harmonics of the
driving RF frequency. For dual-tone RF operation, the normal
electric field in the ac saturation state consists of frequency
components at various intermodulation products. We identify
the frequencies of the pronounced spectral peaks and propose
the empirical relations between the height of the strongest
peaks and the input RF amplitude.

Further studies may include investigation of how these
frequency components of the normal electric field can be
useful in applications, such as high harmonic generation [53],
assess their impacts on the quality of the transmitted RF

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 48, NO. 6, JUNE 2020

signals [11], and extend the frequency-domain analysis for
multipactor excited under multifrequency operation.
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