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ABSTRACT

Multipactor discharge near an rf window is a key limiting factor in high power microwave systems. In this work, we report special features of
dielectric multipactor susceptibility under a Gaussian-type waveform as a function of the rf power density of the transverse rf electric field
(�P rf ) and normal restoring field (Edc) via particle-in-cell (PIC) and multiple particle Monte Carlo (MC) simulations. The MC simulations
show that, for a Gaussian waveform of a half peak width (Ds), larger than Ds=T ¼ 0:15 with T¼ 1 ns the rf repetition period, the susceptibil-
ity boundary is similar to that of the conventional sinusoidal waveform-driven multipactor, i.e., two inclined lines in the plane of (�P rf ;Edc).
However, by decreasing Ds, the susceptibility boundary converts to be a closed curve at Ds=T ¼ 0:11 in the plane of (�P rf ;Edc) and further
shrinks at Ds=T ¼ 0:05. PIC simulations with a self-consistent surface and space charge effects also show a reduced Edc with increasing �Prf

when �P rf exceeds a critical value, resulting in a closed curve in the plane of (�Prf ;Edc), and the maximum time-averaged Edc (multipactor
strength) also decreases significantly with further decreasing Ds in agreement with MC simulations. Accordingly, the fraction of the rf power
density absorbed by the multipactor discharges also decreases nonlinearly with Ds from the order of 10�2 to 10�3 (even 10�4), implying a
significant improvement compared to the conventional sinusoidal waveform. The simulations also show that the multipactor susceptibility
under a transverse Gaussian-type waveform for different frequencies follows the same scaling law in terms of the ratio of the electric field to
the rf repetition rate.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0121907

Multipactor is a nonlinear discharge phenomenon due to elec-
tron avalanche near a dielectric surface (rf window) or within a metal-
lic gap in which seed electrons strike the surface repeatedly and induce
secondary electron yield (SEY) above unity.1,2 Multipactor is fre-
quently observed in a multitude of devices such as high-power micro-
wave (HPM) sources, space-based communication systems, rf
accelerators, and high voltage insulators from DC to microwaves.3–6

Multipactor discharge near a rf window can absorb energy and
deposit it to the surface, leading to thermal or stress failure,7,8 or evap-
orated gas desorption from the surface. Eventually, a plasma ionization
breakdown may occur and cut off the signal transmission.9–17

Therefore, it is of great importance to suppress single-surface multi-
pactor in order to improve the breakdown threshold and device per-
formance. Historically, TiN coatings on the window were initially
adopted to decrease the secondary electron yield (SEY) of the window

itself.18,19 Later, modifying the window geometry, such as periodic
grooves on the window surface in rectangular or triangular shape, was
shown to reduce multipactor by altering the impact angle of electrons
to decrease the electron energy and the flight time.20–26 In addition, an
external dc electric field or a dc magnetic field parallel to the rf window
and normal to the transverse electric field is also used to decrease the
effective average SEY below unity.27–29 These methods involve special
materials or require the modification of the existing structure of
microwave devices, and sometimes make the system unacceptably
heavy,34 especially for space-based satellite communication systems.

In our recent work,37 a Gaussian-type transverse rf electric field
near the rf window was found to have a capability to significantly
reduce the multipactor strength via adjusting the half peak width of
the Gaussian waveform (Ds) while keeping the transmission power
constant. Meanwhile, the Gaussian-type waveform is found to be well
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reproduced by adding four higher harmonic components to the funda-
mental frequency signal.

The multipactor susceptibility diagram is a useful design guid-
ance in practice for workers to make an immediate assessment of the
range of rf power and/or electric field strength over which multipactor
may occur.3,30–32 The first susceptibility diagram in the plane of the
transverse rf electric field amplitude (Erf0) and restoring field (Edc) was
created for the rf electric field parallel to the surface by Kishek et al.3

and extensively investigated for more complicated configurations,
such as oblique rf electric fields,29,33 as well as in the presence of the
magnetic field.33,34 Recently, multi-tone signals also attract interest as
they may have potential to break the resonant condition of multipac-
tor in a waveguide36–38 and result in suppression.18,20,37,39–43 The sus-
ceptibility diagram investigated in the literature focusing on a
sinusoidal transverse electric field is mainly characterized by two
inclined lines in terms of (Erf0; Edc) corresponding to the first and sec-
ond crossover energy of the SEY for a given surface material.

In this work, we investigate the susceptibility of multipactor
under Gaussian-type transverse electric fields and report its special fea-
ture, which significantly differs from the conventional sinusoidal drive
and shows favorable effects on signal transmission in high power
microwave sources. Here, in order to consider the waveform shape
effect, we show the susceptibility diagram in terms of the input rf
power (�P rf ) and restoring field (Edc). It is found that in the plane of
(�P rf ; Edc) the susceptibility boundary representing the unit SEY, i.e.,
the boundary between growth and decay converts to a closed curve
and further shrinks when adjusting the half peak width of the
Gaussian-type waveform, Ds, from 0:15 to 0:05 T with T¼ 1ns the rf
repetition period. Meanwhile, the fraction of rf power consumed by
multipactor discharges is decreased to the order of 10�3 (even close to
10�4), significantly lower than that of the sinusoidal waveform (on the
order of 10�2).

The multipactor discharge investigated in this work is on the vac-
uum side of a rf window, and the other side is semi-infinite, as shown in
Fig. 1(a). The main simulation tools are particle-in-cell (PIC)35,37,44,45

and multiple-particle Monte Carlo (MC) simulation.36 In PIC simula-
tions, the seed electrons and the electron-induced secondary electrons
are tracked by thousands of super particles,29,35,37 in which both surface
and space charge effects are incorporated self-consistently. In the MC
simulations, around two hundred macroparticles were traced, and the
charge and mass of the macroparticle are updated based on the SEY for
each impact of the macroparticle on the surface.36 The SEY for each inci-
dent primary electron is treated by Vaughan’s empirical model,46 and
the emitted electron velocity satisfies the Maxwell–Boltzmann distribu-
tion.3 The rf window is considered to be silicon dioxide and has a dull
surface with smoothness factor ks¼ 1, and the maximum SEY, around
dmax0 ¼ 2:0 at normal incidence at the maximum impact energy
Emax0 ¼ 400 eV is utilized.

The Gaussian-type waveform shown in Fig. 1(b) has the follow-
ing form within one repetition period:37

EyðtÞ ¼ Erf0 exp �bðt � t1Þ2
� �

� exp �bðt � t2Þ2
� �� �

; (1)

where Erf0 is the amplitude and t1 ¼ 0:25 and t2 ¼ 0:75 T are the
time instant for the maximum and minimum values of the electric
field, respectively. b is a function of Ds, satisfying Ds ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ln 2=b

p
.

Obviously, the waveform is characterized by the half peak width Ds,
and smaller Ds gives a sharper shape. The corresponding rf power

density averaged over one rf period is �P rf ¼ c�0
Ð T
0 E2

yðtÞdt=T with c
being the speed of light and �0 being the permittivity in vacuum.

Figures 2(a)–2(d) show the multipactor susceptibility diagram
from MC simulations for conventional sinusoidal and Gaussian-type
waveform for various Ds=T from 0.15 to 0.05, respectively. We can
see that the susceptibility at a large Ds is very similar to the common
sinusoidal case3,38 in the plane of (�Prf ;Edc), and the curves for the
unit SEY in the susceptibility diagram are two inclined lines, between
which the SEY is above the unity and multipactor eventually develops.
The lower and upper boundaries correspond to the first and second
crossover energy of the SEY curve for the given material. As the hop
time of electrons will decrease with increasing Edc, therefore, larger
�P rf (also stronger Erf0) is needed to guarantee that the electrons
extract the same averaged energy near the first crossover energy value,

and
ffiffiffiffiffiffi
�Prf

q
almost linearly increases with increasing Edc.

3 Decreasing

the Ds=T to 0.11, the susceptibility boundaries showing the unit SEY
convert to be closed, implying that a considerable region in the plane
of (�Prf ; Edc) appears where no multipactor will occur. Further
decreasing Ds=T to 0.05, the closed region further shrinks. In the pre-
vious work,37 it was found that for a Gaussian-type transverse electric
field, a higher fraction of electrons incident on surface have energy
below the first crossover energy of the SEY curve and part of the elec-
trons have energy exceeding the second crossover energy of the SEY
curve, leading to a decaying multipactor ultimately for a self-
consistently evolving restoring field. These electrons with low or high
impact energy are generated by the longer plateau and sharper peak
stage, respectively, for the waveform at smaller Ds. For a constant Edc,
when the Edc is large enough, the hop time will be shorter. For the
emitted secondary electrons within the time phase of the plateau
transverse field, the secondary electron emission will be reduced due
to the insufficient impact energy (below the first crossover energy).
The secondary electrons, emitted when the Gaussian waveform is
near the peak value, are capable of extracting energy above the first
crossover energy and induce SEY above the unity. Note that no matter
whether the impact energy of electrons is between the first and second
crossover energy or above the second crossover energy of SEY, these
electrons will experience the plateau electric field immediately for the
next few rounds of impacts with shorter hop time due to large Edc,
giving rise to the SEY below the unity. Therefore, the multipactor is
inhibited for a large constant Edc for any �P rf in the plane of (�P rf ; Edc),

FIG. 1. (a) Diagram of single-surface multipactor discharges near the rf window; (b)
the sinusoidal and Gaussian-type transverse rf electric fields for the same input rf
power.
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and the curve of the susceptibility boundary is an enclosed curve for a
smaller Ds of 0:11T [see Fig. 2(c)]. The mechanism is more signifi-
cant for Ds=T ¼ 0:05 that have longer time duration of a plateau
transverse electric field, and the corresponding enclosed susceptibility
region further shrinks in Fig. 2(d).

PIC simulation can incorporate the self-consistent surface and
space charge effect to capture the evolving restoring electric field on
the dielectric over time. The time-averaged Edc over a rf period on the
surface characterizes the multipactor strength, which is shown by the
red points also for the sinusoidal case and Ds=T ¼ 0:15; 0:11; 0:05.
Similarly, the �Prf increases proportionally vs Edc for the sinusoidal
case and Ds=T ¼ 0:15. Even though the self-consistently evolving Edc
and space charge shielding of outer electrons may allow larger hop
time for electrons emitted when the transverse electric field is near the
peak, we can see that the PIC simulations still show an enclosed curve
in the plane of (�Prf ;Edc) for Ds=T ¼ 0:11, i.e., the Edc increases first
and starts to decease when �Prf exceeds some certain values. This
applies to the case with smaller Ds=T . The PIC simulations incorpo-
rating more physics at the cost of more computation time agree quali-
tatively with the Monte Carlo simulation in Figs. 2(a)–2(d).

While the restoring field Edc evolves over time self-consistently for
the Gaussian-type waveform, the multipactor oscillates accordingly. The
oscillating amplitude is measured by PIC simulation and extracted from
the time-dependent restoring field as shown in Figs. 3(a)–3(d). The max-
imum and minimum amplitudes for a given �Prf are indicated in the
range of interest for Edc by the dotted blue line and red line, respectively,
which are separated by the black arrow. The oscillating amplitude is
gradually getting smaller with decreasing Ds=T from 0.15 to 0.05. The
reason is as follows: for a given �P rf , smaller Ds means a higher fraction
of electrons have energy below the first crossover energy or/and above
the second crossover energy, and the effective SEY is decreased, giving
rise to a lower growth rate and shorter effective time duration for multi-
pactor development. Therefore, smaller oscillation is produced.

As discussed above, the multipactor discharge can extract energy
from the rf electric field, deposit the energy on the surface, and possi-
bly cause thermal or stress failure to the rf window. Ang et al.7 theoret-
ically estimated that the fraction of rf power consumed by multipactor
discharge is on the order of 10�2, and thus, it provides reasonable
energy for the required heat needed to cause thermal or stress failure
of the rf window in experiments by Rimmer.8 Here, we also explore
the fraction of rf power loss due to multipactor by PIC simulations,
and the ratio of the temporal multipactor-consumed power density
PmðtÞ and time-averaged rf power density �P rf ; PmðtÞ=�P rf is shown as

a function of time t/T in Figs. 3(e)–3(h) for various �P rf . The line plots
for three typical �P rf (also Erf0) are given in Figs. 3(i)–3(l), accordingly.
PmðtÞ is calculated by collecting the impact energy of individual
impact events and integrating over all the incident electrons for one
time step at time t. PmðtÞ is averaged over 50 time steps to eliminate
the statistic noise due to the discrete particles. For a conventional sinu-
soidal waveform [see Figs. 3(e) and 3(i)], the peak of power ratio
PmðtÞ=�Prf occurs near t=T � 0:4 for a small �Prf . The time moment
for the peak value moves ahead and approaches t=T ¼ 0:25 when the
rf power (transverse electric fields) increases. This is because for
smaller �Prf the induced restoring field Edc is small, which allows for a
longer electron hop time, leading to a larger time delay for the maxi-
mum PmðtÞ=�P rf , which is expected to follow the maximum electric
field. A similar trend is also observed for Gaussian-type waveforms
Ds=T ¼ 0:15 [see Figs. 3(f) and 3(j)]. The difference is that the instan-
taneous peak power consumption is higher for Ds=T ¼ 0:15 com-
pared to the sinusoidal case for a strong �Prf up to 5� 1010 W=m2 or
higher due to the sharp shape of the waveform. With decreasing Ds=T
to 0.11 and 0.05, the electron hop time is further increased, and the
time delay is larger for the occurrence of the peaked PmðtÞ=�Prf . The
maximum power ratio is also significantly reduced for Ds=T ¼ 0:05.
In Fig. 4, we show the time-averaged power ratio �Pm=�P rf , and we can
see that the fraction of rf power consumed by multipactor discharges
decreases monotonously from a few percent to the order of 10�3 (even
10�4) when the waveform shape is adjusted from a conventional sinu-
soidal function to a narrower Gaussian-type waveform. Note that the
power ratio for �Prf above 3� 1010 W=m2 for Ds=T ¼ 0:05 is not
shown in Fig. 4 as the power ratio is almost zero and multipactor can-
not be sustained at a saturated state. Similarly, the multipactor cannot
be sustained when the �P rf is large enough [also see Figs. 3(b)–3(d)] for
Ds=T ¼ 0:15; 0:11, and the power ratio is almost zero, too.

In addition, we also confirmed the scaling law for Gaussian-type
waveforms in terms of Erf0 and Edc divided by the rf repetition rate
(also known as frequency for the conventional sinusoidal signal) for
multipactor driven by different frequencies. Figure 5(a) shows the
time-averaged Edc vs various Erf0 for a rf repetition rate (f) of 10 and
1GHz at Ds=T ¼ 0:05 from PIC simulations, and the plots normal-
ized by the rf repetition rate are shown in Fig. 5(b). One can see that
Edc keeps increasing in a large range of Erf0 compared to the case at
1GHz. However, after normalizing the plot and comparing the case at
10GHz to that at 1GHz, i.e., the red symbols, we can see that the two
curves are almost overlapped, similar to the conventional sinusoidal
waveform in the literature.1 Furthermore, the scaling law (Erf0;dc=f ) of

FIG. 2. Multipactor susceptibility for sinusoidal and Gaussian-type transverse rf electric fields, (a) sinusoidal waveform, Gaussian width: (b) Ds=T ¼ 0:15; (c) Ds=T ¼ 0:11;
(d) Ds=T ¼ 0:05 in the plane of �P rf and given constant Edc from multiple-particle Monte Carlo simulation; the red points represent the time-averaged Edc of the time-varying
restoring field representing the multipactor strength for various �P rf from self-consistent PIC simulation.
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the susceptibility diagrams for Figs. 2(a)–2(d) is also examined by MC
simulations at 10GHz, and again the curves are overlapped (not
shown here), implying that the physics obtained for 1GHz may also
be valid for different frequencies at least for the range of 1–10GHz
examined, which is expected to be applicable in realistic systems.

In summary, we studied the susceptibility of single-surface multi-
pactor discharges driven by the Gaussian-type transverse electric field.

Different from conventional sinusoidal waveform-driven multipactor
discharges, where the susceptibility boundaries consist of two inclined
lines, i.e., the rf power density �P rf or transverse electric field Erf0
increases with increasing restoring field Edc in the plane of (�P rf ;Edc),
MC simulations indicate the susceptibility boundary converts to a
closed curve in terms of (�Prf ;Edc), and the region shrinks when
decreasing the half peak width of the Gaussian-type waveform from
15% to 5% of the rf repetition period. PIC simulation also confirmed
that the time-averaged Edc increases first and then decreases when
increasing the rf power density or transverse electric field magnitude,
in agreement with the MC simulations for Gaussian-type waveforms
with different half peak widths. Meanwhile, the fraction of the rf power
density consumed by multipactor discharges decreases from the order
of 10�2 for a conventional sinusoidal waveform to the order of 10�3

(even 10�4) for a Gaussian-type waveform with half peak width 5% of
the rf repetition period. This results in an increasing power threshold
for breakdown in high power microwave devices and avoidance of rf
window failure. Finally, the scaling law of the susceptibility diagram in
the plane of (Erf0;Edc) is also examined by normalizing the results to
the rf repetition rate. The relationship between Erf0 and Edc is found to
be the same at 1 and 10GHz, implying the preferable properties of
multipactor susceptibility under Gaussian-type waveform may be
applied in a wide range of frequencies in realistic applications of high-
power microwave sources.

This work was supported by the Air Force of Scientific
Research (AFOSR) MURI under Grant Nos. FA9550-18-1-0062
and FA9550-21-1-0367.

FIG. 3. The maximum, minimum, and the time-averaged value of the restoring field Edc as a function of �P rf with the black arrow showing the oscillating amplitudes. (a)
Sinusoidal waveform, (b) Ds ¼ 0:15T , (c) Ds ¼ 0:11T , and (d) Ds ¼ 0:05T ; the corresponding ratio of time-dependent multipactor power consumption, PmðtÞ, and the time-
averaged microwave power, �P rf , (e)–(h); the corresponding line plots for various given rf power, �P rf , also the corresponding transverse electric field amplitude Erf0, (i)–(l),
respectively. In (i)–(l), t 0 equals to nT with n being an integer and represents the time when the multipactor gets saturation after experiencing multipactor development.

FIG. 4. The time-averaged multipactor and rf power ratio �Pm=�P rf as a function of
�P rf for sinusoidal and Gaussian waveforms with different Ds.
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