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ABSTRACT

This work presents a multiparticle Monte Carlo simulation model in one dimension with adaptive time steps to investigate the
time dependent physics of the single dielectric surface multipactor. Using this model, we study multipactor discharge on a
dielectric with two carrier frequencies. We find that the saturation level and the oscillation pattern of the normal surface field
with a parallel rf field of two carrier frequencies are different from those of single carrier frequency. Closed Lissajous curves are
obtained to describe the temporal relationship between the fields normal and parallel to the surface in the ac saturation state.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5084143

Multipactor is a nonlinear phenomenon in which an elec-
tron avalanche driven by a high frequency rf field sustains itself
by an exponential charge growth through secondary electron
emission from a metallic or dielectric surface.1–7 Avoiding multi-
pactor has been a major challenge for high power microwave
(HPM) sources, rf accelerators,8 and space-based communica-
tion systems.9,10

The objective of this letter is twofold. First, we present a
new one-dimensional multiparticle Monte Carlo (MC) simula-
tion model with adaptive time steps as a tool to investigate the
time dependent physics of a single surface multipactor dis-
charge. Previous MC models either employed a single particle
approach,3–5 where the charge in a single weighted macropar-
ticle is varied over time, or a variable number of particles
approach,11 where the number of particles is varied, while the
charge per particle is kept fixed. The first approach offers a sim-
ple implementation, while the latter allows for better statistics
in a growing discharge, but is computationally costly,11 as the
fixed time steps have to be set small compared to the time of
flight of the particles between subsequent bounces on the
surface.

In our model, we consider a system with many macropar-
ticles. The number of macroparticles is held fixed throughout
the simulation. Upon the impact of each macroparticle onto the
surface, the charge and mass in that macroparticle and the

normal electric field to the dielectric surface are updated
according to the secondary electron yield (SEY)12 and Gauss’s
law, respectively. This approach captures the statistics better
than the single particle approach. However, since the number of
macroparticles is fixed in this model, it still offers a simpler and
less costly implementation than the variable number of particles
approach. More importantly, the time intervals between subse-
quent bounces of different macroparticles on the surface are
calculated exactly.

The second objective of this work is to implement this
model and investigate the time dependent physics of the single
surface multipactor with two carrier frequencies of the rf elec-
tric field. This investigation is particularly important as previous
works7 have shown that adding a second carrier mode of the rf
field significantly changes the multipactor susceptibility on a
single dielectric surface. A study of the time-dependent physics
can offer better understanding of the multipactor dynamics.

A single dielectric surface is exposed to a parallel rf electric
field;Erf . An initial electric field Ex0 is assigned normal to the
dielectric surface. This initial normal electric field is very small
compared to the rf amplitude (Ex0 � Erf0=30). From Gauss’s law,
we have Ex0 ¼ re

2�0
, where re ¼ Ns0e

A is the surface charge density,
Ns0 is the initial number of positive surface charges producing
this normal electric field, and A is the surface area (1m2Þ.
Therefore, we can calculate Ns0 ¼ 2AEx0�0

e from Ex0. A number of
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macroparticles (N ¼ 200) are ejected from the dielectric surface
at time, t ¼ 0 (Fig. 1). Each macroparticle is assigned a random
emission energy E0 and random emission angle / according to
the following distributions:4

f E0ð Þ ¼
E0

E2
0m

e
� E0

E0m

� �
; (1)

g /ð Þ ¼ 1
2
sin/; (2)

where E0m is the peak of the distribution of emission energies.
For charge neutrality, the total number of electrons in these
macroparticles in flight is equal to Ns0. These initial electrons

are considered to be uniformly distributed in the macropar-
ticles. Therefore, the initial charge in jth macroparticles is
qj;0 ¼ eNs0=N, where e is the electronic charge. The trajectories
of the macroparticles are governed by the force law,

m
@~v
@t
¼ � jej ~Erf þ~Ex

h i
: (3)

The macroparticles gain energy from the electric fields while in
flight. After the period of flight, a macroparticle strikes the sur-
face to eject secondary electrons.12,13 In each iteration, we
record one impact of a macroparticle upon the dielectric sur-
face,with the transit time being calculated exactly (Fig. 1).

During the ith iteration, we first calculate the transit time,
sj, of each macroparticle from the force law. The particle with
the minimum transit time, smin;i, strikes the surface first, yielding
secondary electrons. We use Vaughn’s empirical formula12,13 to
calculate the secondary electron yield (SEY), d, at each impact.

If the kth macroparticle with charge qk;ði�1Þ strikes the sur-
face at the ith impact and the secondary electron yield for this
impact is di, then the charge in the kth macroparticle is updated
for the next iteration as qk;i ¼ diqk;ði�1Þ: During this impact, qk;ði�1Þ
negative charge strikes the surface and diqk;ði�1Þ negative charge is
emitted from the surface. Therefore, the positive surface charge is
updated for the next iteration asNsi ¼ Nsði�1Þ þ qk; i�1ð Þ di � 1ð Þ. The
normal electric field is updated as Exi ¼ Nsie

2A�0
. The charge in all

other macroparticles in flight remains unchanged by this impact,
i.e., for any jth particle that does not strike the surface, the charge
is updated as qj;i ¼ qj;ði�1Þ for the next iteration. We record the
position, xj;i, and the instantaneous velocity, vj;i, of these macro-
particles at each impact. These values are used as initial condi-
tions to calculate transit times during the next iteration. The rf
phase, h, is updated self consistently7 at each iteration.

The kth macroparticle, incident during the ith iteration, is
then emitted from the surface again at the (iþ 1)th iteration with
updated charge qk;i, a new emission energy, E0, and a new emis-
sion angle, /, according to the distributions given by Eqs. (1) and
(2). We continue this process for n impacts (or iterations). The
temporal profiles of the surface charge Ns and the normal elec-
tric field to the dielectric surface Ex are obtained by converting
the iteration number n into the scale of time using the transit
times smin;i for each iteration.

In ourMCmodel, the possible change of Ex during an itera-
tion is not accounted for. The diagnostics are sampled over each
iteration time step. In addition, space charge effects14 are not
considered.

The time-dependent behaviors of multipactor on a dielec-
tric surface due to a single frequency electric field are shown in
Fig. 2. In Fig. 2(a), the instantaneous parallel rf electric field, Erf ,
and the normal electric field to the dielectric surface, Ex, are
shown as functions of time. Figure 2(b) shows the corresponding
secondary electron yield, d, which oscillates at twice the rf fre-
quency11 in saturation and the average SEY is davg ¼ 1. To under-
stand the temporal relationship between the instantaneous
fields acting normal and parallel to the surface, we need a sus-
ceptibility diagram obtained by applying constant electric field,
Ey;dc, parallel to the surface.11 In Fig. 2(c), this susceptibility

FIG. 1. Schematic of MC modeling of the single surface multipactor discharge: (a)
single particle model; the number of electrons in flight, Qi, total surface charge,
Nsi, and normal electric field, Exi, are updated at each impact of a single macro-
particle onto the surface, (b) Multiparticle model; multiple macroparticles are in
flight, and each iteration traces one impact of a macroparticle onto the surface; the
charge, qi, and mass, mi, of only the incident macroparticle hitting on the surface
are updated after each iteration. Total surface charge, Nsi, and the normal electric
field, Exi, are calculated as described in the text.
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diagram is shown along with the temporal relationship between
the fields normal and parallel to the surface. The blue region
shows the parameter regime where the multipactor discharge
develops. When both components of the electric field (Ex;Erf )
are in this blue regime, the number of electrons Ns grows due to
multipaction and the normal electric field Ex increases.
Otherwise, the normal electric field Ex and hence the multipac-
tor electron population Ns decrease. In the ac saturation state,
the trajectory of (Ex;Erf ) is periodic and traces a closed Lissajous
curve.11 It is noteworthy that by interpolating the values of Erf (y
axis values) where the Lissajous curve crosses the susceptibility
boundaries in Fig. 2(c) and substituting these values in the equa-
tion Erf ¼ Erf0sin xtþ hð Þ, we can determine the corresponding
values of time t and quantify the amount of time in a period
spent by the electric fields in the growth regime (blue region of
the susceptibility diagram) and in the decay regime (white
region of the susceptibility diagram). For the case in Fig. 2, the
time spent in the growth (decay) regime is roughly 0.2 (0.8) ns,
corresponding to 20% (80%) of the rf period (1ns).

Figures 3(a)–3(c) show the same set of plots as Figs. 2(a)–2(c)
for two frequencies of the rf electric field, Erf ¼ Erf0sin xtþ hð Þ
þbErf0sin nxtþ hþ cð Þ, for the relative strength of the second
carrier to the fundamental carrier, b ¼ 1, the relative phase
between the two carriers, c ¼ 0, and the frequency ratio of the
second carrier to the fundamental carrier, n ¼ 2. In contrast to
Fig. 2(b), we observe an oscillation of the secondary electron
yield, d, at four times the rf frequency in Fig. 3(b). As a result, the
shape of the corresponding Lissajous curve in Fig. 3(c) becomes
significantly different from that of Fig. 2(c). In addition to the
two large loops observed for the single frequency case, we

observe two small loops in this case in the lower Ex region. This
implies that the instantaneous Ex, and hence the multipactor
electron population Ns, remains at a lower value for a longer
duration within an rf period for dual frequency operation with
the specified parameters than for single frequency operation [cf.
Ex in Fig. 3(a) vs in Fig. 2(a)].

From Fig. 3(c), it is estimated that the time spent in the
growth regime (blue region of the susceptibility diagram) during
the small loops is 0.18ns, whereas the time spent in the growth
regime of the large loops is only 0.12ns, which is much shorter
than that of the single frequency case (0.2ns as stated earlier).
Note that though the growth time in the small loops is relatively
long, the growth rate is low, resulting in a relatively small elec-
tron population during this time interval [cf. Ex in Fig. 3(a)].

Figures 4(a) and 4(b) show the multipactor susceptibility
diagrams3–5 for the rf electric field with single carrier frequency
and two carrier frequencies, respectively. We observe that the
slope of the lower susceptibility boundary decreases for dual
frequency operation with the specified parameters, as described
in Ref. 7. This suggests a higher saturation level of Ex, because
multipactor saturation occurs at the lower susceptibility bound-
ary. From the temporal study, we find that the time average
value of Ex in the saturation state for the dual frequency case is
Ex;avg;dual � 1:1MV=m, which is higher than that for the single
frequency case, Ex;avg;single � 0:9MV=m. This is consistent with
the susceptibility diagrams of Fig. 4. For the dual frequency case
where the average power kept the same as that for the single

FIG. 2. Single surface multipactor with single frequency of the rf field
Erf ¼ Erf0sin xt þ hð Þ: (a) instantaneous total rf electric field, Erf , and normal
electric field, Ex , (b) secondary electron yield, d, with the average davg¼1 for satu-
ration, and (c) the trajectory of the electric field (Ex ; Erf ) along with susceptibility
diagram for Erf0 ¼ 3 MV=m, frf ¼ 1 GHz, and h ¼ 0. (The blue region is suscepti-
ble to multipactor.)

FIG. 3. Single surface multipactor with two frequencies of the rf field: (a) instanta-
neous total rf electric field, Erf , and normal electric field, Ex , (b) secondary electron
yield, d, with the average davg¼1 for saturation, and (c) the trajectory of the electric
field (Ex ; Erf ) along with susceptibility diagram for Erf0 ¼ 3MV=m, frf ¼ 1 GHz,
relative strength of the second carrier, b ¼ 1, relative frequency of the second car-
rier ; n ¼ 2, and relative phase of the second carrier, c ¼ 0. (The blue region is
susceptible to multipactor.)
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frequency case in Fig. 2 (i.e., Erf0;dual ¼ Erf;rms;single ¼ 3=
ffiffiffi
2
p

MV/
m), the time average saturation value of the normal electric field
is found to be Ex;avg;dual � 0:75MV=m, which is lower than that
for the single frequency case.

In summary, a temporal study was carried out on dual fre-
quency single surface multipactor using a new MC simulation
model with adaptive time steps. We found that for the dual fre-
quency operation with a second harmonic carrier mode, the
time average of normal surface field Ex and the corresponding
multipactor electron population Ns are increased (for the dual-
frequency case with individual carrier amplitude equal to the
single carrier case), but the instantaneous Ex andNs are reduced
for a longer duration within an rf period compared to the single
frequency operation.

Further studies may include temporal profiling of Ex with
different parameters of the second carrier mode, space charge
effects, and phase aggregation or diffusion of particles. One
important improvement in our model can be the inclusion of
space charge, which might bring considerable change in the
numerical values of the calculations. From Gauss’s law, we can

conjecture that when space charge is accounted for, the particles
in flight at higher altitudes will experience lower levels of the nor-
mal electric field than the particles in flight at lower altitudes;
therefore, their flight times will increase. As the flight times of
some particles increase, the total number of particles impacting
the surface in a specific time period will decrease. However, since
these particles gain more energy from the electric fields while in
flight, their impact energy will be larger, giving larger secondary
electron yields (provided that the impact energy is below the sec-
ond crossover point in the secondary electron yield vs impact
energy curve). Therefore, the effect of space charge on multipac-
tor will be nonlinear. Understanding the extent of this effect
requires further study. The inclusion of space charge would also
increase the complexity and computational cost of themodel.

This work was supported by AFOSR MURI Grant No.
FA9550-18-1-0062 and in part by an MSU Foundation
Strategic Partnership Grant.
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FIG. 4. Multipactor susceptibility boundaries (blue regions are subject to multipactor
susceptibility) in the ðEx;dc; Erf0Þ plane from Monte Carlo simulation: (a) with sin-
gle carrier frequency of the rf field, and (b) with two carrier frequencies of the rf field
(parameters specified as in Fig. 3). Here, rf frequency, frf ¼ 1 GHz, the maximum
secondary electron yield, dmax0 ¼ 3, occurring at impact energy Emax0 ¼ 420 eV,
and E0m=Emax0 ¼ 0:005, where 2E0m is the average emission energy of second-
ary electrons. In the calculation, Ex;dc is kept as a constant, and the susceptibility
is recorded when davg > 1.
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