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Based on the particle-in-cell technology and the secondary electron emission theory, a three-dimensional simulation
method for multipactor is presented in this paper. By combining the finite difference time domain method and the particle
tracing method, such an algorithm is self-consistent and accurate since the interaction between electromagnetic fields and
particles is properly modeled. In the time domain aspect, the generation of multipactor can be easily visualized, which
makes it possible to gain a deeper insight into the physical mechanism of this effect. In addition to the classic secondary
electron emission model, the measured practical secondary electron yield is used, which increases the accuracy of the
algorithm. In order to validate the method, the impedance transformer and ridge waveguide filter are studied. By analyzing
the evolution of the secondaries obtained by our method, multipactor thresholds of these components are estimated, which
show good agreement with the experimental results. Furthermore, the most sensitive positions where multipactor occurs
are determined from the phase focusing phenomenon, which is very meaningful for multipactor analysis and design.
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1. Introduction

With the wide spread of the high-power applications in
space, multipactor continues to attract more and more atten-
tion in its theoretical, simulation, and experimental study. It
is an avalanche of electrons which occurs in low pressure
or vacuum environments when certain conditions (frequency,
field density, and phase) are met.[1,2] Multipactor discharge
can deposit considerable energy in a tiny spot, resulting in
power dissipation, performance degradation, surface damage,
and even device damages.[3–6] In the past years, multipactor
analysis focused on experimental investigations, which is in-
efficient and expensive. With the development of the com-
puter science, numerical simulation becomes the most eco-
nomical and essential method. However, due to its complexity
and uncertainty, accurate modeling is a challenging task even
today. In previous research, the parallel plate approximation
was mainly used.[4,7–9] Together with Monte Carlo kinemat-
ical motion model,[6–8] the multipactor susceptibility curve
developed by the European Space Agency (ESA) was used
as a standard by most space industries.[9] Multipactor thresh-
olds obtained from the curve are only reliable for plate struc-
tures. Some pioneer work has been done on complex struc-
tures, e.g., coaxial lines, elliptical and wedge shaped waveg-
uides analytically.[10–15] The main drawbacks of these studies
lie in the high approximation of realistic field distribution and

disregarding the electron-field reaction.
Particle-in-cell (PIC) method was first developed to track

the electrons in plasma.[16–20] Theoretically, together with
computational electromagnetic methods, multipactor effect
could be accurately modeled.[21–23] However, due to the high
stochastic effect of secondary electron emission and complex-
ity, an efficient and robust three-dimensional algorithm still
needs to be further investigated.

Based on the finite-difference time-domain (FDTD)
method[24] and PIC method, the self-consistent algorithm
which is capable of modeling the interaction between fields
and electrons has been proposed first. In order to increase the
accuracies of the multipactor thresholds of practical compo-
nents predicted by our method, the secondary electron emis-
sion curve is measured in Section 2. In Sections 3 and 4,
the impedance transformer and filter are analyzed by the al-
gorithm, and the numerical results are compared with the ex-
perimental data, which show their good agreement.

2. The three-dimensional simulation method for
multipactor
Figure 1 shows the flowchart of the three-dimensional

(3D) simulation method, which involves the following four
main parts:

i) initialization of fields and particles;
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ii) self-consistent algorithm for the field-electron interac-
tion;

iii) modeling secondary electron emission;
iv) prediction of the multipactor threshold.
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Fig. 1. Simulation flowchart.

2.1. Initialization of fields and particles

Since the FDTD method is adopted, the studied object is
first discretized by hexahedral mesh. A macroparticle, rather
than the real electrons, is used in the model for numerical
consideration.[16,17] The number of electrons contained in the
macroparticle is initialized at the very beginning. Besides this,
to mimic the real environment in space, a proper number of
primary particles should be chosen, which are assumed to be
randomly distributed. The kinetic energy and emission angle
of the primary particles vary from 0 eV to 10 eV and −90◦ to
90◦ respectively (0◦ refers to the direction normal to the metal
surface). The excitation signal is chosen to be sinusoidal, and
the frequency and power are set for a given problem. After ini-
tialization, the three-dimensional and self-consistent method
is used to evaluate the electromagnetic fields and to track and
force macroparticles in every cell. Together with the sec-
ondary electron emission model, the whole process of mul-
tipactor can be recorded. Although the kind of particle can

be arbitrary, an electron is assumed to be investigated in this
paper for analyzing the multipactor occurring in space.

2.2. Self-consistent algorithm for the field-electron inter-
actions

The motion of an electron under action of the applied
fields can be described by Newton-Lorentz equations,

d
dt

mv(t) = q [𝐸(𝑟, t)+𝑣(t)×𝐵(𝑟, t)] , (1)

d𝑟(t)
dt

= 𝑣(t), (2)

where m and q denote the mass and charge of the electron, and
𝑣(t) and 𝑟(t) are the electron velocity and displacement re-
spectively; 𝐸(𝑟, t) is the electric field intensity; 𝐵(𝑟, t) is the
magnetic induction. Once the electromagnetic fields have been
calculated, electron trajectories can be obtained by the PIC
method. In most of the previous investigations, effects of elec-
tron motion on the fields were ignored for simplification.[10–14]

However, it leads to an unacceptable error if the electron num-
ber is very huge which is the exact case of multipactor. Conse-
quently, the accurate and self-consistent algorithm are investi-
gated as follows.

As shown in Fig. 2, the electromagnetic fields and elec-
trons are both simulated with the Yee cell,[25] where i, j, and
k mean the i-th, j-th, and k-th cells along the x, y, and z axes,
respectively. The frog-leaping algorithm resulting from the
FDTD method is used to calculate the field distribution. The
electron motion is calculated by the discrete differential equa-
tions (1) and (2), where the electromagnetic force is obtained
through the interpolation of the field components within the
same cell. To take into consideration the effects of electron
motion on the electromagnetic fields, the electron to field in-
terpolation needs to be formulated.
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Fig. 2. Fields and electrons in the Yee cell.
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As shown in Fig. 3, electron q moves from the position
(iq1, jq1,kq1) to the position (iq2, jq2,kq2) in the cell (i, j,k).
Given that α1 = iq1− i, β1 = jq1− j, γ1 = kq1−k, α2 = iq2− i,
β2 = jq2− j, γ2 = kq2−k, the charges at the nodes changed by
the electron are obtained though linear interpolating,

∆Qi, j,k = (1−αl)(1−βl)(1− γl)q,

∆Qi+1, j,k = αl(1−βl)(1− γl)q,

∆Qi, j+1,k = (1−αl)βl(1− γl)q,

∆Qi+1, j+1,k = αlβl(1− γl)q,

∆Qi, j,k+1 = (1−αl)(1−βl)γlq,

∆Qi+1, j,k+1 = αl(1−βl)γlq,

∆Qi, j+1,k+1 = (1−αl)βlγlq,

∆Qi+1, j+1,k+1 = αlβlγlq, (3)

where l = 1 refers to the starting point of the electron motion,
and l = 2 represents the end point. As shown in Fig. 3, x1, x2,
and x3 are used to define a three-dimensional local coordinate
system. Current caused by the electron motion is divided into
three components according to the local coordinate system.
Using the continuity equation

∂Q
∂ t

+
∮

𝐽 · d𝑠= 0, (4)

current at mesh lines can be obtained. Once the current has
been calculated by the PIC method, its effect will be mani-
fested through the source term in Ampere’s law of Maxwell
equations. Obviously, the field and current are the bridge be-
tween the FDTD and PIC method, by which the self-consistent
characteristic is realized. Without doubt, the accuracy of the
proposed method is much higher and the mechanism behind
multipactor in real space applications can be captured.
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Fig. 3. (color online) Electron-to-field interpolation in Yee cell.

2.3. Secondary electron emission modeling

Secondary electron emission is another key factor to mul-
tipactor. Electrons are accelerated between metallic gaps and
finally impact on the metal surfaces with a certain energy and
angle. Secondary electrons will be knocked out if the colli-
sion momentum makes the secondary emission yield (SEY) to
be larger than unity. For almost all the metallic materials for
space application, the maximum SEYs of them are larger than
unity. Then it is a significant risk of multipactor for all the
high-power components in space environment.

Depending on the surface contamination, oxidation, sul-
phide formation, and finishing condition, SEY of the same ma-
terial may vary to a large extent. In numerical simulation, such
variations strongly affect the resulting multipactor threshold.
In order to improve the simulation accuracy and make it closer
to the practical case, measured SEY for metallic materials is
used to model the secondary electron emission.

We construct a system for the measurement of SEY,
which is composed of ultra-high vacuum (UHV) chamber, test
system, and data processing system as shown in Fig. 4. The
test system is composed of a low energy (20 eV–5000 eV)
electron gun, ion gun, sample platform, and picoammeter.
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Fig. 4. (color online) SEY measurement system, 1: UHV chamber, 2:
ion gun, 3: electron gun, 4: transport system, 5: pumps, 6: sample
platform.

The ion gun is used for sample cleaning. SEY is mea-
sured with the biased current method[26,27] in the test facility

048402-3



Chin. Phys. B Vol. 23, No. 4 (2014) 048402

chamber, where the base vacuum pressure is 10−7 Pa. SEY is
not measured directly, but calculated by

δ =
Iin − Ico

Iin
. (5)

In the above equation, Iin is the incident current on the sample
and Ico is the collected current.

For numerical simulation, a classic secondary electron
emission model was developed by Vaughan.[1] Depending on
the electron impacting energy and angle, SEY can be calcu-
lated by

δ = δmax0

(
1+

ksθ
2

2π

)
(we1−w)k, (6)

Emax = Emax0

(
1+

ksθ
2

2π

)
, (7)

where

w =
Ei −Ethreshold

Emax −Ethreshold
,

k = 0.62 for w < 1 and k = 0.25 when w > 1; ks denotes the
surface roughness; δmax0 and Emax0 are the characteristic pa-
rameters of the secondary electron emission properties of cer-
tain material; Ethreshold is a fitting parameter and the model
does not work when the impact energy is lower than this value.

As shown in Fig. 5(a), test samples plated with several-
µm thick silver have been processed. SEY measurements
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Fig. 5. (color online) (a) SEM image and (b) comparison between the
measured SEY curve and the calculated one from fitting model for silver
sample.

are performed on them and measured data for the perpendic-
ular incidence case are shown in Fig. 5(b). By classic fit-
ting method, input parameters of the model, including δmax0,
Emax0, and Ethreshold, can be extracted out of the measured data.
Parameters are chosen to guarantee a good match in the low
energy range, especially in adjacent to the first cross energy.
This fitting criterion is due to the fact that the first cross en-
ergy affects multipactor threshold more strongly.[9] The val-
ues of δmax0, Emax0, and Ethreshold are fitted to be 2.08, 380,
and 10. According to the plating thickness and finishing con-
dition, ks is set to be 1. From Eqs. (6) and (7), the SEY curve is
calculated and shown in Fig. 5(b). Comparison with the mea-
sured data shows that the fitting error mainly exists in the high
energy range and the total root mean square error (RMSE) is
less than 0.10. For an arbitrary incident angle, SEY can be
obtained through interpolation, thus the fitting model can be
used for multipactor simulation.

2.4. Prediction of the multipactor threshold

In the multipactor simulation, after the initialization of
the primary electrons and fields, electrons are motivated by
the self-consistent algorithm and move in the meshed structure
until impact on the metallic walls. Upon impact, secondary
electrons are knocked out from the metallic materials. If the
number of the secondary electrons is always larger than that
of the absorbed one, the avalanche of electrons occurs. As
time goes by, the electron avalanche finally induces the mul-
tipactor discharge. Consequently, the whole physical process
of multipactor is characterized and modeled successfully with
our simulation method.

Compared with the analytical means[11–14] or other simu-
lation methods, e.g., multipactor calculator,[9] our simulation
method has a remarkable advantage for the threshold predic-
tion. In the simulation process, the number of the electrons at
each time step can be recorded. By analyzing the tendency of
the transient evolution of this number, the multipactor thresh-
old can be found conveniently, which will be detailed in the
next section.

3. Simulation results and discussion
In this section, in order to validate our simulation method,

typical microwave components with non-resonant or resonant
structures are studied. Some key points in the simulations are
discussed in detail.

3.1. Non-resonant impedance transformer

Figure 6 shows the three-dimensional symmetric model
of a five-order waveguide impedance transformer. The
transformer is plated with silver. The lateral dimension is
29.08 mm, and the longitudinal dimensions are 29.08 mm,
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19 mm, 12 mm, 3 mm, and 1 mm respectively. The excited fre-
quency is 3.85 GHz and the working mode is TE10 mode. The
structure represents the vacuum space in the transformer. The
narrowest segment is the loading region of initial macroparti-
cles, each of which contains 100 electrons and they are dis-
tributed randomly. The model is then discretized into hexahe-
dral elements with 20 meshes per wavelength. We emphasize
that the narrowest gap should be meshed at least by 3 cells in
order to guarantee the computational accuracy.

Fig. 6. Impedance transformer.

3.2. Ridge waveguide filter

To further study the capability of our method, the ridge
waveguide filter which is a highly resonant and complex com-
ponent is considered. As shown in Fig. 7(a), the structure is
plated with silver and the primary particles are distributed ran-
domly in the vacuum space. The input and output ports are
both standard WR229 waveguide ports. Dimensions of the
structure are shown in Fig. 7(b) and the unit is millimeters.
The excited frequency is 3.9 GHz and the working mode is
TE10 mode.

primary particles
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Fig. 7. (color online) Ridge waveguide filter: (a) model, (b) dimensions.

3.3. Results and discussion

Due to the discontinuities in the transformer, high order
modes will be excited. It is reasonable to allocate the initial

electrons in the narrowest segment since it is the most suscep-
tive region for multipactor occurring due to the strongest field
density. Figure 8 shows the interaction between the electrons
and the fields. The contour lines denote the field distribution
and the points denote the macroparticles.

Fig. 8. Interaction between electrons and fields.

Since the presented method is three-dimensional, self-
consistent and of time-domain, the physical process of the
multipactor generation can be captured and visualized as
shown in Fig. 9. From these pictures, the phase focus-
ing effect[4] and the resonant steady state of multipactor are
clearly observed. In practice, with time increasing, only the
particles which synchronize with the electromagnetic fields
can be clustered. Other electrons diffuse rapidly in the compo-
nents and will be absorbed by the metal walls finally. Thus, the
clustered electrons will grow exponentially if the input power
is so high that it makes the impact energy of electrons large
enough to knock out more secondary electrons.
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 ns

 ns
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 ns

 ns

 ns
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Fig. 9. (color online) Evolution of multipactor in the transformer.

It is deduced that the multipactor discharge breakdown
will occur in the transformer at such input power levels. By
analyzing the electromagnetic field distribution, we conclude
that the electric field intensity in the place where multipactor
occurred tends to be the maximum within the transform. Obvi-
ously, such places are usually the narrowest parts of the com-
ponent.

Figure 10 gives the transient evolutions of particle num-
bers at different input powers. As depicted in Fig. 10, when
the input power is low, particles cannot acquire enough energy
to accelerate or to synchronize with the field evolution. As a
result, particles will be absorbed by the metal walls and the
total particle number will decrease with time. On the contrary,
if the input power is high enough, many particles will obtain

048402-5



Chin. Phys. B Vol. 23, No. 4 (2014) 048402

proper energy and their traverse time will be close to half an
RF cycle. Consequently, secondary particles will be knocked
out continuously and the multipactor discharge will finally oc-
cur due to the avalanche. From the figure, one clearly sees that
the input power of 1750 W is the multipactor threshold of the
transformer.
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Fig. 10. (color online) Transient evolutions of the particle numbers in
the transformer.

Electromagnetic field distribution in the ridge filter is
more complex and it is impossible to predefine the suscep-
tive region of multipactor. Thus, initial particles are set to be
distributed in the whole simulation domain. One should note
that, in order to reduce the computational time, the initial par-
ticles have been continuously emitted for about an RF cycle
only when the field distribution is steady. Figure 11 shows
the transient evolutions of the total particle numbers at differ-
ent input power levels. As shown, when the input power is
544 W, the particle number keeps increasing for over 200 RF
cycles but decreases after 300 RF cycles. According to the
classical multipactor theory, the continuous increasing of the
electrons seems to be the direct evidence of multipactor dis-
charge, which conflicts with our results. This can be explained
by two possible reasons. One is that the initial particles are
of great quantity in the interior space of the filter, which need
time to diffuse. The other is that due to the complex structure,
particles may be clustered in some regions, usually at corners
near to the discharge region, for a long time, but these particles
will be absorbed finally.
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Fig. 11. (color online) Transient evolutions of the particle numbers in
the filter.

In order to make it clearer, the transient evolutions of the
secondary particle numbers, which exclude the effects of ini-
tial particles on the total particle number, are illustrated in
Fig. 12. Obviously, the confused phenomenon has been par-
tially alleviated. Essentially, such a phenomenon refers to the
nonlinear physics between the electrons and the fields. Thus,
it is necessary to take sufficient simulation time to confirm
whether multipactor really occurs in the component.
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Fig. 12. (color online) Transient evolutions of the secondaries at differ-
ent input powers: (a) 536 W and (b) 544 W.

Tables 1 and 2 give the convergence analyses of the mul-
tipactor simulations. Different meshing criteria are used to
perform different simulations. High calculation accuracy of
the field distribution in these components can be achieved
when the criterion is 20 meshes per wavelength. However, this
meshing density is not enough for the multipactor simulation.
We find that at least 30 meshes per wavelength and 8 meshes
at the narrowest gaps must be set for multipactor simulation of
the ridge waveguide filter, which is much more rigorous than
the field simulation.

Table 1. Predicted multipactor thresholds at different meshing criteria
in the transformer.

The total meshes 5.96×105 1.6×106

The breakdown threshold/W 1750 1750

Table 2. Predicted multipactor thresholds at different meshing criteria
in the filter.

The total meshes 5.5×104 7.8×104 1.0×106 1.5×106

The breakdown threshold/W 610 670 544 544
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4. Experimental validation

As shown in Fig. 13, a system for measuring the mul-
tipactor threshold is developed in a high vacuum chamber.
As shown in Fig. 13(b), the test configuration is composed
of signal amplifying circuit, reverse and forward coupling cir-
cuit, thermal vacuum chamber, and monitoring devices. The

forward-reverse power nulling detection method is used in
either CW or pulsed mode for multipaction testing.[9] The
nulling method is a global detection method, where the inci-
dent power to a device under test (DUT) is nulled against the
reflected power. A multipaction discharge creates an imbal-
ance leading to a loss of the null, which can be detected by the
spectrum analyzer.
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temperature 
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Fig. 13. (color online) Multipactor measurement system.

By such equipment, multipactor measurements are car-
ried out on the impedance transformer and the ridge waveg-
uide filter as shown in Figs. 15 and 16. A base pressure lower
than 6.65×10−3 Pa should be guaranteed after a minimum of
12-hours vacuum soaking. The tests are performed by apply-
ing the lowest power first, and then increasing the power in
steps up to the threshold. As the power level approaches the
threshold, short bursts of multipactor are detected as shown in
Fig. 14.

 

bursts

 
nulling signal

Fig. 14. (color online) Signal waveforms of multipactor discharge.

(a)

(b)

Fig. 15. (color online) Prototypes of the impedance transformer with
(a) one piece and (b) assembled device.

Fig. 16. (color online) Prototype of the ridge waveguide filter.
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The thresholds predicted with our method are compared
with the experimental data in Table 3. It is clear that the sim-
ulation results match well with the experimental data, which
therefore validate our simulation method. Besides this, the cal-
culation accuracy is obviously improved compared with that
of the multipactor calculator which is based on the parallel ap-
proximation and the Monte Carlo method.

Table 3. Multipactor thresholds of the impedance transformer and the
ridge waveguide filter.

The three-dimensional the multipactor
Experiment/W

numerical method/W calculator/W

The impedance
transformer

1750 1450 1800

The ridge
waveguide

filter
544 273 630

5. Conclusion
A three-dimensional and self-consistent numerical

method for the simulation of multipactor effect in arbitrary
microwave passive components is presented. By combining
the FDTD and PIC method, the interaction between fields
and electrons is properly modeled, which in turn makes the
predicted threshold of multipactor more accurate than that of
the traditional method in which the parallel approximation is
used. Besides this, the SEY curve from the Vaughan model
is fitted by the measured data, which leads to results closer to
those in practice. In order to validate our method, the typical
microwave components, the impedance transformer, and the
ridge waveguide filter are studied. The simulation results ac-
cord well with the experimental data, which demonstrate the
accuracy of the method.
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