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Abstract—An improved multipactor dynamic model is proposed
for studying the multipactor phenomenon on a dielectric surface
existing longitudinal RF electric field using Monte Carlo method.
The susceptibility curves of the electric field on the surface and the
temporal evolution images of the multipactor discharge were obtained
and discussed. The power deposited on the dielectric surface by the
multipactor was also investigated in terms of an S-band RF dielectric
window. The results show that, the longitudinal RF electric field
may intensify the single-surface multipactor effect, which is likely
detrimental to RF transmission and to result in the dielectric crack.

1. INTRODUCTION

The multipactor effect is a resonant vacuum electron discharge that
can occur in high power microwave devices, such as dielectric windows.
Studies on the multipactor discharges on a dielectric surface in recent
years have mainly focused on both the multipactor breakdown voltage
threshold, thus leading to the construction of generalized susceptibility
curves, as well as the time evolution of the discharge and its saturation
mechanism, in terms of the external transverse RF electric field and of
the dc electric field [1, 2]. However, experiments and theoretical study
show that high-order mode containing longitudinal RF electric field
may be excited on the window surface because of the sharp change of
the boundary conditions, and the magnitude of this field component
may be much higher than that of the dc electric field at the initial
stage of multipactor [3–5]. Therefore, it is very important to develop
a particular model to better understand the single-surface multipactor
process with the longitudinal RF electric field.
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In this article, we extend the analysis of the previous work by
studying the susceptibility diagrams and the time evolution of the
multipactor discharges on a dielectric surface on the base of the
consideration of the transverse and longitudinal RF electric field as well
as the dc electric field at the same time. The influence of longitudinal
RF electric field on the multipactor effect is emphasized, and the
temperature increase on an S-band alumina window disk caused by
both multipactor and dielectric-losses is evaluated.

2. THE MODEL AND THEORY

The geometry of the single-surface multipactor under investigation is
shown in Fig. 1. Electrons emitted with a random velocity, v0, and a
random angle, φ, with respect to the positive y-axis, are subjected to
forces imposed by the transverse component Ey = Ey0 sin(ωt+ θ), the
longitudinal component Ez = Ez0 cos(ωt + θ) of the RF electric field,
and the initial dc electric field. The electron gains energy from the RF
electric field in its transit process and strikes the surface with much
larger energy at a later time. Upon impact, a number of secondary
electrons are emitted. Thus, a time-varying positive static field normal
to the dielectric surface, namely the dc electric field Edc, is build
up. Suppose that the positive charge left on the dielectric surface
is uniformly distributed, Edc = Edc0 + eNe/2Aε0 where Edc0 is the
initial dc electric field, Ne is the total number of multipactor electrons
in flight, A is the surface area of the dielectric, and ε0 is the free space
permittivity.

Figure 1. Schematic of single-surface multipactor in trans-
verse/longitudinal RF and dc electric fields.
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To investigate the influence of the longitudinal RF electric field
on the multipactor process, two different scenarios shall be analyzed
for the electron dynamics as follows:

(1) In the absence of the longitudinal RF component, only the
transverse RF electric field, Ey, and the dc electric field, Edc1,
exist on the dielectric surface, which is identical to the condition
in Refs. [1, 2].

vy1 = v0 cosφ +
e

mω
Ey0[cos(ωτ1 + θ)− cos θ]

vz1 = v0 sinφ− e

m
Edc1τ1

τ1 =
2mv0 sinφ

eEdc1

(1a)

(2) Both the transverse and longitudinal RF electric field, Ey and Ez,
as well as the dc electric field, Edc2, are considered. The equations
of the motion of secondary electrons based on the multipactor
dynamic model shown in Fig. 1 can be given as below:

vy2 = v0 cosφ− e

m

∫ τ2

0
Ey0 sin(ωt + θ)dt

vz2 = v0 sinφ− e

m

∫ τ2

0
[Ez0 cos(ωt + θ) + Edc2]dt

v0 sinφ · τ2 +
eEz0

mω2
[cos(ωτ2 + θ)− ωτ2 sin(ωτ2 + θ)− cos θ]

− eEdc2

2m
τ2
2 = 0

(1b)

where vy and vz are the y and z component of the impact velocity,
τ is the transit time, e/m is the ratio of the electron charge to its
mass, = 1.76×1011. Solving Equation (1), the impact energy, Wi,
and the impact angle, ξi, of the electron may easily be calculated
from Wi = 1

2m(v2
y + v2

z) and ξi = arctan(
√

vy/vz).

Upon impact on the surface, a primary electron produces an
average number of secondary electrons, called the secondary electron
yield (SEY), δ. This yield depends on the material, and is a function of
the impact energy of the primary electron, Wi, and the impact angle,
ξi, at which it strikes the surface [6, 7]. The SEY prosperities for the
material used in the simulation are defined by the following parameter:
δmax 0 = 3.0 and Wmax 0 = 420 eV, respectively, where δmax 0 is the
maximum value of the SEY function for normal incidence, and Wmax 0

is the corresponding impact energy of the electron.
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In the specific cases studied in this paper, Monte Carlo method
is employed to simulate the multiplication of the electrons on the
dielectric surface. The secondary electron departure kinetic energy Wo

(= 1/2mv2
0) and angle φ are assumed to follow the probability density

functions as below: [1, 2]

f(Wo) =
Wo

W 2
om

exp
(−Wo

Wom

)

g(φ) =
1
2

sinφ

(2)

With Wom = 2.1 eV being the peak of the distribution of departure
energies.

3. RESULTS AND DISCUSSION

The susceptibility diagrams identify the domain of the electric field
amplitudes in which the multipactor would occur. Since the SEY is
above unity only for the electron impact energies between the two
crossover points, there are upper and lower boundaries where δ = 1.
Fig. 2 shows such boundary regions with δmax 0 = 3.0, Wmax 0 = 420 eV
under the two scenarios of Equation (1). The vertical axis denotes
the normalized value of Ey0, and the horizontal axis denotes the
normalized value of Edc1 when the longitudinal RF electric field is
not considered, or that of the electric field superposition, Ez0 + Edc2,
when the particular field Ez is included.
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Figure 2. Multipactor region boundaries versus the electric field
intensity for δmax 0 = 3.0 (dashed line) when the longitudinal RF field
is not considered and (solid line) when it is included on a dielectric
surface.
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As shown in Fig. 2, either Edc1 or (Ez0 + Edc2) increases
approximately linearly with the increase of Ey0. However, the
susceptible domain of the multipactor discharge between Curve 1&2
is wider than that between Curve 3&4, i.e., the values of the field
amplitudes falling outside Curve 3&4 may still lie within Curve 1&2.
The extension of the multipactor region including the effects of the
longitudinal RF electric field may be explained as follows: in the first
scenario of Equation (1), the dc electric field Edc1 has an unchanged
direction pointing to the outside surface. While in the other scenario,
when the value of Ez0 is larger than that of the Edc2, the direction of
the compositive field (Ez0 + Edc2) may be opposite to the dc field due
to the RF swing. The dc electric field always attracts the secondary
electrons back to the surface, while the total longitudinal field may
repel the electrons flying away from the surface, thus increase the
averaged transit time of the electrons. This repulsion action may
greatly be intensified in the case of no dc electric field but just the
longitudinal RF field existing on the surface. Now for a given value
of the transverse RF electric field on the lower boundary, the impact
energy of the secondary electrons will increase in the transit process
because of the action of the longitudinal superposition field, which
eventually leads to the extension of the susceptible regions.

For an S-band alumina window, we set the area A to be 12 cm2,
and the longitudinal RF electric field to be a magnitude of about
40% of the transverse component [2, 5]. The time evolution images
of multipactor discharge with/without the effects of the longitudinal
RF electric field were given in Fig. 3 using following input parameters:

δmax 0 = 3.0, Wmax 0 = 420 eV, Wom = 2.1 eV, A = 12cm2

Ey0 = 2.0MV/m, Ez0 = 0.8MV/m, Edc0 = 10 V/m,

f = ω/2π = 3.0GHz
(3)

As Curve 1 shown in Fig. 3, when the longitudinal RF electric field
effects are not considered, the simulation results are similar to those
in Ref. [1, 2]. The number of multipactor electrons reaches a steady
saturation value of Ne1 = 1.159 × 1011 after about 40 collisions, at
saturation, the secondary yield δ has a mean value of unity, the dc field
building on the surface grows from the initial value of Edc0 = 10 V/m
to a large value of Edc1 = 0.874 MV/m, corresponding to point A on
the susceptibility curve in Fig. 2, the impact energy of the electron,
Wi, is near the first crossover energy of 28 eV in the SEY curve; the
averaged impact angle, ξi, is about 75◦ and the averaged saturation
transit time of electron is τ1 = 1.17× 10−11 s.

When the longitudinal RF electric field effects are included, as
Curve 2 shown in Fig. 3, the evolution of the multipactor discharge
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Figure 3. Evolution of multipactor discharge (Curve 1) when the
longitudinal RF field is not considered and (Curve 2) when it is
included on a dielectric surface.

generally showed some sort of periodicity at saturation, i.e., the
values of the parameters shown in Figs. 3(a) ∼ 3(f) repeated almost
regularly at about 40-collisions cycles. This periodicity exhibited
more obviously in Figs. 3(a), (c), (e), (f), and not much clearly in
Figs. 3(b), (d), while there were always peak values at certain intervals
in Figs. 3(b) and (d) that also presented the same tendency. The
reason leading to this phenomenon may be that, the presence of the
longitudinal RF electric field makes the electron transit time, τ2, have
the periodicity at a certain extent, using Equation (1b), then the
electron impact energy obtained in the transit process shall also be
periodic, which consequently influenced the other parameters of the
multipactor discharge.

As Curve 2 shown in Fig. 3, Ne2 reaches a steady saturation level of
1.382×1011, the amplitude of the compositive longitudinal electric field,
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Ez0 +Edc2, increases to a larger value of 1.842 MV/m, superpositioned
by Ez0 = 0.8MV/m and Edc2 = 1.042MV/m, corresponding to
point B on the susceptibility curve in Fig. 2, the impact angle of the
secondary electron is decreased to 32◦ which shows an attracting action
of the longitudinal fields on the multipactoring electron trajectories.
The trends of the secondary yield [(Fig. 3(b)] and of the electron
impact energy [(Fig. 3(d)] are almost as the same as those when
just the dc electric field exists. The averaged saturation transit time
of the electron is τ2 = 0.856 × 10−11 s. The averaged period of
the evolution of the parameters in Fig. 3 then can be estimated as
T = 40 × 0.856 × 10−11 s = 3.424 × 10−10 s, which is corresponding
to the RF cycle 1/3.0 GHz. As can be seen, with the influence of the
longitudinal RF electric field, more secondary electrons are emitted,
thus the amplitude of the dc electric field Edc2 is increased 19% than
that of Edc1, and the amplitude of the total longitudinal electric field
is over 2 times than that of Edc1 in Fig. 3. When the amplitude of
the longitudinal RF field, Ez0, is positive, the averaged transit time
of the electron for the saturation status would be shortened over 50%
due to the acceleration action. When Ez0 is negative, which means the
direction of the longitudinal RF field is opposite to that of the dc field
(Ez0 > Edc2), it might make some secondary electrons flying away from
the surface and prolong the transit time of the electrons. However, the
averaged attracting action on electron of the longitudinal RF field is
stronger than its repelling action due to the RF swing, therefore, the
transit time of the electron in this scenario, τ2 = 0.856 × 10−11 s, is
27% decreased than τ1 = 1.17× 10−11 s.

Using the simulated results given in Fig. 3, the amount of the
power deposited on the dielectric surface by the multipactor could
be estimated from Pm1 = Ne1 · Wi1/τ1 = 44.43 kW, and Pm2 =
Ne2 ·Wi2/τ2 = 72.42 kW. Usually, the heating of the dielectric mainly
results from two aspects: one is the power deposited on the dielectric
by the multipactor, and the other is the dielectric losses. In the
steady state, the temperature increase, T , is governed by the time-
independent diffusion equation in terms of the average power density
of both the multipactor effect and the dielectric-losses: [4, 10]

−λ · ∇2T (z, r) =
1
2
ωε0ε

′′
rτf |E(z, r)|2 + pm (4)

where λ is the thermal conductivity of 97% alumina, ε0 is the free space
permittivity, ε′′r is the imaginary part of the relevant dielectric constant
of the window disk, τf is the duty cycle, and pm is the averaged power
density by the multipactor discharge. By solving Equation (4) with
the boundary conditions, we obtain the axial and radius temperature
distribution with/without the effects of the longitudinal RF electric
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field on the window disk (Fig. 4). The radius of the window disk
cylinder is R = 42mm, and its thickness is D = 3 mm. As shown
in Fig. 4(a), when the longitudinal RF field is considered, the axial
temperature distribution approximately increase an additional 35◦C
resulting from the excess electron-bombardment energy. While as
observed in Fig. 4(b), the maximum-radial-temperature point moves
13.7mm from the center to the edge of the ceramic. The radial
temperature distributions generally vary more sharply than the axial
temperature distributions. By such temperature gradients, a thermal
stress will be produced inside the window disk and the magnitude of
which is described by the following equation [8]:

σr = 1.4Pα
(DR)1/2

l
(Tmax − Tmin) (5)

where P = 303 GPa is the modulus of elasticity of the window
disk, α = 8.2 × 10−6/◦C is the coefficient of linear expansion
(10−6/◦C), and l (mm) is the distance between the radial maximum
and minimum temperature points on the dielectric. The thermal
stresses including the longitudinal RF electric field effect or not, based
on (5), are approximately 214.05 MPa and 97.44 MPa, respectively.
The maximum tensile strength of the 97% alumina, however, is
179MPa (strain rate of 10−6m/s) [9]. Therefore, with the appearance
of the longitudinal RF electric field, the thermal stress caused by
radial temperature gradients produced by electron-bombardment and
dielectric losses may exceed the maximum tensile strength of the
ceramic, and lead to window failure.

 

(a) (b)

Figure 4. Temperature distribution (dashed line) when the
longitudinal RF field is not considered and (solid line) when it is
included.
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4. CONCLUSION

In this paper, the susceptibility curves of multipactor over a range
of operating conditions and the time evolution images have been
calculated in order to study the influence of the longitudinal RF electric
field on the single-surface multipactor discharge. The performed
simulations suggest that, the main effects of the longitudinal RF
electric field are to noticeably enlarge the susceptible domain of
the multipactor discharge, to increase the number of the secondary
electrons emitted from the dielectric surface to a much larger value, to
accelerate the transit process of the electron, and to decrease the angles
of the electron colliding the surface. The longitudinal RF electric field
intensifies the electron bombardment and the power deposition on the
dielectric surface, and is detrimental to thermal conduction and RF
transmission for the dielectric windows.
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