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Multipactor Discharges in Parallel-Plate
Dielectric-Loaded Waveguides Including
Space-Charge Effects

Angela Coves, Member, IEEE, Germén Torregrosa-Penalva, Member, IEEE, Carlos Vicente,
Benito Gimeno, Member, IEEE, and Vicente E. Boria, Senior Member, IEEE

Abstract—The objective of this paper is to study the time evolu-
tion of multipactor discharges in a parallel-plate dielectric-loaded
waveguide. The electron discharge phenomena investigated in this
paper include the effects of space charge, as well as the presence
of time varying static fields. In order to perform the simula-
tions presented in this paper, an approach considering simulta-
neously multiple effective electrons has been used. The results
obtained demonstrate that multipactor discharges do turn off by
themselves under certain circumstances when they occur in such
dielectric-loaded structures.

Index Terms—Dielectric, multipactor discharge, space charge,
static field.

1. INTRODUCTION

HE multipactor effect is a resonant vacuum electron

discharge that can occur in microwave and millimeter-
wave subsystems, such as filters, multiplexers, and RF satellite
payloads. These components usually include dielectric mate-
rials employed as resonators and supporting elements. Most
publications in recent years study the multipactor problem in
microwave devices without dielectric materials, as in [1]-[7],
where the multipactor breakdown voltage threshold is studied,
thus leading to the construction of generalized susceptibility
diagrams. On the other hand, other studies on multipactor
discharges on dielectric windows [8]-[10] have focused on
both the conditions for multipactor initiation, as well as on
the evolution of the discharge, and its saturation mechanism
due to the surface charging of the dielectric, using a dynamic
theory. Indeed, the multipactor problem in microwave devices
including dielectric materials dealing with special geometries
has been studied in few publications [11]-[13]. The multi-
pactor effect in a two-surface regime, including the effects of
dielectric materials, has been investigated in a previous work
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of the authors [14] for a particular parallel-plate dielectric-
loaded waveguide, using the traditional single effective electron
model, and without considering space-charge effects. In the
specific case studied in that work, the dielectric layer charges
negatively, allowing a negative static field to build up. This
dc field eventually leads to a single-surface multipactor from
the metallic surface before the electron discharge is finally
turned off.

We have extended the analysis of the previous work by
studying the time evolution of multipactor discharges in a
parallel-plate dielectric-loaded waveguide, including the effects
of space charge, and considering the simultaneous tracking of
multiple effective electrons.

In this paper, we assume a Rayleigh probability density func-
tion for the departure kinetic energy of the emitted electrons.
The dynamics of each effective electron are solved exactly,
conditioned by the external RF electric field, the dc electric field
appearing because of the charging of the dielectric surface, and
the repulsion of the charge density existing between the plates.
The proposed technique allows the examination of different
geometries under a variety of working conditions. We will dis-
cuss the effects of the appearance of the dc electric field and the
space-charge effect during the time evolution of the discharge.

Section II describes the physical model used in our simula-
tions. In Section III, we show the results obtained for a mul-
tipactor discharge occurring in an empty silver parallel-plate
waveguide. In this section, the same problem in a parallel-plate
dielectric-loaded waveguide is also analyzed. A few concluding
remarks are made in Section I'V.

II. THEORY

The geometry and dimensions of the problem under inves-
tigation are given in Fig. 1. An RF voltage swing of the form
V(t) = Vp cos(wt + «) is applied between both plates, where
Vp is the amplitude, w = 27 f where f is the RF frequency, and
« is the initial phase at time ¢ = 0 s. An RF electric field asso-
ciated to this voltage swing appears between both plates. The
RF electric field in the gap space E, which is perpendicular to
both metallic plates, is given by E = Ej cos(wt + o)X, where
Ejy can be calculated by means of an electrostatic approach as
follows:
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Fig. 1. Parallel-plate waveguide partially filled with a dielectric material of
relative permittivity €,.. The distance between the two metallic parallel surfaces
is d, whereas the dielectric slab, of height h, is placed on top of one of the
metallic plates.
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Fig. 2. Secondary electron emission yield curves for silver and alumina
extracted from [6] and [9].

where d is the distance between the metallic plates, h is the
height of the dielectric sheet, and ¢, is its dielectric permittivity,
as shown in Fig. 1. The magnetic field associated to this RF
electric field has been neglected, as suggested by many authors
[1]-[3], [7], [15]. Due to the characteristics of the geometry
under study and the fields present in the gap between the
plates, electrons are accelerated in the direction normal to the
surfaces. This allows the assumption of the 1-D model approach
considered in this paper.

An electron inside the gap space is accelerated by the
RF electric field. The movement may eventually lead the
electron to impact with any surface. Each collision can result
in the emission or absorption of secondary electrons. The
number of electrons emitted or absorbed after each impact is
determined by the value of the secondary electron yield (SEY)
parameter 0 (6 > 1 if secondary electrons are emitted, and § < 1
if they are absorbed). The value of parameter ¢ is calculated
by means of realistic SEY functions that include the effect of
reflected electrons for low impact energies of primary electrons,
which must be accounted in order to obtain accurate results
[6], [16]. The SEY functions used are obtained for the normal
incidence of the primary electrons. Fig. 2 shows the SEY
function for silver and alumina. The SEY properties for the
materials employed in the simulations presented in this paper
are defined by the following parameters: the primary electron
impact kinetic energies which yield § = 1, Wy, and Wj, the
impact energy Wyrax necessary for a primary electron to yield
0 = dmax, which is the maximum value of the SEY function,
and the value of the primary electron impact energy Wy (6 = 0)
that limits the region of elastic collisions. The SEY function

used assumes § = 0.5 for low impact energies of primary
electrons. This value has been experimentally validated in [17].

In this paper, a modified approach to the study of multipactor
discharges using the traditional single effective electron model
[18] is employed. Basically, it consists of the simultaneous
tracking of the trajectories of M effective electrons. The total
number of electrons N at a given time ¢ is calculated by means
of the following:

M
N(t) =" Ni(t) )

where N, (t) is the population of electrons of the ith effective
electron at time ¢. After the ith effective electron impacts at
time ¢ with any surface, IV; is modified according to the ¢ value
provided by the SEY function so that

N;(t + At) = 5N;(t) 3)

where At is the time step used in the simulations. It should
be emphasized that the § function will be, in general, different
in the metal and dielectric surfaces. The secondary electron
departure kinetic energy W, is assumed to follow a Rayleigh
probability density function of the following form:
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with parameter W, = 3 eV.

When the structure under study includes a dielectric layer, the
electrons emitted by this surface charge the dielectric material
positively, whereas the electrons absorbed by the dielectric
layer charge it negatively. This charge gives rise to a dc electric
field. This field is time varying, as it depends on the net charge
of the dielectric layer. The dc electric field, after the ith effective
electron impacts with the dielectric surface E4. = Fq.X, can be
calculated using the electrostatic approach

eNi(t)(5 — 1)

Fqac (t + At) = Edc(t) =+ 2A€0

)
where Eq4.(t) is the value of the dc field before the impact of
the ith effective electron with the dielectric surface, § is the
SEY parameter for the dielectric surface, —e is the charge of an
electron, and A is the area of the dielectric surface considered
(despite the 1-D assumption of the model, the charge is con-
sidered to be uniformly distributed on an area A). Note that at
t=0, Egc=0.

In addition, space-charge effects have been included, follow-
ing the same procedure introduced in [19]-[21]. This is accom-
plished by a single electron sheet that (forced by the RF and dc
electric fields) moves across the parallel-plate waveguide (this
electron sheet is shown in Fig. 1). This electron bunch has an
electron density which is given by

_eN
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When this sheet impacts on any surface, a new sheet is gener-
ated by elastic collision.



TABLE 1
SECONDARY ELECTRON EMISSION YIELD PROPERTIES OF DIFFERENT MATERIALS

Material | Wyrax (€V) | W1 (eV) | W2 (eV) | Wp (eV) | dmax
Silver 165.0 30.0 5000.0 15.99 2.22
Dielgjiyer 165.0 30.0 5000.0 15.99 2.22
Alumina 1300.0 23.8 14135.0 7.50 6.50
Therefore, the dynamics of each effective electron are condi- 10* o
tioned by the RF electric field, the de electric field (if & > 0), e
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where x; is the position of the ith effective electron, x; is the 10° 10" 102
position of the electron bunch, m is the electron mass, and the fxd (GHzxmm)
sign function sgn is defined as
. Fig. 3. Susceptibility chart of an empty silver parallel-plate waveguide. Three
+1, ifx; > x hundred sixty individual electrons (with different initial phases) have been em-
Sgn(a:i — xb) =<0, ife; =z . (8) ployed to determine the multipactor regions. The operating point corresponding
~1 ifz; < xp to f x d =1 GHz x mm and Vp = 50 V is highlighted.
Y

The equation of motion of the electron sheet is as follows:

m d2xy
e dt?2’
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Solving (7), the trajectory and velocity of each effective
electron are obtained analytically as follows:
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where x¢; and vg; are the ith effective electron position and ve-
locity, respectively, at time £g;. Solving (9) yields the trajectory
and velocity of the electron sheet
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where zg; and vg, are the electron bunch position and velocity,
respectively, at time ¢p.

Future work on the model suggested in this section might
involve the introduction of the second order effects such as
extension to a 2-D approximation, inclusion of the RF magnetic
field, or consideration of cavity detuning in realistic waveguide
devices.

III. NUMERICAL RESULTS AND DISCUSSION
A. Parallel Silver Plate Waveguide

An algorithm based on the expressions given in Section II has
been programmed using Fortran to provide the results outlined
next. This section shows the results obtained for a multipactor
discharge occurring in an empty silver parallel-plate waveguide
with the newly developed simulation tool. The SEY properties
of the silver surfaces are given in Table I. To determine x;, the
effective electrons are initially randomly distributed along the
z dimension of the waveguide (following a uniform distribu-
tion). Their initial velocity vy, is randomly calculated, assuming
the same Rayleigh distribution employed to calculate the sec-
ondary electron departure kinetic energy after an impact occurs
against one of the silver plates.

In order to check our algorithm, the susceptibility chart for
this particular waveguide has been obtained by simulation,
using 360 individual electrons, as shown in Fig. 3. In this
chart, dark regions indicate the operating conditions that make
multipactor discharges to appear. Three hundred sixty single
effective electrons (with different initial phases of the RF field)
have been employed to determine the multipactor regions. For
each working condition, it is considered that multipactor has
occurred if IV reaches a steady saturating value.

Next, Fig. 4 shows the time evolution of the population
of electrons under two different scenarios: In one of them,
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Fig. 4. Time evolution of the number of electrons N (solid line) when space-
charge effects are not considered and (dashed line) when they are included for
the empty silver parallel-plate waveguide.
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Fig. 5. One-dimensional trajectories of one of the M = 1000 effective elec-
trons (solid line) when space-charge effects are not considered and (dashed line)
when they are included for the empty silver parallel-plate waveguide.

space-charge effects are neglected, whereas in the other one,
space-charge effects are considered, as introduced in the previ-
ous section. M = 1000 effective electrons are simultaneously
used in order to prevent any single effective electron to become
statistically significant in the development of the discharge.
The parameters of the geometry and RF signal initial condi-
tions used for all simulations performed throughout this paper
(unless otherwise indicated) are as follows: d =3 mm, f =
1/3 GHz, V; =50 V, a = 0°, and A = 10 cm?. The accuracy
of the Monte Carlo simulations is guaranteed by selecting a
simulation time step of 1/(10° - f). For the conditions stated
earlier, the operating point is inside the multipactor region,
as can be observed in Fig. 3. When space-charge effects are
not included, there is no saturating mechanism observed in the
simulation. Thus, N grows at an exponentially constant rate.
In this case, there is no interaction between the M = 1000
effective electrons being tracked simultaneously; thus, each one
of them acts independently of the rest.

When space-charge effects are included, following a similar
approach to that presented in [21], N reaches a steady satu-
rating value after approximately 40 RF cycles. In this case,
the M = 1000 effective electrons interact among themselves
through the space-charge sheet accounting for space-charge
effects. The space-charge saturating effect is well explained by
Figs. 5 and 6.

When the electron density is not very high (which, for the
situation under study, occurs for N ~3 x 10%), space-charge
effects are basically negligible. The single effective electron
follows a typical first-order multipactor trajectory (for the first
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Fig. 6. Impact energies for collisions against the (black circles) top silver
layer and (gray circles) bottom silver layer for one of the M = 1000 effective
electrons in the empty silver parallel-plate waveguide. (a) Space-charge effects
are not considered. (b) Space-charge effects are considered.

40 RF cycles), as shown in Fig. 5, when space-charge effects
are not considered, as well as when its effects are accounted
for. Meanwhile, each effective electron, due to its resonant
movement, always impacts against the top and bottom silver
layers approximately with the same kinetic energy [yielding
an emission of 1 < ¢ < 1.5 secondary electrons per impact, as
can be seen in Fig. 6(a) and (b)]. The kinetic energies of the
impacting electrons are near the first crossover (6 = 1) of the
SEY functions. According to [22], under these circumstances,
the magnetic field can be neglected, as it has been assumed in
our model.

Once the population of electrons reaches a significant num-
ber (N ~3 x 10® in the conditions under study), the effects
of space charge become noticeable. Each effective electron
is unable to keep up with its previous synchronization (for
the dashed effective electron trajectory shown in Fig. 5, this
happens around RF cycle number 43). The space-charge bunch
is capable of repelling the effective electrons whenever they
are close together, modifying their trajectories. This causes
the electrons to collide with the top and bottom silver layers
much sooner or later than the instants when the RF electric
field changes its sign. In turn, this implies low impact energy
collisions, so that the metallic plates absorb electrons (as can
be observed in Fig. 6(b) from RF cycle 40). The reduction in
N automatically weakens the strength of the electron bunch,
so that its effects on the effective electrons are softer. Effective
electrons are no longer strongly repelled by the electron bunch,
which allows [V to recover again and the process starts all over
again, reaching the saturation state observed in Fig. 4.
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Fig. 7. Time evolution of the number of electrons N (solid line) when space-
charge effects are not considered and (dashed line) when they are included for
the silver parallel-plate dielsj)yer loaded waveguide.
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Fig. 8. Ejq4. static field time evolution (solid line) when space-charge effects
are not considered and (dashed line) when they are included for the silver
parallel-plate dielgjiver loaded waveguide.

B. Parallel-Plate Silver-Like Dielectric-Loaded Waveguide

The situations presented in the previous section are repeated,
introducing a thin dielectric layer on top of the bottom silver
surface for studying the effects of a time varying FEqy. static
field. In order to facilitate the comparison between both the
free space and the dielectric-loaded waveguides, a fictitious
dielectric material with the same SEY properties as silver is
used to load the waveguide (see material dielye, in Table I).
For the cases simulated in this section, we used h = 3 ym and
e = 9.5.

Fig. 7 shows the time evolution of N for the silver parallel-
plate dielectric-loaded waveguide. The main difference be-
tween the responses observed in Figs. 4 and 7 is the fact
that, in the latter case, the discharges eventually switch off by
themselves (similarly to the behavior described in [14]), as a
consequence of the dielectric presence.

The extinction of the multipactor discharges for the particular
operating conditions being studied is due to the appearance of
a time varying static field whose time evolution is shown in
Fig. 8. The Ej. static field causes effective electrons to lose
their synchronized first-order multipactor trajectory, as evident
from the trajectory of one of the M = 1000 effective electrons
used in the simulations shown in Fig. 9. The explanation
of what is happening to the development of the multipactor
discharge can be better stated with the help of Fig. 10(a) and (b).

For the first 40 RF cycles, both the Fy4. static field and
space-charge effects are very weak, and effective electrons
follow a first-order multipactor trajectory (as can be observed in
Fig. 9). Effective electrons impact against the top metallic layer
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Fig. 9. One-dimensional trajectories of one of the M = 1000 effective elec-
trons (solid line) when space-charge effects are not considered and (dashed line)
when they are included for the silver parallel-plate dielg;}yer loaded waveguide.
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Fig. 10. Impact energies for collisions against the (black circles) top silver
layer and (gray circles) bottom dielectric layer for one of the M = 1000 effec-
tive electrons in the parallel-plate silver dielg;j}yer loaded waveguide. (a) Space-
charge effects are not considered. (b) Space-charge effects are considered.

(emitting secondary electrons) and against the bottom dielectric
layer (also emitting secondary electrons). Thus, the dielectric
sheet charges positively (as shown in Fig. 8). When the static
field becomes intense enough, the positively charged dielectric
material attracts effective electrons toward the bottom dielectric
layer. Because resonance is lost, electrons are absorbed in these
collisions, as low SEY values at the metallic plate from RF
cycle 40 make it evident in Fig. 10(a) and (b). The individual
populations /V; diminish after these collisions. Thus, when they
collide again against the bottom dielectric layer with high ki-
netic energies [as shown in Fig. 10(a) and (b)], fewer electrons
are now emitted from the dielectric material (and the F 4. static
field does not increase as much as in the previous impacts).
The rate at which electrons are absorbed in the metallic layer
is higher than the rate at which electrons are emitted from the
dielectric bottom sheet. This results in a decreasing population
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Fig. 11. Time evolution of the number of electrons IV for the parallel-plate
alumina-loaded waveguide.
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Fig. 12. Eq4. static field time evolution for the silver parallel-plate alumina-
loaded waveguide.

of electrons N (until it finally disappears completely), whereas
the dielectric layer remains finally charged at a constant value.

If space-charge effects are not neglected in a dielectric-
loaded waveguide like the one being studied, two saturating
mechanisms affect simultaneously the electron discharge (and
thus, the M = 1000 effective electrons interact with one an-
other not only through the dc static field but also through
the space-charge sheet, accounting for space-charge effects).
As can be noticed in Figs. 7 and 8, space charge basically
constitutes a slowing factor in the extinction of the discharge.
The electron bunch is also attracted by the positive Ej. static
field as effective electrons are. Therefore, its main contribution
to the development of the discharge is to disturb effective
electrons whenever they are close to them by repelling them.
For the particular conditions being studied, this implies that NV
does not reach the same maximum value when space charge is
neglected, the discharge finally shuts down 20 RF cycles later,
and the Fq4. static field saturates at a lower value.

C. Farallel-Plate Alumina-Loaded Waveguide

Finally, the realistic case of a parallel-plate waveguide loaded
with a thin layer of alumina on top of the bottom silver surface
is considered. Space-charge effects are accounted for. The SEY
properties for alumina are given in Fig. 2 and Table I and have
been obtained from [9]. For this case, the same parameters used
in the previous section, with respect to the waveguide geometry
and signal characteristics, are employed. Fig. 11 shows the
time evolution of N for this case, whereas Fig. 12 shows
the evolution of the Fq4. field. As explained in the previous

section, the multipactor discharge finally disappears, whereas
the dielectric sheet remains positively charged.

Future works using the model presented in this paper can
include the presence of a second dielectric layer on top of the
upper metallic surface in Fig. 1, as well as the consideration
of real SEY measurements for the materials involved in the
structure.

IV. CONCLUSION

In this paper, a model to simulate multipactor discharges
in a parallel-plate dielectric-loaded waveguide using multiple
effective electrons is presented. Different geometries under a
variety of working conditions have been investigated using the
proposed technique in order to study the effects of the space
charge and the static field which appears in dielectric-loaded
structures. The performed simulations reveal that multipactor
discharges in this type of dielectric-loaded waveguides turn off
by themselves due to the appearance of time varying static
fields. The space-charge main effect in the time evolution of the
discharge is to slow down the switching off of the process. To
the authors’ knowledge, this is the first time that space-charge
effects and time varying static electric fields in dielectric-
loaded waveguides have been simultaneously investigated in
the context of multipactor discharges.
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