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ABSTRACT

Spatial discrepancy of secondary emission yield (SEY) is probably exacerbated by unexpected surface contamination or imperfect surface
treatments for SEY suppression, which accordingly provokes increased multipactor risk in microwave devices. In this paper, an improved
2D2V nonstationary statistical modeling for multipactor of parallel plates capable of regarding all electron impacts and electron exchange at
the periodic boundaries is developed to investigate the effect of this spatial SEY discrepancy on multipactor formation in microwave devices.
The comparison with the 1D2V statistical modeling results, which is valid for the parallel-plate multipactor, proves the accuracy of this
improved 2D2V statistical modeling and the necessity of appropriate boundary setting in multipactor analysis with spatial SEY variation. The
modeling results also reveal that the multipactor establishment is dominated by the electron multiplication and the electron overflow in the
high-SEY region, thus making the multipactor threshold strongly dependent on both the SEY property and the dimension of the region.
Electron multiplication can be fully sustained in the high-SEY region when its size exceeds a critical dimension, which satisfies a scaling law
(the sustaining dimension is proportional to the gap with the product of the RF frequency and the gap kept constant) and varies with the
involved multipactor mode. This research will help in evaluating accidental multipactor risk caused by the surface contamination and the effi-

ciency of multipactor prevention via applying surface treatments for SEY suppression to accessible regions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0164977

I. INTRODUCTION

Multipactor' is an electron avalanche-like phenomenon ubiqui-
tously occurring in high-power microwave devices and RF compo-
nents operated under vacuum,”’ causing harmful effects such as
harmonic noise, cavity detuning, or even irreversible physical damage
to the instruments.” © Therefore, it is conventionally required to guar-
antee no multipactor occurrence in engineering practice for the opera-
tional stability of a given microwave system. With the purpose of
multipactor prevention in mind, current multipactor research still
maintains intense interest in exploring novel multipactor mecha-
nisms’” '” and developing multipactor inhibition techniques with effi-
cient surface treatments,’ ' * diverse signal waveforms and external
fields."* '° Meanwhile, accurate predictive techniques'”'” are highly
concerned about the optimal design of multipactor-free microwave
devices as well.

As a matter of fact, the values of secondary emission yield (SEY)
for multipactor threshold calculations are determined by the average

of multiple SEY measurements at different sampled positions on the
device surface, but disregard the actual spatial distribution of SEY.
Furthermore, this spatial SEY discrepancy or variation always exists
because the devices under consideration are fabricated with inevitable
differences in the surface composition or roughness, and this is proba-
bly exacerbated by local-regional SEY increment due to the induced
surface contamination in engineering applications. Industrial conven-
tion requires a component to be cleaned to a high standard before the
formal system assembly, but despite best efforts, the surface of the
component can still become contaminated. According to prior multi-
pactor tests,”” epoxy glue residue from device fabrication, accidental
fingerprints from inappropriate device handling, or contaminated
lubricant or dust in a critical area due to incorrect device storage can
possibly lead to noticeable threshold decrement. Presently, the under-
lying multipactor mechanism with partial surface contamination has
not been thoroughly analyzed along with the dominant factors affect-
ing multipactor threshold voltage.
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This is important not only for the above inevitable reasons but
also because of the increasing demand to coat surfaces with specialty
coatings™ ** for multipactor prevention. However, as with the han-
dling of microwave components, this process is not perfect, and the
spatial discrepancy of SEY along a surface can also be brought on by
incomplete coverage of low-SEY material on the device surface. In par-
ticular, it is exceedingly difficult to apply such surface treatments for
SEY suppression to the whole device surface, especially within small
gaps, which are difficult to access. Furthermore, there may be potential
fractional film shedding or rare gas-absorption on the surface during
the launch of the satellite-based system as well, thus leading to local-
regional SEY increment, despite best efforts for surface cleanliness
when on the ground. Another important application where the spatial
discrepancy of SEY and its effect on multipactor play a role is in the
field of 3D-printed RF components.”” Using 3D-printing techniques in
place of conventional fabrication has garnered intense interest over
recent years because of its potential to reduce weight and cost while
still maintaining satisfactory performance compared to its metallic
counterpart. However, to achieve these comparable effects, the 3D-
printed parts have to be coated with a metallic or dielectric layer (using
a myriad of methods). This again puts the engineer back to the same
fundamental problem as elucidated above relating to imperfect surface
treatments leading to local-regional SEY increment.

Multipactor analysis is commonly fulfilled with particle-in-
cell’*° (PIC) and Monte-Carlo’”” simulations, or other novel
approaches”®”” developed recently. Among them, multipactor statisti-
cal modeling (STM) is one critical approach that fully regards the sto-
chastic characteristic of secondary electron emission from the
probabilistic perspective, thus achieving satisfactory accuracy in multi-
pactor threshold calculations and mechanism analysis.”’ Since first
proposed in 2004, statistical modeling has been well developed and
widely applied to two-surface multipactor with single-carrier or multi-
carrier signal excitation,”””" where multipactor analysis is mostly
treated as a one-dimensional problem. For better accuracy, 1D2V sta-
tistical modeling, which regards transversal electron velocity,””"” is
then proposed to investigate single-surface multipactor on a dielectric
surface. Meanwhile, 2D2V statistical modeling, which also considers
the spatial transfer of multipactor electrons, is further developed for
multipactor analysis of rectangular waveguides with non-uniform
field.”* However, it disregards the contribution of the single-sided (SS)
electron impacts and the electron interactions with the side walls, thus
causing inevitable error in the modeling result. Hence, further
improvement is still required for the statistical modeling especially
when applied to multipactor analysis with the spatial discrepancy of
SEY considered.

In this regard, an improved 2D2V nonstationary statistical model-
ing for multipactor of parallel plates, which regards all types of electron
impacts on the surface and electron exchange at the periodic boundary,
is developed to analyze the effect of the spatial discrepancy of SEY on
multipactor formation. The research content of this paper is organized
according to the following sequence. This improved 2D2V statistical
modeling is detailed in Sec. II. On that basis, the statistical modeling of
the dynamic evolution for parallel-plate multipactor with local-regional
SEY variation is performed in Sec. III to explore and understand the
underlying mechanism along with PIC simulation. Multipactor thresh-
old analysis involving the critical parameters is executed accordingly in
Sec. IV. Finally, the conclusion is provided in Sec. V.
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Il. 2D2V NONSTATIONARY STATISTICAL MODELING
OF PARALLEL-PLATE MULTIPACTOR

It is noteworthy that the 2D2V nonstationary statistical modeling
(simplified as 2D2V statistical modeling below) here is developed for
multipactor in parallel plates with uniform field distribution so that the
spatial transfer of multipactor electrons only results from the SEY varia-
tion at different positions in contrast to the field non-uniformity in mul-
tipactor of rectangular waveguides. This improved statistical modeling is
essentially extended from previous statistical works in Refs. 34 and 35.
In this section, analytical formulation of the 2D2V statistical modeling
regarding both contributions of the single-sided (SS) and double-sided
(DS) impacts is detailed in Sec. Il A along with appropriate setting of
electron exchange at the periodic boundary. Afterward, the accuracy of
the 2D2V statistical modeling is verified in Sec. II B through the result
comparison with the 1D2V statistical modeling.

A. Basic definitions and formulations

Along the x-y coordinates illustrated in Fig. 1, electrons of mass
m and charge e are moving between two parallel plates separated by a
gap distance of d, where the width of the central region and the whole
modeling region are w and /, respectively. With the sinusoidal electro-
magnetic field in the dominant TEM mode, the RF electric component
for electron acceleration is expressed as Esin(wt), where the RF volt-
age amplitude (Vg), the RF frequency (f), and the angular frequency
() satisfy V¢ = E.d and @ = 27f, respectively. For the convenience of
statistical modeling, the following 2D distribution function is assumed
for the emission velocities of secondary electrons with anisotropic
emission (see Ref. 34 for more detailed derivation):

V2u, ul + uﬁ u? + uj
de(ux» uy) = X37Z3/2 exp | — 42 Ko 47 ) )

where u, and u, are the vertical (v,) and transversal (v,) emission
velocities normalized to the oscillation velocity (v,,), respectively, with
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FIG. 1. lllustration of 2D2V statistical modeling for multipactor of parallel plates con-
tributed to by both the double-sided (solid) and single-sided (dashed-dotted)
impacts of secondary electrons emitted from different positions on the bottom (D)
and top (U) plates, as well as electron exchange at the periodic boundaries (marked
with “B”) of the modeling region. The plate separation, the width of the central
region, and the whole modeling region are d, w, and /, respectively. The mid-point
and the boundary of the central region are marked with “M” and “L” separately, and
“+” and “—" refer to the sides of L in the central region and the background region,
respectively.
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v, = eE,d/ma and y is the ratio of the thermal velocity (v,) and v,,, set-
ting the value of mv/2 to be 1.5eV as in previous statistical
literature.”"*”

The analytic solutions for electron motion in both x and y direc-
tions can be directly derived from the Lorentz force equation when
neglecting the effect of RF magnetic field and further converted into
the following expressions:

) Kk —sing’ +sin (¢’ 4 1) — T cos ¢’
¢t

_ !
uy (e, ) =1 . T 3)

ue (zl'; E(x, ) , (@)

where ¢ and 7 are the electron emission phase and transit time (the
phase variation at electron impacts), respectively; 1’ and 5 are the nor-
malized emission and impact positions along the y direction separately;
K signifies the normalized position displacement along the x direction;
and ¢ is the sign of electron motion direction, which is positive and
negative separately for electron emissions from the bottom and top
plates (differentiated with the subscripts of “D” and “U”). Thus, elec-
tron trajectories (&) can be categorized into four different cases accord-
ing to electron impact type (first subscript) and emission position
(second subscript), having &ssp (k =0] ¢ =1), Epsp (kK =4 ¢ =1),
Essu e =0|c=—1),and &pspy (k= —A| ¢ = —1), where 2 = wd/v,,.
On that basis, the joint probability density function (JPDF)
denoted as G(, n|¢’, 1'; £), which physically accounts for the probabil-
ity density of electrons emitted at phase ¢’ and position 7" and then
impact at position # with transit time 7 after experiencing the specified
trajectory &, can be constructed with the following expression:

G(z,1l9',15€) = Faa g (el0's )y (nle. 1) |

dg.(t|¢’; &) duy, (1|7, 1)

|7 & dn

x

o

where g.(t]¢’; &) is a monotonic function obtained from the function
u,(t|¢’; &) by removing all its non-monotonic intervals; see Refs. 31
and 34 for more details.

With the above-constructed JPDF, the 2D2V statistical model-
ing for multipactor dynamic analysis then can be fulfilled through
the deduction of the rate parameters for electron emission and
impact (unit: rad~"-mm ") on the bottom and top surfaces. Taking
the bottom surface, for example, electron emission and impact rates
[Cp(@, n) and Ip(@, n)] are contributed to by both the DS impacts
of electrons emitted from the top surface and the SS impacts of
electrons emitted from the bottom surface. It is impractical to cover
multipactor evolution within infinite plates, so the statistical formu-
lations below involve electron emissions at different positions of
either surface within the time window [0, ¢] and the limited position
range [—n,, 1], yielding

un 4
Co(¢,n) = J dn’J Co(@',1n")Kss.p(@0 — @' nlo’ s Essp)do’
—1y 0

U P
+ J dn’J Cu(@' .0 )Kpsu (@ — @' nle' . n'; éps,p)de’
—p 0

+Sp(¢,n) +Su(@,n) +¥p(e,n) (5)

and
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My 4
In(g,n) = J dﬂ’J Co(@',n')Gssp (o — @' ,nle’,n'; Essp)do’
—My 0

My P
+ J dn'J Cu(o',n')Gpsu (@ — @' ,nl¢" s éps y)de’
) 0

+ Bp(¢,n) + Bu(@,n), (6)

where 17, is the normalized boundary of the modeling region, having
np=wl/2v, and T = ¢ — ¢'; P(¢, n) refers to the external seeding
source. It is worth noting that multipactor formation is actually con-
tributed to by all electron emissions from different positions, while the
integrations in Eqgs. (5) and (6) only regard the counterpart of electron
emissions inside the modeling region. Hence, the contributions from
electron emissions outside the boundary are compensated by adding
the terms of S(¢, 1) and B(¢, 1) in the above formulations, and the
related expressions for the bottom portion are as follows:

—Mp @
SD((P7’7):J dn’f Co(¢',—my)Kssp (o — @' .nl¢' .n';Essp)de’

—00 0

—Mp P
drz’JO Cu(¢',—my)Kos,u (0 — @' |’ n'séps,v)de’

o0 @
+J dn/J Co(¢'.my)Kss.p (@ — @' o’ n'sss p)do’

00 ®
dn/J Cu (¢ ,my)Kos,u (@ — ' 0|’ n'séps ) de’

%

—00 0
M ! ? / / / !
+J dnj Cu(@',—ny)Gos.u (o — @' nle’ 1'sénsv)de
— 0
oooo 1)
+J dn’J Co(¢'.my)Gss.o(@— @' nle’ '3 Ess.p)de’
My

®)

As can be seen, the above integrations for the boundary compensa-
tion (abbreviated as BC below) only involve electron emission rates
right at the boundaries, which are adopted to approximate electron
emission rates outside the modeling region. This is valid for I>>w
since electron emissions at the boundary and outside the modeling
region are hardly affected by the SEY variations in the central region
and, thus, are determined with the same field condition and back-
ground SEY property. To the best of the authors’ knowledge, this is
the first time adopting the above complementary terms for the
2D2V statistical formulations of parallel-plate multipactor with peri-
odic boundary setting.

Note that the relevant parameters of the top surface can be for-
mulated analogously by converting the subscripts of the involved
parameters in Egs. (5)-(8). Accordingly, the spatial population den-
sity [E(¢, n)] and the total population number [N(¢)] of multipactor
electrons generated inside the gap at phase ¢ are separately
expressed as

Phys. Plasmas 30, 103102 (2023); doi: 10.1063/5.0164977
Published under an exclusive license by AIP Publishing

30, 103102-3

2€:81:€} €20 1890100 €0


pubs.aip.org/aip/php

Physics of Plasmas

(9
E(p,n) = L Cle',n) —I(¢',n)de’, )

My

N = [ B, (10)
My

where C(¢, ) = Cp(e, 1) + Cul, ) and Ko, ) = In(ep, ) + (e, 1),

and the component function K(z, n|¢’, 1'; £) in Egs. (5) and (7) is writ-

ten as

K(t,nl¢' . n';¢) = G(r,nle' s &)a(t,nle’,n';¢),  (11)

where G(t, 17|¢’, 11'; &) is the JPDF predefined in Eq. (4) and a(z, n7¢’,
17'; £) is the function adopted for calculating the related production of
secondary electrons. It is actually fulfilled by substituting the corre-
sponding impact energy (W,) and impact angle (0,,) of electron trajec-
tory ¢ into the position-dependent empirical formula of SEY [d(W),
0,, )] and expressed below for the case with the central SEY variation
as illustrated in Fig. 1,

>
6(Wp70p7n) _ 5c(Wp70p)7 ne > nl >0, (12)
5h(Wp7 917)7 My > |'I| > Mes
where 0. (W), 0,,) and 6,(W,, 0,), respectively, refer to Furman’s SEY
formula of the central and background material; #, is the normalized
boundary of the central region, having 1. = ww/2v,,.

The 2D2V statistical formulations above eventually constitute the
system of Volterra integral equations, which are, thus, solved to model
multipactor dynamic evolution regarding the spatial distribution of
SEY. Accordingly, the effective SEY (o) for determining the variation
trend of electron population can be calculated with

1y »

| an [ (cotetn) + culettnao

et = i o ; (13)
[ dn’[ (In(¢', 1) + Iu(¢',n'))dg’

My Pt

where the time window [¢,, ¢] is usually set in the steady-state stage
of multipactor evolution and multipactor apparently occurs when o
is larger than unity. The onset condition of multipactor is determined
with g.¢= 1 for the threshold calculation.

B. Result verification

Strictly speaking, the above 2D2V statistical modeling still
requires further verification before its practical application to multi-
pactor analysis. Therefore, the result comparison of 2D2V and 1D2V
statistical modeling is first conducted for multipactor between parallel
plates with a uniform coating of silver (Ag);'’ see main SEY parame-
ters in Table . It is worth noting that the 1D2V statistical modeling for
this comparison is fulfilled by converting the above 2D JPDF into the
1D JPDF through the integral of #, then adopting the 1D nonstation-
ary statistical description as in previous statistical literature.”"* It actu-
ally regards angular emission and impact of electrons but disregards
the spatial transfer of electrons between different positions for its spa-
tial uniformity during multipactor formation of parallel plates with
uniform SEY distribution.

The detailed evolutions of the total population number and the
spatial population density of multipactor electrons for three different
cases with the RF voltage above (V,¢=110V), at the threshold

ARTICLE pubs.aip.org/aip/pop

TABLE I. Main SEY constants of the involved materials.

Material Om E,./leV E\/eV E,/eV
Ag 2.25 165 20.5 5000
Cu 2.48 304.8 18.6 4000
Au 1.8 1000 174.3 4000
Micro-structured Au’ 1.12 1200 500 3650

“Lower-SEY Au obtained with surface treatment in Ref. 21.

(V¢=100.4V) and below (V,=90V) the breakdown level, are
calculated and plotted in Figs. 2 and 3, respectively, where
fd=1.64GHz-mm. The external seeding in the 2D2V statistical
modeling is set spatially uniform at ¢ =0, and the 1D2V modeling
results with the same seeding amount are also provided to compare
the results of the 2D2V statistical modeling with and without BC,
which actually refer to the complementary contributions of electron
emissions outside of the modeling region corresponding to the terms
of S(¢, n) and B(¢p, 1) in Egs. (7) and (8). Note that the sinusoidal
behavior of the RF field inherently leads to the oscillations in the
results [see the inset window in the threshold-breakdown result of Fig.
3(a)], so here the periodic average of the involved parameters (denoted
with a bar) is actually adopted for better illustration of the variation
trend.

As can be seen in Fig. 3(a), the distributions of the spatial popula-
tion density are kept uniform during the whole multipactor dynamic
evolution for all of the 2D2V results with BC. Meanwhile, the time
evolutions of the total electron population in the 1D2V results per-
fectly overlap with those of the 2D2V results in all the above cases,
thus proving the result accuracy of 2D2V statistical modeling with BC.

(a) Above-Breakdown

102 L

10°

——2D2V with BC
(b) Threshold-Breakdown

—-=--2D2V without BC

0
10 T N N N N N e e e s e st
- --1D2V

——2D2V with BC —-=--2D2V without BC

10° (c) Below-Breakdown

1L
10 - - =1D2V

——2D2V with BC —-=--2D2V without BC

0 3 ) 6 9
Time /ns

FIG. 2. Time evolution of the total population number of multipactor electrons in par-
allel plates with uniform surface coating of Ag for different cases with the RF vol-
tages above (a), at the threshold (b) and below (c) the breakdown level, where
fd=1.64 GHzzmm and /=1.0mm. The 1D2V statistical modeling results (red
dashed) are compared with the results of the 2D2V statistical modeling with (black
solid) and without (blue dotted-dashed) the boundary compensation (BC).
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(computer simulation technology) Particle Studio. Referencing circular
electron beams utilized in practical SEY measurements, the spatial SEY
distribution is approximately characterized/modeled with local SEY
variations in several circular regions on both plates, where the surface
state is disregarded and the secondary emission property in the differ-
ent regions is only determined with the material type. Each region of
specified diameter is uniformly coated with one single material differ-
ent from the plate (background) material as illustrated in Fig. 4.
Meanwhile, they are also distributed far away from each other so that
the regional electron multiplication is only affected by their own
dimensions and SEY properties. Using gold'” (Au) as the background
material of the plate surface, the diameters and the materials in each
\ NN circular region are, respectively, set with R;(w=2.0mm, silver),
0.141 50-16 R,(w=1.0mm, silver), and R3[w=1.0mm, copper"’ (Cu)], and the
— Mo first crossover energy of the involved materials are ordered as Cu < Ag
W'S < Au according to the main SEY constants listed in Table I. Note that
ns Position /mm . . .
_ this paper adopts the previous ECSS (European Cooperation for Space
Standardization) standard, which has been extensively used in past

T 05
Position /mm ]

o 05
Position /mm

Tﬁre;héfd—ﬁféékdown Th}é;};(;l;i:é;éékdown

0
Position /mm

Below;léfe%k&own gO.lZ 0.14r Below-Breakdown gO.IZ

B 0.00 0.08 multipactor research so that the modeling results here can be more eas-
g g ily compared with the previous ones. Moreover, adopting materials
1 IS with much different SEY also helps to better illustrate the effect of the

SEY property on multipactor formation. Meanwhile, Furman’s SEY for-
mula” is adopted in both the PIC simulation and the 2D2V statistical

\10\\/’/05 . . . . .
05 pos‘\ti‘g‘ /om Time 4,20 0.5 Posm(& /mm m(l)dehngV fo1T the fqll}(l)xg/mg r‘x;ultlpiilctorhanal){jls,v and ;he app}llled EF
(8) 2D2V with BC (6) 2D2V without BC voltage (V) is set with Vi < Vi < Vi, where Vy(Vy,) refers to the mul-

tipactor threshold voltages of parallel plates with both plate surfaces
fully coated by Ag(Au). It can be seen that the electron multiplication is
generated in R; because of its relatively higher SEY, but the region
shrinkage in R, and R; and further SEY increment in R; eventually
result in an opposite trend for the electron population in these two
regions. This reveals a higher potential risk of multipactor provoked by
the surface contamination with high SEY and the significant effects of

FIG. 3. Time evolution of periodic average of the spatial population density [E(f, y)]
obtained from the 2D2V statistical modeling with (a) and without (b) the boundary
compensation (BC) for different multipactor cases with the RF voltages above, at
the threshold and below multipactor breakdown level. The other parameters are as
in Fig. 2.

Meanwhile, the neglect of BC causes apparent variation of the total
population number in the 2D2V results and also makes the spatial
population density turn non-uniform as shown in Fig. 3(b). In the
above-breakdown case, electron impacts are more likely to generate 100
net electron emissions with high impact energy, and the 2D2V statisti-
cal modeling without BC disregards the contribution of electron emis-
sions outside the modeling region, thus causing more electron loss at 0
the position closer to both boundaries. Hence, it eventually forms less
of an increment in the total population number and more of a
parabolic-like distribution in the spatial population density. This corre-
spondingly results in less of a decrement in electron population and
inverse density distribution as a result of net electron absorption with
lower impact energy in the below-breakdown case. While for the
threshold-breakdown case, the electron loss also leads to a slight decre-
ment in the total population number and a “w-type” spatial distribu-
tion in the overall population density, which is also different from the
uniform distribution in the 2D2V results with BC. Hereby, the above
result comparison essentially reveals the significance of appropriate
boundary setting in the 2D2V statistical modeling, which is, thus,
adopted by default in the following multipactor analysis when regard-

FIG. 4. Spatial distributions of multipactor electrons at the beginning (a) and the

2€:81:€} €20 1890100 €0

ing the spatial distribution of SEY.

I1l. MULTIPACTOR DYNAMIC MODELING WITH SPATIAL
SEY DISCREPANCY

For a preliminary analysis, the multipactor dynamic evolution in
parallel plates with a patchy SEY distribution is modeled with CST

end (b) of the seeding stage and simulation termination (c) during multipactor for-
mation in parallel plates with a patchy SEY distribution. The diameters and the
material in each region are set with Ry(w= 2.0 mm, Ag), Ro(w = 1.0mm, Ag), and
Rs(w=1.0mm, Cu), respectively, and the background material of the plate surface
is Au. The applied RF voltage (Vi) is set between the multipactor threshold voltages
with both plate surfaces fully coated with Ag and Au for fd = 1.64 GHz-mm.
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the width and the SEY property of the local high-SEY region on multi-
pactor formation.

For comparison, the above 2D2V statistical modeling (STM) is
also adopted here for the mechanism analysis of multipactor forma-
tion with local-regional SEY increment, albeit simplified as a 2D
problem according to the distribution symmetry of multipactor
electrons as revealed above. The time evolutions of the periodically
averaged emission rate [C(t, y)], impact rate [I(t, y)], and popula-
tion density [E(t, y)] of multipactor electrons for similar parameters
as in Fig. 4 are provided in Fig. 5. Meanwhile, the oscillating details
of these parameters sampled at the mid-point and the boundary of
the central region (“M” and “L” marked in Fig. 1 and denoted in
subscripts for differentiation) are also provided in Fig. 6 with the
total electron population [N(f)]. We can see that the trends of elec-
tron population obtained from STM are consistent with the above
PIC results for all cases of R;_3. We can also see in Fig. 5 that the
spatial SEY discrepancy causes electron multiplication and absorp-
tion in the central region and its surroundings separately and forms
a step-like distribution in an electron emission rate with initially
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FIG. 5. Time evolution of the periodic average of electron emission rate [C(t, y)],
impact rate [/(t, y)], and the spatial population density [E(t, y)] obtained from 2D2V
statistical modeling of Case Ry(a) and Ry(b) in Fig. 4. The sampled distributions of
these involved parameters at the modeling termination (t,) are provided in the last
row, and the spatial maxima of rate parameters and the sudden drop of population
density are located at the mid-point and the boundary of the central region marked
with “M” and “L”" in Fig. 1 separately. The other parameters are as in Fig. 4.
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Emission & Impact Rates /mm-ns!
Total Electron Population

FIG. 6. Time evolution of electron emission and impact rates at the sampled loca-
tions of “M” and “L” and the total electron population for the cases of R4(a), Ra(b),
and Rj(c) involved in Fig. 4. The other parameters are as in Fig. 4.

uniform seeding. This can well explain that practical surface damage
accumulated during multipactor experimental tests is observed at
specific spots rather than the whole region. In the meantime, angu-
lar emission of secondary electrons also leads to spatial transfer of
multipactor electrons between adjacent regions, and the resultant
electron overflow accordingly results in a gradual decrement of elec-
tron impact rate outward from the central region. Specifically for
the boundary point of L, there are almost same amount of electrons
impacting at L™ and L*, which separately refer to one boundary
side in the background region and another side in the central region
as illustrated in Fig. 1. However, in contrast to electron multiplica-
tion at the high-SEY point L, relatively low SEY at L~ eventually
leads to a sudden drop of the electron emission rate and a negative
population density, which physically accounts for electron absorp-
tionatL ™.

As with the case of R;, the population increment for electron
multiplication in the high-SEY region exceeds the population loss due
to the electron overflow, so there still manifests nearly exponential
growth of the total electron population in the whole region as shown
in Fig. 6(a). However, the electron overflow is exacerbated with the
shrinkage of the high-SEY region and, thus, makes the total electron
population decrease as revealed in Fig. 6(b). In the meantime, Fig. 6(c)
also shows that the electron multiplication in the central region
enhanced with higher-SEY material converts the population trend
back to exponential growth. This further evinces the significant effects
of the width and the material (SEY property) of the high-SEY region
on multipactor formation as revealed above. On the other hand, the
final distribution of the spatial population density plotted in the last
row of Fig. 5 also reveals that the spatial transfer of electron population
ultimately results in the highest density of net electron production near
the boundary of the high-SEY region, which can cause charge accumu-
lation on the dielectric surface in dielectric multipactor.” It is also
worth mentioning that the resultant non-uniform electrostatic field
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from local-regional SEY increment probably exerts a strong effect on
multipactor dynamic evolution.

IV. MULTIPACTOR THRESHOLD ANALYSIS
WITH SPATIAL SEY DISCREPANCY

To further investigate the above effects on the multipactor onset
condition, the corresponding calculation results of the multipactor
threshold voltages (V) are plotted in Fig. 7. We can see in Fig. 7(a) that
Vi is inversely correlated with w and gradually converges to Vy with the
increase in w in both the CST and STM results, which are in good agree-
ment. It can also be seen that the induced high-SEY region with millime-
ter scale can significantly decrease the multipactor threshold and, thus,
result in more multipactor risk in practical device operations. In the
meantime, the electron multiplication in the high-SEY region can fully
predominate multipactor formation in the whole region with w approach-
ing the centimeter scale. The critical dimension (w) for self-sustaining
multipactor in the high-SEY region can be determined by curve-fitting
the Vy-w data (w > 1) with an exponential-decay function in the form of
Ae™*"™ see the specific parameter values for the different conditions
of Fig. 7 in Table II. We can also see a significant increase in w; with
mode conversion from first-order (P;, fd = 1.64 GHz-mm) to high-order
multipactor (P,, fd = 5.0 GHz-mm), where the longer transit time inher-
ently results in larger transversal transfer of multipactor electrons.

It is also shown in Fig. 7(b) that further SEY increase in the high-
SEY region brought on by replacing Ag with Cu, eventually results in a
notable decrease in Vi, but little variation in w,. This indicates that it is
more prone to provoke accidental multipactor occurrence during prac-
tical device operation when inducing surface contamination with
higher SEY. Conversely, the decrease in the SEY of the background
material can cause an observable increase in the threshold as well, but
only when the high-SEY region has a sub-millimeter width (<10%
threshold decrease when adopting the micro-structured Au”' listed in
Table T as the background material). This is because the background
SEY variation indirectly affects the electron multiplication in the high-

pubs.aip.org/aip/pop

TABLE II. Parameter values for different conditions in Fig. 7.

wy(A)

Condition

ST™M

CST

Ag+ Au (Py, d=1.0mm)
Ag + Au (P, d=1.0mm)
Ag + Au (P, d=2.0mm)
Cu + Au (P, d=1.0mm)

6.046 (15.44)
9.248 (77.28)
18.49 (77.28)
9.183 (78.81)

5.973 (16.27)
9.34 (75.51)

420 H (@ —e—STM(P,) —®—STM(P,) 4180
& -0-CST (P,) -oO- CST(P) b
R X Sustaining width ~ Ag+Au -
~ a
320
. . 100
0 4 w /mm 8 12
40l (b) —e— Ag+Au(P,,d=1.0 mm) i
—&— Ag+Au (P,, d=2.0 mm)
2 —A— Cu+Au (P,, d= 1.0 mm)
;:
320
0 7 14 21

w/mm

FIG. 7. Multipactor threshold voltage (Vi) vs the width of high-SEY region (w)
obtained with STM (solid) and CST (hollow) simulation. Multipactor threshold results
of P, (black circle, fd=5.0 GHz-mm) and P (blue rectangle, fd = 1.64 GHz-mm)
with different multipactor order are compared in (a), and the threshold results of P,
with d doubled (magenta diamond) and with further SEY increase in high-SEY
region by replacing Ag with Cu (red triangle) are provided in (b).

SEY region through the interactive exchange of multipactor electrons
between the adjacent regions. Meanwhile, the unchanged results of V;,
with d doubled but fd kept constant shown in Fig. 7(b) also proves the
validity of the scaling law, where w; is proportional to d with fd kept
constant. It is worthy mention that similar mechanism and scaling law
can also be found in multipactor of waveguide irises where the electron
overflow between different regions is caused by the spatial discrepancy
of the RF field; see Ref. 38 for more details. Hence, it is still feasible to
prevent multipactor by merely applying the surface treatments of SEY
suppression to the accessible regions with small difficult-to-access gaps
excluded, and its efficiency can be optimized with higher multipactor
mode or lower operation frequencies.

V. CONCLUSION

In this paper, an improved 2D2V nonstationary statistical model
of parallel-plate multipactor, which is capable of regarding both the
single-sided and double-sided impacts as well as electron exchange at
the periodic boundaries, is developed to investigate the effect of the spa-
tial discrepancy of the secondary emission yield (SEY) on multipactor
formation along with PIC simulation. Exact agreement is found
between the results of 1D2V and 2D2V statistical modeling for multi-
pactor between parallel plates with a uniform SEY distribution, which
reveals the accuracy of the 2D2V statistical modeling and the necessity
of appropriate boundary setting. The threshold analysis reveals that the
multipactor onset condition is greatly affected by the electron multipli-
cation in the high-SEY regions. It can fully dominate multipactor devel-
opment in the whole region when the width of the high-SEY region is
increased up to the centimeter scale. We also found that the dimension
for multipactor self-sustaining in the high-SEY region increases with
higher multipactor order, where the longer transit time of multipactor
electrons inherently results in larger transversal transfer. In addition, the
sustaining dimension satisfies a scaling law for its proportional relation
to the gap with constant product of the RF frequency and the gap.
These features are similar to those of multipactor in waveguide irises
where the electron spatial overflow between different regions is caused
by the spatial discrepancy of the RF field. This research not only evinces
the significant effect of local-regional SEY increment from surface con-
tamination on multipactor threshold but also provides a valuable refer-
ence to evaluate the efficiency of multipactor prevention by merely
applying the surface treatments of SEY suppression to microwave devi-
ces, which include small difficult-to-access gaps.
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