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ABSTRACT

How does the multipactor threshold voltage vary when two semi-infinite parallel plates are bent into coaxial lines? This topic with respect to
the geometric effect on multipactor formation is essential for the optimal design of multipactor-free microwave systems. It requires accurate
multipactor threshold analysis of the coaxial lines with the consideration of electron angular momentum, which is not considered in most
multipactor theoretical approaches for efficient threshold calculations. To address this effect from the perspective of multipactor threshold
analysis, this work presents an improved implementation of the multipactor statistical modeling (1D3V modeling) by constructing the joint
probability density function with angular emissions and impacts of secondary electrons included. On that basis, a multipactor susceptibility
chart of coaxial lines is conducted and compared with the experimental results, and multipactor threshold voltage for varying ratios of outer
to inner conductor radii (radius ratio) is calculated to quantitatively investigate the effect of electron angular momentum. The results indicate
that the 1D3V modeling can achieve fairly good agreement with the experimental result and relatively better accuracy of threshold calcula-
tion at first multipactor orders with comparison to the 1D1V result which only regards the radial momentum. With different variations of
the threshold voltage from the 1D1V result, the 1D3V result reaches its minimum at a specific radius ratio before the sudden rise, and the
discrepancy becomes more significant for the high-order multipactor, revealing the indispensable effect of angular momentum on the coaxial
multipactor. The intricacies of the mechanism analysis will be further explored in the paper.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0101112

I. INTRODUCTION

Multipactor discharge is an undesired electromagnetic phenome-
non sustained by resonant secondary electron emissions, which, in
turn, are caused by the synchronized electron acceleration and impact
on the device walls with the radio frequency (RF) field." It ubiquitously

Thorough investigation of the geometric effect on multipactor
formation benefits the optimal design for multipactor prevention but
also requires accurate methods of multipactor threshold calculation.
For this reason, recent multipactor research still retains substantial
interest in developing useful multipactor predictive techniques.

takes place in powerful microwave devices widely applied to accelera-
tor structures, vacuum electronics, and space-borne telecommunica-
tions,” * resulting in signal interference,” performance degradation,’
and even permanent equipment damage.” Regarding this potential
threat with catastrophic hazards, multipactor prevention is conven-
tionally required to guarantee the operational durability and reliability
of microwave systems, especially for the modern aerospace industry.
Accordingly, there is growing research interest in efficient surface
treatments which adopt inertial materials®” or micro-porous struc-
tures'”"'* on the device surfaces for the suppression of secondary elec-
tron emissions.

Besides the particle-in-cell* (PIC) and Monte-Carlo"* (MC) methods,
multipactor theoretical work has also achieved good developments
and applications with novel theories'”'” and methods'® * for multi-
pactor investigation. Amongst them, the multipactor statistical theory
is one critical and accurate method for multipactor mechanism analy-
sis and threshold calculation, for its capability of fully regarding the
stochastic characteristic of secondary electron emission from the prob-
abilistic perspective.”"”* The statistical modeling is not as good as the
PIC and MC simulations in practical applicability comparatively, but
it is capable of obtaining satisfactory efficiency and accuracy in multi-
pactor threshold prediction. With rapid developments in the past
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decade, multipactor statistical modeling has been widely applied to
mechanism analysis and threshold calculation of the two-surface mul-
tipactor discharge in typical microwave devices with the singlecarrier
or multicarrier” signal excitation as well as the single-surface multi-
pactor discharge on a dielectric surface.”"”’

With a view to the underlying dependence of multipactor suscep-
tibility on the geometry of the device, the statistical modeling was
extended to investigate the multipactor dynamic process in the coaxial
lines, which is of great significance because of its common adoption in
microwave engineering. Besides statistical modeling, the practicality of
the coaxial lines also attracted plenty of other theoretical™*° and
numerical””** works of multipactor. Nonetheless, current multipactor
theoretical analysis with coaxial geometry is mostly based on a one-
dimensional (1D) electron trajectory formula that is approximately
derived with the perturbation method.”””’ This approximate deriva-
tion fundamentally promotes the modeling convenience and applica-
bility, even capable of including the space charge effect,”® but the
resultant calculation error determined by the validity of the derivation
approximation inevitably exerts a strong effect on the modeling feasi-
bility.”" To solve this common problem and improve the modeling
accuracy, an implementation method of multipactor statistical model-
ing through numerically tracking electron motions is further intro-
duced to remove its obstinate dependence on an analytical solution of
electron motions.”'

However, similar to other analytical work, the present multipac-
tor statistical analysis still deals with multipactor breakdown as a 1D
problem and only considers the component of electron motions nor-
mal to the surface (abbreviated as the 1D1V model below). However,
secondary electrons from consecutive collisions on the device surface
are generated with angular emission in real multipactor dynamics.”
Electron transversal motions due to angular emissions will result in
oblique impacts and accordingly engender more secondary emis-
sions™ on the device surfaces, especially when electron impact energy
exceeds 50 eV. On the other hand, electron transition and acceleration
are also hampered with smaller emission velocity in the radial direc-
tion for the probability transfer from the normal velocity to the trans-
verse component. Thus, it is of great necessity to further study
multipactor threshold variation under these conflicting effects caused
by the angular momenta of multipactor electrons, especially for multi-
pactor breakdown of the coaxial lines or the circular waveguides™
where the curved surface possibly enhances the contribution of angu-
lar impacts.

Hence, this research is dedicated to investigating the effects of
electron angular momentum on multipactor formation in the coaxial
lines. It is focused on quantitative threshold analysis of the coaxial
multipactor using an improved statistical model (called the 1D3V
model below), which regards both angular emissions and impacts of
multipactor electrons based on a previous numerical construction
algorithm of the joint probability density function (JPDF).”" The con-
tent is organized as follows. First, the 1D3V multipactor statistical
modeling and the related probability analysis of electron transition,
including the improved numerical algorithm for the JPDF construc-
tion with electron angular momentum considered, are detailed in Sec.
II. On that basis, a multipactor susceptibility chart for typical 50 Q
coaxial lines and multipactor threshold calculations for coaxial lines
with different radius ratios (the ratio of outer to inner conductor radii)
are conducted using the 1D1V and 1D3V statistical models for

ARTICLE scitation.org/journal/php

comparative analysis in Sec. I1I. The mechanism analysis with the cal-
culation of the average impact angle is provided as well. Finally, the
consequent conclusion and further discussion are provided in Sec. I'V.

Il. ID3V STATISTICAL MODELING

This section describes our revised nonstationary statistical model
of multipactor taking into account the azimuthal component of elec-
tron velocity in addition to the radial component. After introducing
the basic definitions of the statistical modeling, the JPDF is constructed
by numerically tracking the multipactor electron trajectories in the
coaxial geometry under the action of the prescribed transverse electric
and magnetic (TEM) fields with random emission velocities and
angles. This JPDF is then used to calculate the probability distribution
of electron transit times, and the transition probability and the popula-
tion of secondary electrons are next obtained, yielding information on
the effect of this additional azimuthal electron velocity and, hence,
angular momentum on multipactor formation. Because of the addition
of angular emission for the multipactor electrons and, hence, conse-
quently angular impact with the electrodes, the underlying mechanism
and the threshold determination of the coaxial multipactor are both
altered. We will explore these changes and compare the calculation
results of this ID3V model to the conventionally used 1D1V model to
ascertain the importance of including the azimuthal degree of
freedom.

Note that electron motions in the azimuthal direction inevitably
give rise to the spatial transport of multipactor electrons at different
azimuthal positions in the coaxial lines. However, the resulting varia-
tion of electron population is compensated for the symmetric develop-
ment of coaxial multipactor. Therefore, multipactor statistical
modeling developed in this section merely investigates multipactor
evolution at a constant position but taking both normal and transverse
electron motion into consideration. This is also the reason why it is
abbreviated as the 1D3V statistical modeling in the above statement.
Meanwhile, the space charge effect is still neglected with our focus set
on the initial onset condition of multipactor formation in the coaxial
lines, for the initial field induced by low-density space charge is negli-
gible for electron motions.

A. Basic definitions and classifications

For better depiction of the statistical modeling, the labels “0” and
“” are used to differentiate the related parameters of the outer and
inner conductor surface, respectively. Meanwhile, it also adopts “ds”
and “ss” in the subscripts to denote the double-sided (DS) impacts
(o—i or i-o trajectories) and single-sided (SS) impacts (0-o or i-i trajec-
tories) with different emission surfaces for all the relevant parameters
as illustrated in Fig. 1. For example, the constituted labels of “ds, 0”
and “ss, 0” represent the DS and SS impacts for electrons emitted from
the outer conductor surface separately. Meanwhile, main relevant
definitions for the statistical modeling are listed in Table I, and specific
derivations will be further detailed in this section. Note that the
variable 7 in parenthesis refers to electron transit time (actually the
transit phase of electron impacts), and the emission phase @; is
periodic with respect to the field phase ¢ for the period of 27.
Meanwhile, the above statistical definitions are also depending on the
electron trajectory &, which is correlated to the frequency and the
voltage amplitude of the rf field (f and V) as well as the radii of the
outer and inner conductor (R, and R;). The gap between the outer and
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Angular Impact

FIG. 1. lllustration of multipactor formation in the coaxial lines and the velocity com-
ponents for angular emissions and impacts of multipactor electrons. ;s and &
refer to the double-sided (solid) and single-sided (dashed) impacts, and the addi-
tional subscripts “0” and “I" represent different trajectories with outer and inner
emission separately.

inner conductor is denoted as d (d = R,—R;) and can be normalized
as A with
d
i=2 (1)
Vo
where o equals to 27f and v,, refers to the radial oscillation velocity,
yielding

Yy @

Vo = ——~

mewrsIny
where m, is the electron mass, 7 is the radius ratio (y = R,/R;), and r,
is the radial location at electron emission and set with R; or R,,.

B. The JPDF with random angular emission

To provide an accurate description of the multipactor process,
electron angular emissions with directional anisotropy are commonly
adopted for multipactor theoretical models. The following Maxwellian
and cosine distribution functions are assumed for random emission
velocity v and angle ¥ (cf. Fig. 1) of secondary electrons, respectively,
as in the previous statistical literatures,” >

TABLE I. Main relevant definitions for the statistical modeling.
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2 v?
fv(U) = (27[1)%)3/2 exp <_T)%> ) (3)
f,9(19) = 2cos v, (4)

where v, represents the thermal velocity of secondary emissions. Note
that the thermal spread of emission velocity also affects the onset con-
dition of multipactor, and here, the corresponding thermal energy
mu/12 is chosen to be 1.5€V as previous statistical literatures.””"” For
the convenience of statistical modeling, the following two-dimensional
(2D) distribution function for the emission velocity of secondary elec-
trons is further derived from the above equations (see more details in
Refs. 32 and 35) and expressed in cylindrical coordinates with further
normalization as

V2u w? +u? w? +u?
f(ur up) = —y2n3/rz exp | — r472 ¢ | K, r4y2 ¢ ) (5)

where u, and u, are the radial and azimuthal emission velocities v,
and v, normalized to the oscillation velocity v,,, respectively, and y
accounts for the ratio of v, to v,,.

Note that electron emission randomness in the axial direction is
neglected here because of the minimal axial diffusion of multipactor
electrons at the initial formation stage of multipactor. This has been
proved with the random walk analysis in Ref. 28. It is worth emphasiz-
ing that electron motion in the axial direction is still regarded here
with the axial emission velocity v, set constant at zero. From the physi-
cal essence, the JPDF (denoted as G(t|¢;) in Table 1) represents the
probability density of electron impacts with transit time 7 and emis-
sion phase ¢, and it is commonly calculated through transferring the
randomness from electron emission velocity to electron transit time.
However, the previous analytical approach is not applicable here
because of the field nonuniformity in coaxial lines as mentioned above.
Thus, the following JPDF construction procedure, based on the previ-
ous numerical algorithm for the 1D1V multipactor modeling, adds the
above 2D distribution of the emission velocity into consideration.

Similar to the previous 1D construction algorithm, the time-
domain argument of the JPDF is also segmented into evenly spaced
intervals. At the same time, the 2D velocity distribution is meshed into
small velocity grids that are delimited by uniform segmentations of the

Ca/i((p)

Ia/i((f))

N(p)

Gds/ss, o/i(r|(/)5)
O ds/ss, o/i(T‘q)s)
de/ss, a/i(T|(ps)
Pds/ss, o/i((ps)

Sds/ss, u/i((ps)

Emission rate (electrons/radian) of surface o/i at the incident field phase ¢
Impact rate (electrons/radian) of surface o/i at the incident field phase ¢
Total electron population inside the gap at the incident field phase ¢
Probability density for DS/SS impacts of electrons emitted from surface o/i with transit time ©

and emission phase ¢;

Incident secondary emission yield for DS/SS impacts of electrons emitted from surface o/i

with transit time T and emission phase @

Population density of secondary electron for DS/SS impacts of electrons emitted from surface
o/i with transit time 7 and emission phase ¢,
Overall probability of DS/SS impacts for electrons emitted from surface o/i with emission

phase ¢,

Overall population of secondary electron for DS/SS impacts of electrons emitted from surface

o/i with emission phase @
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velocity distribution in both the radial and azimuthal directions as
illustrated in Fig. 2(a). For either DS or SS impacts, the probability
assignment of each velocity grid is determined by the transit times of
electrons emitted with the 2D velocity pairs at the grid nodes, which
are generally located at the intersection of four adjacent grids and pos-
sess their partial probability amount. Apparently, this distribution seg-
mentation is more complicated than that in the previous 1D algorithm
which merely requires the electron transit time corresponding to the
representative velocities of the velocity section in the 1D velocity distri-
bution; however, this is still quite suitable albeit more complicated for
the statistical modeling here with 2D velocity distribution.

Taking the velocity grid g; composed of four nodes Nj, N, N,
and Ny in Fig. 2(a) for example, the corresponding transit time for the
velocity pairs in these grid nodes N,/ u(pk), No(u/ u¢k), Ns(uf,
u,,)kﬂ), and Ny(u,/ ", u(/)kﬂ) are denoted as 7, 75, T3, and 14, respec-
tively. The probability amount Ap(g;) held by the grid g;, which signi-
fies the probability for electrons emitted within the velocity ranges of
[/, u/"] and [u4", us""'] delimited by g;, can be calculated through
the following integral:

ykH1

wo=[, [

T u‘¢

f(u,, u¢)du,du¢, (6)

where the velocity ranges in both directions are depending on the grid
mesh. Each grid node roughly takes up about one-quarter of the prob-
ability amount of each adjacent velocity grid surrounding the grid
node; thus, the total probability amount p;, which refers to the proba-
bility for electrons emitted with the 2D velocity pair of the grid g, held
by the node N; is written as

nym

1
pr=7 Ap(gn), Y]

meM

where M and n,, are the index collection and the total number of the
velocity grids intersected at the node Nj, respectively. As illustrated in
Fig. 2(b), electron transit time of four grid nodes 7;_4 have different
locations for the discrete velocity grid g;, and thus the corresponding
probability amount Ap(g;) is evenly assigned to the time interval
At; 5, At;_y, A1y, and At g, respectively. Meanwhile, the value of 7,

scitation.org/journal/php

is set with 4 for the grid node Nj since it simultaneously holds partial
probability amount of four adjacent grids g; 4. With uniform velocity
segmentation in both radial and azimuthal directions, the grid proba-
bility amount is directly dependent on the mesh resolution of the
velocity grids.

Since the above procedure neglects the electron transit time of
the velocity pairs nearby the grid center, there will probably be errone-
ous assignment of partial probability amount of the velocity grid.
However, the grid probability amount and the above calculation error
are inversely proportional to the total grid number, whose increment
accordingly decreases the efficiency for calculating the detailed
distribution of the electron transit time. To avoid unnecessary loss of
calculation efficiency, the calculation accuracy can be optimized by
repeatedly interpolating new velocity pairs into the discrete velocity
grids after the initial mesh with a small number of velocity grids. As
shown in Fig. 2(b), new interpolated velocities u, ' and u,"" at the
probability midpoints of both directions ultimately form five velocity
pairs at the edge midpoints and/or the center of each velocity grids,
and the original grid is consequently split into four new adjacent grids.
Note if the probability assignment is only distinguished in one direc-
tion, then it possibly only requires interpolating two new velocity pairs,
such as the yellow-highlighted velocity grid in Fig. 2(b) resulting from
the interpolation of 1. In this case, the grid number can be signifi-
cantly decreased compared to the uniform-mesh case without new
velocity interpolations.

After sufficient velocity interpolations, the calculation of G(z;|¢,)
is fulfilled with the numerical method introduced in Ref. 31 and then
expressed as

G(zilo) =Y pi/h, ®)

leL

where L and n; are the index collection, and the total number of the
grid nodes whose transit time is involved within the time interval At;,
and h refers to the identical width of the time intervals.
Correspondingly, the population density of secondary electrons
K(z,| ;) (see Table I for more details) can be further obtained in accor-
dance with the calculation of the incident secondary emission yield
(SEY), yielding

O)Ar Az Az, T Ar "

k k.1 k+1
N, u; u u,

J 4 2 3
“r o7 ,‘V
(.
’
u JH N7 "I N9 \ 8
r ’
N, N, |IN,

1 s 1 A

MY | .
T, T3 T Ty TsT, Ty 75

FIG. 2. The probability assignment scheme with the 2D randomness distribution of secondary emission velocity (a) and further optimization scheme with new velocity interpola-
tion (b). The light-blue area in (a) zooms out the velocity grids delimited by the uniform velocity segmentations in both radial (blue solid) and azimuthal (red solid) directions.
The original velocity grid g4 is s1plit into four small ones after interpolating new velocities in both radial and azimuthal directions. The yellow-highlighted velocity grid is formed

by interpolating new velocity u?" in the radial direction.
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K(tlo) = pio(Er, 00)/h, ©)

leL

where o(E, 0) is the empirical formula of SEY for the surface material,
while the input parameters E; and 0, in Eq. (9) are the impact energy
and angle corresponding to the velocity pair at the grid node N
yielding,

E=m, (1)1.2, + ”1'2¢ + ufz)/z, (10)

0 = tan~! D%d) + v Jvir, (11)
where v;, Vg, and v;, are separately the velocity components in the
radial, azimuthal, and axial direction at electron impacts, see Fig. 1 for
more detailed illustration. Note that the following statistical calculation
is mainly based on Furman’s SEY formula, while Vaughan’s SEY for-
mula is also adopted in the following threshold analysis of the coaxial
multipactor for comparison.

Meanwhile, the related parameters of electron transition and
impact (including the impact type) are all obtained from electron tra-
jectories, which can be calculated through numerically tracking elec-
tron motions or with the analytical trajectory equation approximately
derived with the perturbation method.”” For multipactor in the coaxial
lines operated with the TEM mode, the numerical calculation of elec-
tron motions in the above algorithm is fulfilled upon the following dif-
ferential equations:

.. 5 j 2
r = _%[Er(r7¢7t) —ZB¢(7',¢,f)} +T([) ’ (12)
(4
0.1 (8 ——1D3V -~ 1D1V i T
1
= !
o E
0.0 '
0oal - 1D3V (Gap doubled) -
i ~ 1 D3V (Radial Only) i
M'\S
0.00 12
03} () —— D3V --- IDIV A
w::
0.0 '
0.2F --- 1D3V (Gap doubled)
. -~ | D3V (Radial Only)
v
0.0 '
0 r/n - g
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r$p = —2t¢, (13)
zZ= _rzl—eei'Bd)(r)vatL (14)

where g, is the unit electron charge. Note again that it still needs to
solve electron motions in the axial direction with the axial emission
velocity set constant at zero although the 2D distribution function in
Eq. (5) is adopted for electron emission randomness in the 1D3V
modeling. Meanwhile, the calculation of Eq. (13) for trajectory track-
ing can be simplified according to the conservation of electron angular
momentum. Without specification, the statistical analysis below is
based on the numerical solution of electron motions for better
accuracy.

C. Transit time distribution and related probability
analysis

The JPDF construction in the 1D3V model developed above pro-
vides the requisite approach for the calculation of G(t|¢@,) with both
angular emission and impact of secondary electrons considered. The
effect of angular momentum on the electron transition and related
secondary electron population can be investigated through the com-
parison with the 1D1V result developed previously.

Figure 3 plots the probability distributions of electron transit
time obtained with the 1D3V and 1D1V modeling separately for both
the DS and SS impacts which are engendered by electron emissions
from outer and inner conductor surface with the deterministic emis-
sion phase (¢, = 0.66m). It shows that the probability transfer of
secondary emission randomness from the radial velocity to the

0050 ) — 1DV~ ID1V i
S / \‘\ i H
O N P i !
X : \ N}
0.00 A A
0.04 - -~ 1D3V (Gap doubled) .
. ~w 1D3V (Radial Only) )
Mx /" \\ /’ \'\ :\\
R 3
3 / 6 9
TIT
021 ) —— D3V -~ ID1V i
CHl
A A NAA DA AN
- -~ 1D3V (Gap doubled) ]
--------------- 1D3V (Radial Only)
i\
F - .\.
3 a < | A
7 14 21

t/n

FIG. 3. Probability distribution of electron transit time obtained from the 1D3V (black solid) and 1D1V (purple dashed-dotted) modeling, respectively, for the double-sided (a)
and (b) and single-sided (c) and (d) impacts of electrons emitted from inner (a) and (c) and outer (b) and (d) conductor surface in the coaxial multipactor with R, = 3.55 mm,
R; = 1.54 mm, and d =2.01 mm. The bottom subplots provide related population density of secondary electron with comparison to the 1D3V result which only considers the
radial component of the electron impact energy (blue dotted) and the 1D3V result with the gap d increased up to 4.02mm when y and fd are kept constant (red dashed). The
field parameters are f=1.64 GHz, V;; = 120V, and ¢s = 0.66 7, and the SEY constants of ECSS Ag are E; = 30eV, E,, = 165¢eV, and ¢, = 2.22.
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azimuthal part apparently results in less DS impacts and more SS
impacts since electron transitions are mainly determined by the radial
motions. Meanwhile, we also see the same upper limit of the distribu-
tion range in the 1D1V and 1D3V results, which reveals the negligible
effect of electron azimuthal motion on the transition condition from
the SS impacts to the DS impacts. However, the centripetal term on
the right side of Eq. (12) reveals the inevitable effect of the azimuthal
motion on electron transitions in the 1D3V modeling, especially for SS
impacts with relatively small radial velocity. As for the probability of
SS impacts in the outer-emission case, it can be seen from the top sub-
plot of Fig. 3(d) that the peaks in the middle region obtained from
the 1D3V modeling are appreciably wider than the 1D1V result. This
indicates that the azimuthal motion of electrons can produce notable
variation in the transit time for the long-term SS impacts of the outer-
emission events, where the transit time is sufficiently long to generate
a remarkable difference in the radial motions when the corresponding
emission velocity of electrons in the radial direction is close to its azi-
muthal counterpart.

Moreover, the bottom subplots in each part of Fig. 3 also com-
pare the population density of secondary electrons [the calculation
result of K(t|¢,)] obtained from the 1D1V and 1D3V modeling. Note
that the 1D3V result neglecting the azimuthal component of the elec-
tron impact energy (blue dotted line) is also included here for compar-
atively analyzing the contribution of angular momentum to secondary
electron emissions. It can be seen that the incident SEY of the DS and
SS impacts are both smaller than unity with the applied voltage below
the breakdown level, and the former SEY is about twice as much as the
latter according to the magnitude of K(t|¢p,) and G(t|@,). As for the
low peaks illustrated in the bottom subplot of Fig. 3(d), the value of
K, increases with the increment of the transit time as opposed to the
downtrend of G, for the long transit time of electrons is mainly
caused by higher radial emission velocity which correspondingly leads
to larger kinetic energy from the field acceleration. Accordingly, the
notable difference between the results of K, regarding and disregard-
ing angular momentum diminishes with the increasing transit time for
the SS impacts or even turns insignificant after their transition to DS
impacts. On the other hand, there is no variation in the 1D3V results
of K(t|p;) when the gap d of the coaxial lines is increased from

(=]
o
n

o
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2.01 mm to 4.02 mm with y and fd (product of fand d) kept constant.
It proves the validity of the fd scaling law of multipactor threshold in
the 1D3V result based on the direct dependence of the effective SEY
on the result of K(t|@;) detailed in Subsection 11 D.

Meanwhile, the overall probability of electron impacts P(¢,) and
the overall population of secondary electron S(¢,) (see the detailed
definitions in Table I) can be obtained with the following integrals of
G(t|¢) and K(t|¢,), having

P(o,) = L G(t|o,)dr, (15)

00
S(ps) = L K(z|o,)dr. (16)
Accordingly, the ratio of P(¢,) and S(¢;) is denoted as d(¢;), which
essentially accounts for the mean SEY of electron impacts for angular
electron emissions with deterministic phase @;. It is used to analyze
the SEY variation caused by angular impacts with different emission
phases. On that basis, the calculation results of P(¢,), S(¢;), and d(¢s)
obtained with the 1D3V and 1D1V modeling for different emission
phases are plotted in Fig. 4 for further comparison. As can be seen, the
1D3V and 1D1V results of P(¢,) with remarkable magnitude discrep-
ancy manifest same varying pattern in accordance with the favorability
of electron transitions on the emission phase. Especially, for the inner-
emission cases, the outwards acceleration effect eventually results in
no SS impacts for the emission phases within the range of [0, 7/2] and
further leads to apparent distribution asymmetry. In the meantime,
significant SEY increment of both the DS and SS impacts is commonly
evinced for the consideration of the impact angle, which reveals more
population of secondary electron in the 1D3V modeling as well.
However, it is still possible to find slight SEY decrement in the DS
impacts with the electron emission phases around 0 or 27, where
more SEY variation is caused by the kinetic energy loss with relatively
small emission velocity in the radial direction. Meanwhile, the proba-
bility transfer from DS impacts to SS impacts can also be observed for
the whole distribution of the electron emission phase in the 1D3V
results. The resultant probability decrease of the DS impacts accord-
ingly reduces the population of secondary electron since the DS
impacts with dominant contribution to multipactor formation can
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FIG. 4. The overall transition probability P(¢s) and the overall population of secondary electron S(¢s) as well as the mean secondary emission yield () obtained with the
1D3V (solid line) and 1D1V (dashed line) modeling for electron impacts in the outer-emission (a) and inner-emission (b) cases with different emission phases. The parameter

setting is the same with Fig. 3.

Phys. Plasmas 29, 103105 (2022); doi: 10.1063/5.0101112
Published under an exclusive license by AIP Publishing

29, 103105-6


https://scitation.org/journal/php

Physics of Plasmas ARTICLE

obtain higher kinetic energy from sufficient field acceleration in con-
trast to the SS impacts. Regarding the potential effect of the varying
radius ratio on the SEY variation for angular impacts in the coaxial
multipactor, there is still a need to further evaluate the above contrary
effect of angular momentum on multipactor threshold determination.

D. Process description of the coaxial multipactor

As mentioned previously, angular spatial transport of multipactor
electrons is neglected due to the azimuthal symmetry of multipactor
development in the coaxial lines. Therefore, this 1D3V modeling still
adopts the previous 1D statistical description for the multipactor for-
mation process in the coaxial lines based on the numerical construc-
tion algorithm of the JPDF developed above. To analyze the
distribution characteristics of the impact energy and angle, nonstation-
ary statistical formulation of the coaxial multipactor with further
investigation into its mechanism is detailed below for completeness.

As the prerequisite definitions, the electron emission and impact
rates at the incident field phase ¢ (electrons/radian) during multipac-
tor formation in the coaxial lines are separately denoted with C(¢)
and I(¢), and the corresponding subscripts “0” and “i” are used to dif-
ferentiate these rate parameters with different emissions from the
outer and inner conductor, respectively. Regarding the mutual contri-
butions of the DS and SS impacts, the electron emission rates at the
inner and outer surface can be expressed in combination with Eq. (9),
yielding

@
Co(9) =J Ci(95)Kasi(o — @lo)dp,
0

(4
+ L Co(05)Ksso(@ — @l @ )dps + Y, (@), (17)

and

¢
C:(QD) = JO Co(@;)deﬁo(q’ - (p:‘q)s)d(ps

®
+ L Ci(9)Kssi(@ = @lo)dos + i(9),  (18)
where /,(¢) and (@) represent the secondary electron emissions
from external sources on the outer and inner surface separately, having
T=0Q — Qs

Likewise, electron impact rates on either surface can be expressed
analogously in combination to Eq. (8) as

L(p) = L Ci(05)Gasi(@ — @l ;) do,

¢
+J Co(05)Gss.o(@ — @5|p5)deps, (19)
0

and

P
Ii(p) = [ Co(05)Gas.o(@ — @|p5)dep,
JO

P
+J Ci(¢s)Gssi(@ — @clpo)do,. (20)
0

On that basis, the total electron emissions inside the gap can be
obtained with the difference of C(¢) and I(¢), thus
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4 ¢

Col@') — L(¢")do'+ L Ci(¢") — L(e")de'.  (21)

N = |

0
Meanwhile, the ratio of C(¢) and I(¢) also accounts for the instanta-
neous SEY at electron impacts in the multipactor dynamics. For the
sake of convenience in multipactor threshold determination, the fol-
lowing effective SEY o,is further introduced to quantify the variation
tendency of electron population, which essentially represents the mul-
tipactor severity

f” (Col@) + C))dg’
O = =i . (22)
j (L(¢!) + L(¢))de

Py

Note that the time window [¢;, ¢] is commonly set in the steady-state
stage of multipactor evolution. It is apparent that multipactor break-
down takes place when ¢ is larger than unity, and the multipactor
onset condition can be determined with o,y = 1 for multipactor
threshold calculation or full susceptibility chart. Note that the initial
seeding is necessary for the process modeling of electron multiplica-
tion, but its effect is negligible in determining the calculation result of
o Hence, the injection of the seeding electrons is assumed at ¢ =0
with same amount on the outer and inner surface. Meanwhile, the dis-
crepancy between the threshold determination using nonstationary
and stationary formulation is negligible as revealed in Ref. 17.

Along with the dynamic modeling, further analysis of coaxial
multipactor mechanism can be conducted through the statistical count
on the electron impact energy and angle during the multipactor pro-
cess. As illustrated in Egs. (8) and (9), the specific values of G(z|¢p;)
and K(t|@;) in the 1D3V algorithm are determined by the probability
amount of the involved velocity grid nodes. It is worth emphasizing
that one probably needs to count different electron impact energies
and angles for the specified parameters ¢, and 7 since there are usually
more than one velocity grid nodes involved. As for the involved Ith
grid node, the impact energy E/(t|¢;) and the impact angle 6(t|¢;) of
secondary electrons can be calculated along with the electron transit
time using Eqs. (10) and (11) when numerically tracking electron tra-
jectories, and the corresponding weight of electron number wy(t|@;)
can be written as

wi(tlo,) = pi(tle,) C(@;).- (23)

With the above derivations, the distribution of the impact energy D(E)
and the impact angle D(0) during multipactor formation can be
obtained through collecting all the weight data of electron impacts
within several RF periods in the steady state [¢;, @] and performing
related statistics and normalization. Note the subscripts “o0,” “i,” and
“t” are used below to differentiate the distributions for electron
impacts at the outer surface, the inner surface, and both surfaces,
respectively. Moreover, the overall average of the impact energy E,,
and the impact angle 0,,, can be calculated with

o ¢ 1(@0")
J [ > El(e = ade)mle — oo dode’

E, = ¢ JO 1 . (24)
o o (@0
J J > wile — oo dode’
@ JO 1
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Material: ECSS Ag

ESA Results

1D1V Vaughan Model (d = 1.88 mm)
1D1V Furman Model (d = 1.88 mm)
1D3V Furman Model (d = 1.88 mm)
1D3V Furman Model (d = 3.76 mm)

10! 0 1
= fd/GHzmm
o o m(9s0")
J J Z 01 (QD, - ‘P:“P;)WI(QDI - (ps|(ps)d(psd¢,
@, JO
O = =2 : , , (25)
o o n(0s9")
J J Z Wl((p/ - q)s‘(f)s)d(psdq)/
¢ J0 1

where #; is the total number of the grid nodes where the correspond-
ing transit time of electrons are involved within the time interval of
@' — @ for electron emissions at the specified phase .

Ill. RESULTS AND ANALYSIS

With the implementation optimization elaborated above, the
1D3V statistical modeling of multipactor is hereby fulfilled for multi-
pactor threshold calculation through numerically tracking electron tra-
jectories with both angular emissions and impacts of multipactor
electrons considered. This optimization inherently enables multipactor
statistical modeling to disregard the field complexity and better match
the physical process of secondary electron emissions, which accord-
ingly leads to better accuracy and feasibility in the threshold calcula-
tion and mechanism analysis for multipactor in the coaxial lines with
any radius ratio. Thereupon, this section further quantitatively investi-
gates the underlying effect of electron angular momentum on the mul-
tipactor formation of coaxial lines through calculating and comparing
multipactor threshold and related impact angle distribution for the
coaxial multipactor with different radius ratios.

As a preliminary verification of calculation accuracy, the multi-
pactor susceptibility zone of typical 50 Q coaxial lines coated with
ECSS (European Cooperation for Space Standardization) Ag is charted
with the 1ID1V and 1D3V modeling and plotted in Fig. 5. The

TABLE II. Parameters of Furman’s formula and the modified Vaughan's formula.

ARTICLE scitation.org/journal/php

FIG. 5. Multipactor susceptibility chart with
the 1D3V and 1D1V statistical modeling
for 50 Q coaxial lines (R, = 3.33mm, R;
= 1.45mm, and d = 1.88 mm) with ECSS
Ag coating. Multipactor curves determined
by the 1D1V statistical modeling using the
modified Vaughan’s formula (white dotted-
dashed) and Furman’'s formula (yellow
dotted) as well as the 1D3V statistical
modeling with d=1.88 mm (black solid)
and d=3.76 mm (red dashed) are plotted
with the threshold results (purple dia-
mond) from ESA for comparison.

susceptibility chart is fulfilled through calculating o4 for the array
parameters with a uniform resolution of 135 x 100. Moreover, the
multipactor threshold results at typical frequency points from ESA
(European Space Agency)™® are also plotted in Fig. 5 for comparative
analysis. For consistency, the multipactor threshold results are
obtained in company with the SEY measurement of the experimental
samples, see more details with the measurement error in Ref. 37.
In accordance with the ESA results, the following geometric parame-
ters adopted for the statistical modeling are set with R, = 3.33 mm,
R; = 1.45mm, and d = 1.88 mm, and the parameters of the SEY for-
mula are fitted to the measured SEY constants of ECSS Ag (the cross-
over energies E;;, the SEY maximum 0,,,, and its corresponding
energy Ey.x). As revealed from the probability analysis in Sec. II, angu-
lar SS impacts with low kinetic energy are more likely to produce
more secondary electron emissions for relatively larger impact angles,
and the SEY variance of angular impacts in Vaughan’s formula is
neglected when the kinetic energy is lower than the threshold energy.
For this reason, Vaughan’s formula adopted in the previous 1D1V
modeling is replaced here with Furman’s formula, see Refs. 30 and 33
for the formula details and Table IT for the related parameter setting.
Note that the parameter value of k, 5 in Vaughan’s formula for deter-
mining the upper susceptibility boundary is modified according to the
experimental data of the second-crossover energy (E, = 5000eV).
Furthermore, the parameter value of Furman’s formula is extracted
from the commercial software CST Particle studio, which is also used
for providing the simulation result of CST in Table III.

In contrast to Vaughan’s formula, the slightly higher SEY value
in Furman’s formula caused by curve-fitting leads to relatively lower
multipactor threshold, see the calculation error listed in Table 11T for

Py o(00) 151,5 E, w p e e Py (c0) E, r o o)
0.02 0.05 0.0 60.86 1.0 0.26 2.0 0.01 0.041 0.104 0.26 2.0
b ts Ey S a1 153 13 Iy ky k, ks ky ks
2.22 165 1.32 0.66 0.80 0.70 1.00 0.56 0.125 1.22 0.28 3.5
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TABLE lll. Calculation error of multipactor threshold obtained with different statistical
modeling and CST simulation®.

Calculation error of multipactor threshold (dB)

fd 1D1V 1D1V 1D3V CST

(GHz mm)  Vaughan Furman Furman Furman
1.0 0.686 —0.879 —0.103 —2.174
1.4 0.593 —0.799 0.510 —1.642
2.0 —0.146 —0.730 —0.301 —1.082
2.8 0.607 —0.279 0.097 —0.514
4.0 0.829 —0.046 0.263 —1.035
5.5 0.832 0.136 1.066 0.226
7.7 0.155 —0.479 0.242 —1.789
10.0 0.892 0.145 1.144 —0.274
15.0 —1.846 —3.076 —1.546 —3.083
21.0 0.019 —1.176 0.553 0.199
30.0 0.958 —0.348 1.432 0.965

?ESA threshold data from ECSS document.”

more details on the IDIV result comparison. Nonetheless, the 1D3V
Furman model also can achieve fairly good agreement with the ESA
results similar to the previous 1D1V Vaughan model. To be specific,
the average calculation errors of multipactor threshold from the 1D3V
and 1D1V modeling are 0.66 dB and 0.69 dB, respectively. At the cost
of tolerable accuracy loss of multipactor threshold calculation at high
frequencies, the 1D3V modeling is able to obtain relatively better accu-
racy at low-frequency points. Especially for the leftmost frequency
point, the calculation accuracy of multipactor threshold at
fd=1.0GHz- mm can be improved by as much as 0.58 dB with the
1D3V Furman model. Meanwhile, the calculation accuracy for
fd=2.8GHz- mm and fd = 4.0 GHz - mm are decreased to 0.1 dB and
0.26 dB, respectively, which proves the capability of the 1D3V model-
ing for accurate threshold calculation of first multipactor orders.
Conversely, the average accuracy loss of multipactor threshold calcula-
tion at high-frequency points is around 0.22 dB, whereas the accuracy
at fd=15GHz- mm can still be improved by 0.3 dB instead. It also
shows in Fig. 5 that multipactor threshold voltages obtained with the
1D3V modeling are apparently larger than the 1D1V result when
adopting Furman’s formula. This convincingly reveals the more signif-
icant effect of the probability transfer from DS impacts to SS impacts
on the threshold determination in contrast to the SEY increment
caused by angular impacts of secondary electrons in the coaxial multi-
pactor, which, thus, leads to significant increment of multipactor
threshold in the 1D3V result. Also, it shows from Table III that CST
simulations with Furman’s SEY formula tend to obtain smaller multi-
pactor threshold voltage for most frequencies than the 1D3V statistical
modeling, which is possibly attributed to the different distribution of
secondary emission randomness adopted.

Meanwhile, the overlapped multipactor curves of 50 Q coaxial
lines with different gap (d =1.88 mm and d = 3.76 mm) in the thresh-
old results of Fig. 5 prove that the fd scaling law of multipactor thresh-
old stands in the 1D1V modeling as well as the 1D3V modeling with
electron angular momentum included, which is consistent with the
parameter normalization and the probability analysis in Sec. 1I. Thus,

scitation.org/journal/php

we can also conclude that the impact angle of multipactor electrons in
the coaxial lines is independent of the surface curvature according to
its correlation with the radius ratio y and the gap d as shown in the
Appendix. Likewise, same threshold result can be obtained for the geo-
metric parameters of R, = 3.55mm, R; = 1.54 mm, and d =2.01 mm,
which is adopted in the above probability analysis as well as the follow-
ing mechanism analysis.

To give a comprehensible view of the electron impact angle for
the coaxial multipactor, the impact angle distributions at different sur-
faces are calculated for different RF voltage cases at the specified fre-
quency of 1.15GHz using the 1D3V Furman model, see Fig. 6 for
more details. This distribution analysis is conducted at the specified
frequency of 1.15GHz in view of excellent calculation accuracy of
multipactor threshold at the adjacent frequency points mentioned
above. As can be seen, the nonuniform distribution density of the
impact angle of multipactor electrons at the outer surface D,, the inner
surface D;, and both surfaces D, [see the definitions in Eq. (23)] all
generally decrease vs the impact angle, and most impact angles are
concentrated in the range of [0°, 30°]. However, the average impact
angle at the inner surface is larger than that at the outer surface view-
ing from the relatively higher magnitude of D; in the angle range of
[15°, 30°]. This difference is caused by the opposite effect of the Miller
(or pondermotive) force™ on the impact angle of electron impacts on
the inner and outer conductor surface as explained in Sec. II. It needs
interpretations that the Miller force is the outwards-pushing force
caused by the potential gradient of the high-frequency field.

Furthermore, the distribution of D, is close to that of D, for the
dominant contribution of electron impacts at the outer surface to mul-
tipactor formation in the 50Q coaxial lines. Meanwhile, the impact
angle distribution is shifted and concentrated to the range of [0°, 10°]
with increasing RF voltage, and the average impact angles for the RF
voltage at the below-breakdown, threshold-breakdown, and above-
breakdown conditions are 20°, 15°, and 13°, respectively. This
decrease of the average impact angle with increasing RF voltage is
attributed to higher radial kinetic energy of the DS impacts from the
field acceleration with higher RF voltage. This can also be used to
explain relatively larger threshold difference of the high-order multi-
pactor between the 1D1V and 1D3V results as shown in Fig. 5, for
higher threshold voltage of high frequencies results in smaller impact
angle of angular impacts, which accordingly leads to less SEY incre-
ment and larger threshold increment in the 1D3V results.

According to the above analysis, the impact angle of multipactor
electrons is independent of the curvature of the conductor surface but
highly sensitive to the applied RF voltage in the coaxial lines. To evalu-
ate the influence of the device geometry and angular momentum on
multipactor formation, the 1D1V and 1D3V models are further
adopted here to calculate the multipactor threshold voltage of the
coaxial lines with different radius ratio 7, see Fig. 7 for more details.
The threshold analysis is performed at the specified frequency points
of 1.15 GHz and 3.0 GHz to cover different multipactor orders accord-
ing to different-order multipactor zones at fd=2.31 GHz- mm and
fd=6.03 GHz - mm charted in Fig. 5, see the definition of multipactor
order in Ref. 22. Meanwhile, the gap between the inner and outer con-
ductor of coaxial lines is kept constant at 2.01 mm with y varying in
the range of [1.0, 4.0]. Actually, the coaxial lines with the radius ratio
equal to unity turn into two infinite parallel plates, so the quantitative
analysis above is also intended to answer the question “How does
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FIG. 6. Impact angle distribution of electron impacts on the outer surface D, (blue dashed-dotted), the inner surface D; (red dashed), and both surfaces D (black solid) in multi-
pactor of the coaxial lines obtained with the 1D3V modeling for the below-breakdown case with V,; = 100V (a), the threshold-breakdown case with V,; = 140V (b), and the
above-breakdown case with Vs = 200V (c). The other parameters are R, = 3.55 mm, R; = 1.54 mm, d =2.01 mm, and f=1.15 GHz.

multipactor threshold voltage vary when two semi-infinite parallel
plates are bent into coaxial lines?” posed at the beginning of this paper.
In Fig. 7, we observe sudden rise of the multipactor threshold in the
1D1V and 1D3V results for y located in [2.6, 2.8] which is caused by
the discrete order shift of the coaxial multipactor with the increase of
the radius ratio, see more related explanation in Ref. 17. Furthermore,
the threshold voltage with slight magnitude discrepancy between the
ID1V and 1D3V results exhibits a monotonous decrease when the
radius ratio is marginally increased from unity. However, in contrast
to the nearly monotonous variation in the 1D1V result before the sud-
den rise, the threshold voltages for the first-order (f=1.15GHz) and
high-order (f= 3.0 GHz) multipactor in the 1D3V results both reach
their minimum when y increases up to 2.1 and 1.4 separately.
Moreover, the threshold difference between the 1D1V and 1D3V
results for the high-order multipactor turns more significant with the
sudden rise of threshold voltage at different value of 7y, which
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FIG. 7. Multipactor threshold voltage of the coaxial lines (d=2.01mm) vs the
radius ratio obtained with the 1D1V (hollow) and 1D3V (solid) model for the speci-
fied frequencies of 1.15 GHz (red rectangle) and 3.0 GHz (blue triangle).

accordingly reveals more significant effects of angular emissions and
impacts on the high-order multipactor.

To illustrate the underlying mechanism for the above varying
pattern of multipactor threshold vs the radius ratio, the average impact
angle of different surfaces at the threshold-multipactor voltage is cal-
culated with the 1D3V model for the specified frequency of 1.15 GHz,
see more details in Fig. 8. Besides the ratio of the average impact rates
at the outer and inner surface, I/I; is also provided here for better
demonstration. It can be seen that 0,,, and 0,,; vary in the opposite
way vs 7 in the whole distribution for the contrary contribution of the
Miller force to the variation of the average impact angle on the outer
and inner surface as discussed above. Furthermore, there is an increas-
ing similarity between the varying patterns of 0,,, and 0,,,, especially
for the single-surface multipactor with higher radius ratio when I/I;
exceeds an order of magnitude.

25 T T T T

FIG. 8. The average impact angle at outer surface 0, , (blue dashed-dotted), inner
surface 0, (blue dashed), and both surfaces 0, (blue solid) vs the radius ratio for
the specified frequency of 1.15 GHz as well as the ratio of the average impact rates
at the outer and inner surface /,/l; (red dotted) with d =2.01 mm.
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In general, the whole distribution of the average impact angle is
divided into three primary sections with different varying pattern. For
section A, the asymmetry of the inner and outer multipactor develop-
ments in the coaxial lines remains insignificant when the radius ratio
is close to unity, so the coaxial multipactor is still established by the
mutual contribution of the SS and DS impacts. However, the field
nonuniformity is gradually exacerbated with the increase of the radius
ratio, see the increasing difference between the field amplitude at the
inner and outer surface in Fig. 9. The Miller force tends to produce
more kinetic acceleration to electron impacts on the outer surface and,
thus, engender sharp decrement in 0,,,, which is mostly contributed
by the higher-energy DS impacts. When 7 is located in section B, 0,,,,
increases for the gradual deduction of the above angle increment con-
tributed by the DS impacts. This is because the proportion of the DS
impacts in the coaxial multipactor greatly reduces when the field non-
uniformity becomes significant with the increasing radius ratio. In
these two sections, multipactor threshold variation is primarily gov-
erned by the increment of the impact angle at the inner surface since
the contributions from the increasing impact energy and the decreas-
ing impact angle at the outer surface are almost compensated for sec-
ondary electron production. As for section C, the smooth decrease of
0,0 is merely caused by the further increment of the impact angle of
SS impacts at the outer surface, for there is almost no DS impacts in
the coaxial multipactor with high I,/I; after the sudden rise of the mul-
tipactor threshold voltage.

As final discussion, the consideration of electron angular
momentum in the 1D3V statistical modeling inevitably leads to track-
ing more electron trajectories, which is, indeed, at the cost of further
calculation efficiency. The adoption of an approximate trajectory
equation is helpful for improving the efficiency of full multipactor sus-
ceptibility chart, but the resulting calculation error is depending on the
approximation validity of analytical trajectory equation. However, the
efficiency optimization algorithm by reutilizing electron trajectories is
also available for multipactor susceptibility chart with different coating
materials since the JDPF construction is independent of the SEY evalu-
ation in this 1D3V statistical modeling as well.
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FIG. 9. lllustration for the magnitude parameter (black solid) vs the radius ratio with
the inner (red dashed) and outer (red dashed-dotted) surface curvature and the
field amplitude at the inner (blue dashed) and outer (blue dashed-dotted) conductor
surface. The main parameters are d =2.01mm and V= 1V.
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Meanwhile, this 1D3V statistical modeling is appropriate for
investigating multipactor breakdown in coaxial lines with any radius
ratio as well as multipactor cases where the proportion and the impact
angle of electron angular impact are possibly increased for the induced
external field (i.e., multipactor in the parallel plates or the coaxial lines
with transverse electrostatic field or vertical magnetostatic field) or the
existence of the curved surface (i.e., multipactor in the circular wave-
guide). With further development, the above modeling method can be
further extended for the 2D3V multipactor statistical model regarding
the spatial transport of electron population at different positions.

IV. CONCLUSIONS

In this paper, the effect of electron angular momentum on
multipactor formation of the coaxial lines is investigated quantita-
tively through threshold analysis with the 1D3V multipactor sta-
tistical modeling, which takes both angular emissions and impacts
of secondary electrons into account. This improved statistical
modeling can disregard the field complexity and adequately match
the real physical multipactor process with complete emission ran-
domness and angular impacts of secondary electrons, which, thus,
results in better accuracy and feasibility in multipactor threshold
calculation and mechanism analysis. The result comparison indi-
cates that the 1D3V statistical modeling with Furman’s SEY for-
mula can achieve fairly good agreement with the threshold results
of ESA in contrast to previous 1D1V modeling. At the cost of tol-
erable accuracy loss at high frequencies, the calculation accuracy
of multipactor threshold for low frequencies with the 1D3V
modeling can be improved by 0.58 dB at best. Meanwhile, the anal-
ysis has revealed a more significant effect concerning the probabil-
ity transfer from double-sided impacts to single-sided impacts on
the multipactor threshold determination, compared to the SEY
increment caused by the angular impacts in the coaxial
multipactor.

The discrepancy of multipactor threshold variation between the
ID1V and 1D3V results reveals the growing significance of angular
impacts of secondary electrons with the increasing radius ratio and its
indispensable effect on multipactor formation in the coaxial lines. It
was found that the 1D3V result of multipactor threshold voltage non-
monotonically varies with the radius ratio and reaches its minimum
when the radius ratio increases up to 2.2 and 1.4 for the first-order
(2.31 GHz- mm) and high-order (6.03 GHz - mm) multipactor sepa-
rately. This is different from the nearly monotonous decrease in the
1D1V result and more significant discrepancy shows in the high-order
multipactor. The mechanism analysis also reveals the outwards-
pushing force caused by the field nonuniformity results in increasing
and decreasing impact angle for the angular impacts on the inner and
outer surface, respectively, and leads to the nonmonotonous variation
of the average impact angle with the increasing radius ratio due to the
associated proportion decrease of the double-sided impacts in the
coaxial multipactor.
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APPENDIX: THE SURFACE CURVATURE AND THE
RESULTANT ACCELERATION EFFECT FOR ELECTRON
MOTIONS IN COAXIAL LINES

The surface curvature is defined as the reciprocal of the radius
for either conductor surface of the coaxial lines. When the gap d is
kept constant, the correlation of the outer (i,) and inner (k;) sur-
face curvature to the radius ratio y is, respectively, expressed as

1 1
K0:3(175)7 (Al)

k=50 1) (A2)

Apparently, k, and k; are both negatively correlated to d but posi-
tively correlated to y as shown in Fig. 9, so they are both halved
when d is doubled for the constant y. The amplitude of the nonuni-
form field E(r) and the resultant Miller force F(r) between the inner
and outer conductor are separately expressed with

Vi
E(r) = A3
=L (a3)
P.d?
F(r) =F(r)e, = Eyren er, (A4)
r3In*y

where P, = qezV,fz/Zmecuzd3 . It reveals that the field non-uniformity
in the coaxial lines increases vs the radial ratio from the difference
of the field amplitude at the inner and outer conductor surface in
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Fig. 9. There also shows similar varying pattern in Mg which is the
magnitude parameter defined for evaluating the equivalent Miller
force and calculated with the following integral:

R,
F(r)dr
M _JR, ( ) :(Vz_l)(y_l)z (A5)
E Pd 2y .
It shows in Fig. 9 that the outwards acceleration effect caused
by the field nonuniformity is also exacerbated with the increasing

radius ratio.
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