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ABSTRACT

Multipactor occurrence essentially depends on the secondary emission property of the surface material, which is, thus, the requisite input for
multipactor threshold prediction using the numerical and theoretical approaches. However, secondary emission yield (SEY) deviation in
experimental measurements inevitably leads to uncertainty error in multipactor threshold prediction. Therefore, this paper presents a
thorough quantitative analysis of multipactor threshold sensitivity to SEY including the effect of the device geometry, the multipactor mode,
and the material type. Based on the statistical modeling, multipactor threshold voltages with respect to the SEY variation in critical SEY
regions are calculated for both the parallel plates and coaxial lines with different multipactor orders and typical materials. Furthermore, the
distribution of electron impact energy is also obtained to elucidate the underlying mechanism for the relevant sensitivity discrepancy. The
result reveals that multipactor threshold is generally most sensitive to the energy region below the first crossover energy (E1), and this is
changed to higher energies below the corresponding energy to the SEY maximum (Em) with a change in the device geometry, multipactor
mode, or coating material. It is also found that the magnitude relation of the threshold sensitivity between different regions is radically
determined with the distribution of electron impact energy, and the SEY variation close to Em merely affects the threshold result with a high
multipactor order. This research provides useful reference for properly determining the threshold margin from the measurement error of
SEY, thus promoting the performance optimization with multipactor prevention in the practical application of microwave devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0138875

I. INTRODUCTION

Microwave devices operating with a high-power level and near-
vacuum condition are prone to suffer potential risk of multipactor
breakdown,1 which is an electromagnetic phenomenon substantially
driven by secondary electron avalanche and ubiquitously seen in
microwave tubes, RF antennas and windows, particle accelerators, and
space communication payloads.2–4 Recent development of space com-
munication techniques requires microwave systems to achieve a higher
power capacity and further device miniaturization, which accordingly
exacerbates the risk of multipactor. Because of the catastrophic hazard
of multipactor,5 it must be ensured that no multipactor occurs during
practical device operation for engineering applications.

For the sake of operational durability and reliability, the satellite-
borne microwave components in the qualification stage conventionally

require experimental test to determine whether multipactor occurs or
not, which can be fulfilled with the third harmonic detection or phase
nulling methods.6,7 However, regarding expensive experimental cost,
the theoretical8–10 and numerical11,12 approaches for predicting multi-
pactor threshold are more commonly employed for the optimum design
of microwave devices, which, thus, are practically required to operate
below the multipactor threshold voltage with additional margin applied
in view of inevitable error in multipactor threshold prediction. Yet, this
also makes the practical performance of device operation strongly con-
strained by the threshold prediction accuracy. In view of the inherent
dependence of multipactor occurrence on the secondary emission prop-
erty, the proper calculation of multipactor threshold needs to take the
whole distribution of secondary emission yield (SEY) measured from
the experimental samples into consideration.
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As a matter of fact, the SEY value at the specified impact energy
is commonly determined with the result average of multiple SEY mea-
surements at different positions on the experimental samples.13 Thus,
the result fluctuation of SEY generally arises from the measurement
error of SEY and the spatial SEY discrepancy on the experimental
sample, which accordingly leads to inaccuracy in the calculation result
of multipactor threshold. Furthermore, it is still difficult to perform
accurate SEY measurement for the energy region within tens of eVs
due to the limitation of the SEY measurement method. Meanwhile,
the SEY distribution adopted for multipactor threshold calculation is
actually fitted from the experimental data of SEY with the SEY mod-
els,14–17 and the resultant SEY discrepancy from the curve fitting fur-
ther makes the prediction accuracy of multipactor threshold
questionable. Hence, to properly evaluate the threshold result disper-
sion with respect to the SEY measurement error, a thorough analysis
of multipactor threshold sensitivity to the material’s SEY is highly
needed in engineering practice.

With the purpose of multipactor prevention, the current research
efforts in the study of multipactor are primarily contributed to explor-
ing novel multipactor mechanisms,18–21 and developing accurate pre-
dictive techniques22–25 and efficient surface treatments for multipactor
inhibition with inertial materials,26,27 and micro-porous struc-
tures,28–32 and diverse waveform.33 On the contrary, there are a few
studies concerned with the threshold sensitivity analysis where inten-
sive threshold calculations are required. To the best of the authors’
knowledge, the most relevant work on the threshold sensitivity is con-
ducted for multipactor in a small-gapped34 and parallel-plate35 wave-
guide using particle-in-cell (PIC) simulations. However, this work
only covers the first-order multipactor mode with the material of silver
and also excludes the asymmetric multipactor case in coaxial lines,
which is more commonly used in RF systems. In addition, the imple-
mentation of random secondary emission in PIC simulations leads to
inevitable fluctuation in the threshold calculation result.34 However, it
can be eliminated by depicting the secondary emission randomness
with the probability perspective in multipactor statistical modeling,
which is of satisfactory accuracy and efficiency in the threshold calcu-
lation and, thus, more appropriate for the quantitative evaluation of
multipactor threshold sensitivity. Presently, multipactor statistical
modeling has been widely applied to multipactor in parallel plates
(PMX) and coaxial lines (CMX) with either single-carrier or multi-
carrier signal excitations,36–38 as well as the single-surface multipactor
on a dielectric surface.39

In this regard, this research is mainly dedicated to performing a
comprehensive study of multipactor threshold sensitivity to the mate-
rial’s SEY property with statistical modeling, thus, providing useful
guidance and reference for properly determining multipactor thresh-
old margin from the SEY measurement error in practical engineering
applications. In contrast to the prior literature, this study covers the
threshold sensitivity analysis of both PMX and CMX with different
frequencies and typical materials, where the significant effect of the
device geometry, the multipactor mode, and the material type is
included and the underlying mechanism for the sensitivity discrepancy
between different SEY regions is explored for the first time. The main
research content in this paper is organized as follows: First, the
research methodology with the definition of SEY and the statistical
modeling of two-surface multipactor is briefly introduced in Sec. II
along with the parameter specification. Then, the threshold sensitivity

quantification with the result and mechanism analysis is detailed in
Sec. III. Finally, the conclusive summary is included in Sec. IV.

II. RESEARCH METHODOLOGY

In a general view, the threshold sensitivity in this study is evalu-
ated by directly calculating the threshold variation corresponding to
the specified SEY variation, and it is fulfilled according to the research
flow charted in Fig. 1, which is similar to that of Ref. 34. First, requisite
SEY curves are created by imposing additional SEY variation to the
critical regions of the reference (average) SEY distribution; see more
details of the SEY definition in Sec. IIA. Then, multipactor threshold
voltage of parallel plates and coaxial lines for the created SEY curves
are calculated with the two-surface statistical modeling, which is intro-
duced briefly in Sec. II B. Finally, the parameter specification of the
involved device geometries, multipactor modes, and coating materials
for the effect analysis is detailed in Sec. IIC. On that basis, the quantifi-
cation and the comparison of multipactor threshold sensitivity are
conducted with the related mechanism analysis in Sec. III.

A. SEY definition

In light of the inherent correlation between multipactor forma-
tion and the SEY property, a typical SEY distribution is mainly charac-
terized with the following SEY constants: the first and second
crossover energies (E1 and E2), the SEY maximum (rm), and its corre-
sponding energy (Em). Taking them as the reference points, the whole
SEY distribution can be roughly segmented to seven different regions
of interest: R1 (energies below E1), R2 (energies around E1), R3 (ener-
gies between E1 and Em), R4 (energies around Em), R5 (energies
between Em and E2), R6 (energies around E2), and R7 (energies above
E2); see Fig. 2 for more details.

On this basis, the requisite SEY variation for evaluating the
threshold sensitivity is introduced by tuning the SEY curve in each
energy region. For practical implementation, the fitted SEY distribu-
tion from the result average of the SEY measurement at different
impact energies is adopted as the reference SEY curve and denoted
with CR. Then, with an approach similar to Ref. 34, the tuned SEY
curves are created by imposing gradual SEY variation with parabolic-
like shape in each region according to the SEY dispersion caused by
the SEY measurement error. Accordingly, these tuned SEY curves are
denoted as CT with additional superscripts of “þ” and “�” adopted
for differentiating the SEY increment and decrement relative to the
reference SEY curve separately. It is worth mentioning that the energy
regions of interest are tuned one by one with the other regions kept
unchanged when evaluating the threshold sensitivity for the specified
SEY region. To accurately reflect the SEY variation to the threshold
variation, the above SEY curves are practically fed in the form of

FIG. 1. Research flow for the quantitative analysis of multipactor threshold
sensitivity.
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point-wise SEY data rather than the empirical formula of SEY to the
statistical modeling detailed in Sec. II B.

For the sake of convenience, the primary object of this sensitivity
analysis still adopts the technical Ag in Ref. 34, from which the created
SEY curves are extracted and then reutilized in this study; see the main
SEY constants in Table I. The SEY dispersion of Ag is as follows: E1 �
[19–24–30] eV, Em � [200–250–450] eV, and rm � [2.06–2.17–2.30],
which are collected from massive SEY measurements of the Ag sam-
ples. Taking R2 for illustration, several tuned SEY curves are created by
fitting E1 to different values around the average of 24 eV, with almost
uniform SEY variation and parabolic edges separately applied to the
center and the boundary of the tuned SEY region. In the inset window
of Fig. 2, the SEY increment relative to the reference SEY curve in R2 is
highlighted with the purple-shaded area for the tuned SEY curve with
E1 decreased to 21 eV. For quantitative analysis, the total SEY variation
(denoted as S) in R2 is evaluated with the following integral:

S R2ð Þ ¼
ð
R2

rT Eð Þ � rR Eð Þð ÞdE; (1)

where rR(E) and rT(E), respectively, represent the SEY value of the
reference and tuned SEY curve at the specified impact energy E.
Accordingly, the average SEY variation Dr can be quantified with

Dr ¼ S=DE; (2)

where DE refers to the energy spread of the energy region under con-
sideration. Comparatively, S which can take the region length into
consideration is more appropriate for quantifying the SEY variation in
the following sensitivity analysis.

B. Statistical modeling of two-surface multipactor

With the above-mentioned SEY definitions, the quantitative eval-
uation of multipactor threshold sensitivity still requires intense calcu-
lations of multipactor threshold for both the reference and tuned SEY
curves. This study needs to perform the threshold analysis for both
PMX and CMX with the general statistical modeling of two-surface
multipactor,37 which is also detailed here for completeness.

For either PMX or CMX, electron multiplication is contributed
by the double-sided (DS) and single-sided (SS) impacts of secondary
electrons on both surfaces, which are separately denoted as A and B in
the following statistical formulation for differentiation. As illustrated
in Fig. 3, they specifically refer to the bottom and top plate for PMX
and likewise the inner and outer conductor for CMX. With that, two-
surface multipactor statistical modeling is fulfilled by formulating the
recurrent relation between the distribution functions over electron
emission phase us (the field phase at electron emission) in accordance
with the electron interactions on both surfaces. The process formula-
tion is performed on the same generation of electrons which are expe-
riencing the same impacts. The population number and the emission
phase distribution for the lth generation of electrons are denoted as Nl

and fl(us) separately, and the relevant parameters for the next genera-
tion of electrons are designated as Nlþ1 and flþ1(us), respectively.

In view of the causal correlation between two adjacent genera-
tions of electrons illustrated in Fig. 3, the iterative solution of the above
parameters on either surface can be expressed as

NA
lþ1f

A
lþ1 usð Þ ¼ NA

l

ð2p
0
K us � u0sju0s; nAA
� �

f Al u0s
� �

du0s

þNB
l

ð2p
0
K us � u0sju0s; nBA
� �

f Bl u0s
� �

du0s; (3)

and

NB
lþ1f

B
lþ1 usð Þ ¼ NB

l

ð2p
0
K us � u0sju0s; nBB
� �

f Bl u0s
� �

du0s

þNA
l

ð2p
0
K us � u0sju0s; nAB
� �

f Al u0s
� �

du0s: (4)

Note that n refers to the electron trajectory with the specified emission
(first subscript) and impact (second subscript) surfaces, and thus, the
first and second integrals on the right hand account for the contribu-
tions from the SS and DS impacts, respectively.

When denoting the difference of electron emission phase us�us’
as Dus, the component function K(Dusjus; n) can be further written,
based on the periodic varying behavior of us, as follows:

K Dusjus; nð Þ ¼
X1
n¼0

G Dus þ 2npjus; nð Þr Dus þ 2npjus; nð Þ; (5)

where r(sjus; n) represents the SEY function for calculating the inci-
dent SEY, and it is actually interpolated from the point-wise SEY
curves with the corresponding impact energy to the specified electron

FIG. 2. Illustration of region segmentations for typical reference SEY curve CR and
tuned SEY curves CT with respect to the value dispersion of E1 around 24 eV. The
inset window is a zoom-in of the tuned SEY curves in the dashed box for depicting
the SEY variation within R2, and the purple-shaded area refers to the total SEY var-
iation S for the tuned curve with E1 decreased to 21 eV. The condition of r¼ 1 is
marked out with the dashed line.

TABLE I. Main SEY constants of typical materials.

Material rm Em/eV E1/eV E2/eV

Ag 2.17 250 24 3600
Au 1.79 1000 150 4000
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trajectory n, which is of the deterministic transit time s and emission
phase us; G(sjus; n) is the joint probability density function and physi-
cally represents the transition probability of electrons for the specified
trajectory n(s, us). It is essentially built to transfer the randomness
from velocity domain to time domain and thus determined with

G sjus; nð Þ ¼
���� du sjus; nð Þ

ds

���� f u sjus; nð Þð Þ; (6)

where f(u) accounts for the probability density function of electron
emission velocity u, and the right derivate term u(sjus; n) is a hypo-
thetical function for correlating electron emission velocity with elec-
tron transit time. Specifically, G(sjus; n) can be solved with the
analytical approach in Ref. 36 for PMX or the numerical approach in
Ref. 23 for CMX separately.

On that basis, the effective SEY (reff ) for quantifying the tempo-
ral tendency of the electron population then can be determined with
the following population ratio of two adjacent generations of electrons
when the distribution of electron emission phase has evolved to
stationary:

reff ¼
Nstþ1
Nst
¼

NA
stþ1 þ NB

stþ1
NA
st þ NB

st
: (7)

Accordingly, multipactor threshold can be determined with the RF
voltage for the condition reff¼ 1. On that basis, the relative variation
of multipactor threshold voltage (denoted as d) for the sensitivity eval-
uation can be further obtained with the following expression:

d ¼ VT
t � VR

t

VR
t

; (8)

where Vt
R and Vt

T account for the multipactor threshold voltage for
the reference and tuned SEY curves, respectively.

C. Parameter specification for effect analysis

As mentioned above, this study is aimed at performing a compre-
hensive analysis of the threshold sensitivity with the effect of the device
geometry, the multipactor mode, and the material type included. For
this consideration, the material of Au in Ref. 40 is also included in the
following sensitivity analysis in addition to the technical Ag; see their
main SEY constants in Table I. Note that this study actually adopts
clean Au with much lower SEY for the convenience of the following
effect analysis, rather than the technical Au whose SEY is close to the

technical Ag. In addition, the tuned SEY curves of Au are created simi-
larly to Ag because of a lack of experimental SEY measurement data.
As for the geometric parameters, the plate separation for PMX is set
constant with d¼ 1.0mm, while the CMX case adopts the typical 50X
coaxial lines where the radii of the outer and inner conductors are set
with Ro¼ 3.55 and Ri¼ 1.54mm (d¼ 2.01mm), respectively.
Moreover, the sinusoidal electromagnetic field excited in the dominant
TEM mode is assumed for both PMX and CMX, and the space charge
effect is also neglected as in the previous research because our focus is
still set on the multipactor onset condition in the threshold sensitivity
analysis here.

Moreover, the following sensitivity analysis also covers multiple
frequency points which correspond to different multipactor orders.
For better illustration, the PMX and CMX susceptibility36 zones of Ag
are charted and plotted in Fig. 4 with the multipactor susceptibility
curves of Au for comparison. It is worth to mention that CMX suscep-
tibility zone changes with varying radius ratio; see more details in
Ref. 41. The frequency points for the sensitivity analysis are specified
with the product of fd equal to 1.2GHz�mm (P1), 10GHz�mm (P3),
and 30GHz�mm (P4), which, respectively, correspond to the first-
order, third-order, and higher-order PMX modes for the Ag material.
Also, fd¼ 3.0GHz�mm (P2) is included here to cover the transition
mode from the first-order to third-order PMX. However, the involved
multipactor modes become different as a result of a shift of multipac-
tor order in the CMX susceptibility zone. Whereas, for the material of
Au, the frequency points of P2 and P3 are shifted to the first-order and
third-order PMX modes separately due to the sharp shrinkage of mul-
tipactor zones with low SEY, which also results in multipactor not
occurring for both P1 and P4 (CMX only).

III. SENSITIVITY QUANTIFICATION AND RESULT
ANALYSIS

The above-mentioned research methodology provides the requi-
site basis for the quantitative analysis of the threshold sensitivity. The
quantification approach of the threshold sensitivity with the compara-
tive analysis of the sensitivity discrepancy between different regions
and the underlying mechanism is detailed in this section.

A. Threshold result and sensitivity quantification

As prerequisite illustration of the sensitivity discrepancy between
different SEY regions, Table II lists out the SEY variations [see Eqs. (1)
and (2)] in each region and the corresponding relative variation of the

FIG. 3. Illustration of statistical modeling for two-surface multipactor established from double-sided (solid) and single-sided (dashed) impacts of secondary electrons on surface A
and surface B, which, respectively, account for the bottom and top plates for the parallel-plate multipactor (a) and the inner and outer conductors for the coaxial multipactor (b).
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PMX and CMX threshold voltage [see Eq. (8)] for the material of Ag.
Note that only the data with most SEY increment are provided in
Table II because practical research is more prone to avert the threshold
over-estimate.

As shown in Table II, the result dispersion of the SEY measure-
ment34 ultimately leads to insignificant discrepancy between the
magnitudes of Dr in different regions, which are roughly within the
range of [0.09, 0.13] and slightly smaller in R1 and R2. The total SEY
variation S is larger by two orders of magnitude in the regions with
energies higher than E1 for their relatively larger region length, espe-
cially for R5 and R7. However, there is little threshold variation in
the statistical modeling results of both PMX and CMX even with
considerable SEY variation in the regions of R4–7, and this non-
correlation can be found in the PMX threshold results of PIC simu-
lations as well, where the relative error being lower than 1.1% is
inevitable as explained in Ref. 34. Therefore, the following sensitivity
analysis is mainly focused on the sensitivity comparison for the first
three regions. Furthermore, the magnitude of d in the statistical
modeling results is roughly correlated with S for R1–3, and both d
and S (magnitude) reach the maximum in R3 following the PIC

results. Regarding the discrepancy of Dr and S in different regions, it
is more appropriate to evaluate and compare the threshold sensitiv-
ity of different regions with d correlated with S. For that reason, the
absolute slope of the d–S curves is denoted as k and adopted for
quantifying the threshold sensitivity. Additional superscripts and
subscripts are adopted for all relevant parameters to differentiate the
involved SEY regions and both cases of PMX and CMX, respectively.
For instance, kp

1 and kc
2 separately refer to the threshold sensitivity of

PMX at R1 and CMX at R2.
To illustrate the determination of k, the result of d with response

to gradual variation of S at different frequency points is calculated for
both PMX and CMX with Ag as the material and plotted in Fig. 5. As
can be seen, the y-axis range varies in different sub-figures, and the
ratio of the y-axis range to the x-axis range in each sub-figure is set the
same for the result plots of different regions, so that the threshold sen-
sitivity can be intuitively evaluated and compared according to the
curve slope. It shows that d is generally with negative proportion to S
for both PMX and CMX. Better linearity in the d–S curves can be
observed in most PMX results, but this linear trend can only be seen
in the CMX results with low frequency (P1 and P2) from Figs. 5(a) and
5(b). The CMX results apparently become parabolic with positive con-
cavity due to the nonlinear decrease in d vs the increasing S, especially
for the cases with negative magnitude of d in Fig. 5(c). This is probably
caused by the asymmetric distribution of electron impact energy on
the inner and outer surfaces for the CMX formation. There are also
discontinuous changes in the magnitude of d with the variation of S
for both PMX and CMX at high frequency points. As for the CMX
result in the left part of Fig. 5(c), the magnitude of d rises suddenly
when S is almost decreased down to its minimum, where multipactor
threshold is shifted upward to lower-order susceptibility boundary
with the resultant shrinkage of the horned susceptibility zone as shown
in Fig. 4. Likewise, more discontinuous variation of d within the d–S
curves can also be observed in the PMX and CMX results of P4 where
more high-order multipactor zones are overlapped intensely. To
address this problem, the value of k for the sensitivity comparison is
mainly determined with linear curve fitting in the right-hand d–S plot;
see the dashed plots in Fig. 5(d).

FIG. 4. Multipactor susceptibility chart of parallel plates (a) and 50X coaxial lines (b) for Ag (pseudo-color plot) with multipactor susceptibility curve of Ag (white) and Au
(black). The quantitative analysis of multipactor threshold sensitivity is performed for the frequency points with the product of fd specified at 1.2 GHz�mm (P1), 3.0 GHz�mm
(P2), 10 GHz�mm (P3), and 30 GHz�mm (P4). The gap d of the parallel plates is set constant at 1.0 mm, while the radii and the gap of the outer and inner conductor of the coax-
ial lines are set with Ro¼ 3.55, Ri¼ 1.54, and d¼ 2.01mm, respectively.

TABLE II. SEY variations in different regions and relative threshold variation of PMX
and CMX with the material of Ag.

Region

Total and average
SEY variation PMX/CMX

threshold variation
Dr S/eV jdj /%

R1 0.095 1.45 1.96/4.25
R2 0.092 1.10 1.51/1.74
R3 0.13 21.7 5.32/7.21
R4 0.12 33.9 0
R5 0.13 353.7 0
R6 0.12 108 0
R7 0.13 641.6 0
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B. Effect analysis of multipactor threshold sensitivity

With the above-mentioned quantification approach of multipac-
tor threshold sensitivity, the magnitude relation of multipactor thresh-
old sensitivity between different regions is analyzed comparatively
with the effect of the device geometry, the multipactor mode, and the
material type included.

For the PMX result of P1 shown in Fig. 5(a), the PMX threshold
sensitivity of the first three regions is ordered as kp

2 > kp
1 > kp

3 from
the slope of the d–S curves. Meanwhile, there shows magnitude incre-
ment of d for all the regions when converted to the CMX case, and the
increment of dc

1 is much larger than that of dc
2 (also see Table II for

more details), which makes the order of the CMX threshold sensitivity
converted to kc

1> kc
2> kc

3. This indicates that the geometry conversion
from the parallel plates to the 50X coaxial lines eventually makes the
highest threshold sensitivity be transferred from R2 to R1 for the first-
order multipactor. It is worth mentioning that there might be different
sensitivity transfer for the geometry conversion to the CMX cases with
other radius ratio (Ro/Ri). In addition to the order change, we are also
able to find evident magnitude discrepancy between PMX and CMX
sensitivity results at other frequency points from Fig. 5, which, thus,

evinces the significant effect of the device geometry on multipactor
threshold sensitivity.

Likewise, the related results in Figs. 5(b) and 5(c) also reveal sig-
nificant magnitude variation in dp

2 of P2 and dp
1 of P3 with the fre-

quency conversion, which, thus, alternates the order of PMX threshold
sensitivity at these frequency points to kp

1 > kp
2 > kp

3. However, the
order of CMX threshold sensitivity remains kc

1 > kc
2 > kc

3 for the fre-
quency conversion results in a similar varying pattern of d in each
region. In most of the results, d3 is generally several times larger than
d1 and d2, but more decrement in the magnitude of dc

3 than dc
1 in the

P2 result eventually leads to dc
1 � dc

3. For the convenience of sensitivity
comparison, the sensitivity discrepancy can also be directly found
from the plots in Fig. 6, where the PMX and CMX sensitivity results
for different frequencies and materials are further summarized. For
the result of P4 in Fig. 5(d), more decrement of dp

1 compared to that of
dp
2 also results in the magnitudes of kp

1 and kp
2 to be similar, while kc

1

approaches kc
2 with more increment of dc

2 compared to that of dc
1 as

well. It indicates that the highest PMX threshold sensitivity is trans-
ferred back to R2 with the frequency converted from P3 to P4 for both
PMX and CMX. Meanwhile, we also find in Fig. 6(a) that CMX

FIG. 5. Plots of the relative threshold variation of PMX (open) and CMX (solid) vs the total SEY variation in the regions of R1 (blue circle), R2 (red square), and R3 (black trian-
gle) for the frequency points of P1 (a), P2 (b), P3 (c), and P4 (d) specified in Fig. 4. The threshold sensitivity is quantified with the curve slope, which is determined with the lin-
ear fitting (dashed) for the nonlinear curve plot.
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threshold sensitivity in the Ag result of all regions reaches its magni-
tude minimum at P2, which can be explained with the densely distrib-
uted susceptibility curves nearby P2 according to the plot of reff in Ref.
36. Hereby, the above results inherently reveal the non-negligible
dependence of the threshold sensitivity on the multipactor mode.

As for the effect of the material type, it can be found from Fig.
6(b) that the threshold sensitivity of Au is smaller than that of Ag by
one to two orders of magnitude for both PMX and CMX, which is par-
tially attributed to relatively larger region length of each SEY region
for Au. However, there is still a much smaller (about one third in most
results) magnitude of d for Au compared to that of Ag, with response
to the deterministic SEY variation. Meanwhile, the order of multipac-
tor threshold sensitivity is also changed to kp

2 > kp
1 > kp

3 for PMX in
the Au result of P2, which is different from the Ag result. However, for
the Au result at P4, the order of PMX threshold sensitivity also
becomes kp

3 > kp
1 � kp

2 with a sharp increase in kp
3 and decrease in kp

1

and kp
2. In addition, the decreasing pattern of the CMX threshold sen-

sitivity with the frequency conversion from P2 to P3 can also be found
in the Au results for all regions, which is similar to the Ag result but
with the conversion between different frequency points. Physically, the
above significant variation of the threshold sensitivity with the material
change is radically attributed to much lower SEY of Au. However, it is
worth emphasizing again that the above sensitivity result with the
clean Au cannot be directly applied to the technical Au, regarding the
significant discrepancy of SEY between the clean and technical Au as
mentioned above.

As revealed in the above results, multipactor threshold is most
sensitive to the SEY variation in R1 for most cases, which, however, is
probably changed to R2 and R3 with a change in device geometry, mul-
tipactor mode, or coating material. In addition to comparing the
threshold sensitivity between different regions, the d–S curve plots in
the above sensitivity result are also helpful for properly determining
the threshold margin from the dispersion of SEY experimental mea-
surements in practical applications. As indicated from the above Ag
result, the magnitude of d is greatly dependent on the involved effect
and generally within the range of [2%, 13%] when Dr is specified

around 0.1 in each SEY region. Meanwhile, there appears to be most
threshold variation in R3 owing to its relatively larger region length,
but it is also possibly changed to R2 at the transition mode between
the first-order and third-order multipactor, where relatively smaller
magnitude of k and d can be found in all regions. Moreover, it is also
able to find less threshold variation for the multipactor case with Au
which is of lower SEY.

C. Mechanism analysis for the threshold sensitivity

To further investigate the underlying mechanism for the above
sensitivity results, the impact energy distribution of electron impacts
for threshold PMX and CMX at the specified frequency points is
obtained with the statistical modeling in Sec. II and separately pro-
vided in Figs. 7 and 8 for the following comparative analysis. For better
demonstration, the contributions by SS and all (DSþSS) impacts are
both provided for comparative analysis.

As shown in Fig. 7, all of the distributions of electron impact
energy for different cases are generally centered at the first crossover
energy point which satisfies the threshold multipactor condition of
reff¼ 1. Meanwhile, the regional coverage of electron impact energy is
merely distributed to the first three regions, which is consistent with
the non-correlation between multipactor threshold variation and the
SEY variation in the regions of R4–7 as revealed in Table II. As for the
result of P1 in Fig. 7(a), a small proportion of SS impacts restricted in
the left section of R1 inherently reveals the predominant contribution

FIG. 6. Comparative plots of CMX (solid) and PMX (open) threshold sensitivity at
the specified frequency points within the regions of R1 (blue circle), R2 (red rectan-
gle), and R3 (black triangle) for the materials of Ag (a) and Au (b). The other param-
eters are set the same as Fig. 4.

FIG. 7. Impact energy distribution of electron impacts (solid) for the threshold PMX
case with the reference SEY curve of Ag at the specified frequency points of P1 (a),
P2 (b), P3 (c), and P4 (d) in Fig. 4. The contribution by SS impacts is differentiated
with the dashed line, and the coverage of electron impact energy in different SEY
regions is delimited with the dotted lines for comparison.
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of resonant DS impacts to the first-order PMX formation. It also
shows that electron impact energy of all impacts is more concentrated
around the intersecting boundary of R2 and R3. The density of electron
impact energy within R2 is higher than that of R1, which conforms to
relatively higher threshold sensitivity in R2. However, there also shows
largest proportion of electron impact energy within R3, which is of
lowest PMX threshold sensitivity oppositely. Note that this conflict is
radically attributed to the partial coverage of electron impact energy
within R3, and thus, the total SEY variation in the right part of R3 actu-
ally exerts negligible effect on the PMX threshold variation.

However, for the result of P2 in Fig. 7(b), the frequency conversion
ultimately leads to more SS impacts with the transition from the first-
order to third-order PMX, and the enlarged distribution range of SS
impacts correspondingly turns to cover both R1 and R2. Nevertheless, a
significantly increased proportion of SS impacts within R1 is still con-
centrated at its left section and accordingly inverts the order of PMX
threshold sensitivity between R1 and R2, which can also be found in the
results of P3 and P4. It is also apparently shown in Fig. 7(c) that the pro-
portion of electron impact energy within R1 and R2 are partially trans-
ferred to R3 with the frequency conversion from P2 to P3, which is in
accordance with the increase in the PMX threshold sensitivity of R3
shown in Fig. 6(a). Meanwhile, the coverage of electron impact energy
within R3 is expanded from its left part to the central region in the high-
order PMX results. Especially for the result of P4 in Fig. 7(d), further
proportion decrement within R1 eventually leads to a close density of

electron impact energy in R1 and R2, which accords with the above sen-
sitivity order of PMX threshold (kp

1� kp
2) detailed in Fig. 6(a).

On the other hand, there also shows evidently different distribu-
tion of electron impact energy in the CMX results of Fig. 8 with the
device geometry converted from parallel plates to coaxial lines. The
impact energy distributions of electron impacts on the outer surface,
the inner surface, and both surfaces are all provided in Fig. 8 regarding
the asymmetry of CMX. As revealed from the result of P1 in Fig. 8(a),
the first-order CMX remains established mostly from DS impacts on
both the outer and inner surfaces, while the SS impacts, with lesser
contributions to the CMX formation, are still restricted to the left part
of R1. However, the impact energy distribution of DS impacts on the
outer surface is markedly different from that of the inner surface due
to the field non-uniformity in the coaxial lines. It shows that electron
impact energy within R2 is transferred to R1 for DS impacts on the
inner surface and simultaneously to R3 for DS impacts on the outer
surface, since the resultant ponder-motive force exerts an outward-
pushing effect on the electron motions.23 This transformation eventu-
ally forms a local spike near the center of R1 in the impact energy
distribution of DS impacts on the inner surface, and thus results in a
larger density of electron impact energy within R1 than that of R2. This
accordingly provides a good explanation for the order of the CMX
threshold sensitivity (kc

1 > kc
2) as mentioned in Fig. 6(a). Furthermore,

different distributions of electron impact energy on the outer and
inner surfaces also indicate a potential discrepancy in the CMX thresh-
old sensitivity on the SEY of different surfaces, which can also be
found from the results of other frequency points in Fig. 8.

Meanwhile, we can also find significant variations in the impact
energy distribution of the high-order CMX results in Fig. 8. When it
transitions to high CMX order, the impact energy distributions within
R1 and R2 turn out to be covered mostly by electron impacts on the
outer surface, which probably comes from the contributions of long-
term SS impacts with the above-mentioned outward-pushing effect.
However, the impact energy distribution on the inner surface is still
dominated by DS impacts similar to the PMX results, which accord-
ingly keeps the order of the CMX threshold sensitivity as kc

1 > kc
2 in

the results of P2 and P3. Moreover, the coverage expansion of electron
impact energy in R3 with the frequency conversion is also revealed in
the CMX results of Fig. 8, and the transfer out of R1 gradually makes
the magnitude of kc

1 approach to that of kc
2 with the frequency con-

verted to P4, which is consistent with the sensitivity order of the CMX
threshold (kc

1� kc
2) detailed in Fig. 6(a).

Likewise, the effect of the material type on multipactor threshold
sensitivity can also be revealed from different impact energy distribu-
tions of Au in Fig. 9, which shows obvious similarity to the Ag results.
However, it can be seen from Fig. 9(a) that the impact energy distribu-
tion in the Au result of P2 is similar to the Ag result of P1, which is also
consistent with the orders of the PMX sensitivity in Fig. 6(b). This is
probably because a lower SEY distribution leads to a higher PMX
threshold voltage, which actually corresponds to a lower multipactor
order at the same frequency point according to the plot of multipactor
zone and order in Ref. 36. Moreover, we can also find increasing cover-
age of electron impact energy within R3 in Figs. 9(b) and 9(c) when con-
verted to high frequency points, and it also eventually leads to the order
of PMX threshold sensitivity (kp

3 > kp
1 � kp

2) with full coverage of R3 in
the result of P4. Meanwhile, we also find that the SEY variation close to
Emmerely affects the threshold result with high multipactor order.

FIG. 8. Impact energy distribution of electron impacts (solid) on both surfaces
(black), outer surface (blue), and inner surface (red) for the threshold CMX case
with the reference SEY curve of Ag at the specified frequency points of P1 (a),
P2 (b), P3 (c), and P4 (d) in Fig. 4. The contribution by SS impacts is differentiated
with the dashed line, and the coverage of different regions is delimited with the dot-
ted lines similar to Fig. 7.
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IV. CONCLUSIONS

In this paper, multipactor threshold sensitivity to the secondary
emission yield (SEY) of microwave devices is quantitatively analyzed
using the statistical modeling including the effect of the device geome-
try, the multipactor mode, and the material type, which has shown to
be significant in this study but still disregarded in prior research of
multipactor threshold sensitivity. Moreover, the underlying mecha-
nism for the threshold sensitivity within critical energy regions is also
thoroughly investigated based on the distribution of electron impact
energy in these regions. The results indicate that the multipactor
threshold sensitivity of both the parallel plates (PMX) and 50X coaxial
lines (CMX) is mostly relevant to the energies below the energy corre-
sponding to the SEY maximum (Em). The threshold sensitivity dis-
crepancy between different SEY regions is radically determined by the
distribution of electron impact energy.

To be specific, multipactor threshold is most sensitive to the first
energy region below the first crossover energy (E1) for most cases,
which further evinces the significance of accurate SEY measurement
in the low-energy region. The highest threshold sensitivity can also be
found within the energies around E1 in the first-order PMX, which is
dominated by the double-sided (DS) impacts on both surfaces.
However, it eventually changed back to the first energy region with the
geometry conversion to the first-order CMX, where DS impact on the
inner surface is of primary contribution to asymmetric CMX forma-
tion but decelerated for the field non-uniformity. Meanwhile, it is also
possibly changed to higher energies below Em in the high-order multi-
pactor with Au because of the gradual expansion of electron impact
energy to Em with a high threshold voltage or low SEY. It, thus, reveals
non-negligible effect of the device geometry, the multipactor order,
and the material type on the threshold sensitivity.

It also indicates that the SEY measurement error at the energies
close to Em merely affects the prediction accuracy of high-order

multipactor threshold. Meanwhile, it is also able to find less threshold
variation in the transition mode between the first and third multipac-
tor order or multipactor cases with a low-SEY material. It can thus be
concluded that the sensitivity analysis in this research can help to
properly determine the threshold margin from the dispersion of SEY
experimental measurement in practical engineering applications.
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