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Abstract: Multipactor is a common discharge phenomenon occurred in space microwave systems.
The surface microstructure has been verified to be effective to mitigate multipactor. In this work,
we design a square coaxial low-pass filter (SCLPF) with dielectric sheets loaded to check the multi-
pactor dependence on the structure parameters of the loaded dielectric sheets, and further model
groove structures on the sensitive area surface to lower the risk of multipactor. Simulation results
indicate that the SCLPF loaded with alumina and PTFE exhibits good operational characteristics,
and the multipactor threshold is significantly improved after introducing the surface grooves. Then
we investigate the effects of three typical groove parameters, groove depth, groove number, and
aspect ratio, on the multipactor threshold of the SCLPF device. The results show that the multipactor
threshold raise at first as the groove number and groove depth increase, and then the threshold
reaches a saturation status. For a deeper analysis of multipactor, we discuss how the grooves shelter
the secondary electrons, and further mitigate the electron avalanche. Furthermore, the mechanisms
of threshold saturation under the effect of groove parameters are analyzed in detail, and a contour
map for the multipactor threshold of PTFE-loaded SCLPFs is given, which makes significant sense
for predicting the multipactor threshold of the devices with its sensitive surface being grooved. The
regularity of modulating the multipactor threshold by the groove structures obtained in this study
is of engineering significance for suppressing multipactor in microwave devices in practical appli-
cations.

Keywords: multipactor, groove structure, secondary electron

1. Introduction

Microwave devices operating in the space environment are constantly influenced by cosmic ra-
diation and particle irradiation. The phenomenon of secondary electron emission can be induced
when space particles or rays irradiate the material surface. The excited secondary electrons may un-
dergo resonance avalanche multiplication under the action of high-power radio frequency (RF) fields,
further inducing the secondary electron multiplication discharge effect, that is, multipactor[1]. The
large number of electrons generated inside the device in a short duration will severely interfere with
the operation of the high-power microwave(HPM) systems, and may even cause discharge break-
down[1-4]. Nowadays, multipactor becomes one of the severe bottleneck problems that hinder the
power increase of microwave components[4]. Hence the ability to suppress multipactor is a key factor
in evaluating the reliability of space HPM systems. There are three requirements for the occurrence
of multipactor, namely, the secondary electron emission yield (SEY) bigger than 1, the existence of
RF fields, and the resonation between secondary electrons and the RF field[1]. Usually, destroying
the resonation condition between electrons and the RF field can be considered an effective method to
mitigate multipactor[5], besides, lowering the SEY of the multipactor sensitive surface can also
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decrease the risk of multipactor since secondary electron avalanche is the direct reason for the multi-
pactor discharge[6-9]. Currently, the common methods for lowering SEY include coating low-SEY
films like TiN, TiZrV, and graphene[10-16], as well as designing surface microstructures to trap the
secondary electrons[17-20].

Alumina and polytetrafluoroethylene (PTFE) have been widely used in high-power microwave
systems in space. The multipactor phenomenon for these two dielectric materials has been paid more
attention to nowadays since many HPM devices have been developed with dielectric-loaded[21-23].
Besides, the dielectric materials possess a relatively higher SEY[24-26], so the multipactor may be
easier to be triggered. In recent years, the construction of periodic microstructures on the surface of
dielectric materials has received widespread attention and discussion[5,27-28]. These surface micro-
structures are capable of blocking the movement of secondary electrons while not affecting the nor-
mal function of the device, allowing fewer electrons to participate in the multiplication process.

The current studies involve the multipactor of microstructured surfaces including grooves[29-
30], columnar arrays[31-33], and porous structures[17-19]. Typically, researchers use feature size pa-
rameters to quantify these microstructures for discussion. However, scholars are more concerned
with a detailed discussion of the secondary electron emission process under microstructures and
choose to apply the SEY to predict the ability of the material to suppress multipactor. The relationship
between feature size parameters of the microstructure and multipactor threshold is not adequately
studied, and the relevant mechanisms still require further discussion. Traditionally, the multipactor
threshold relied on charts obtained through experimental studies. However, with the development
of particle simulators, accurate predictions can be quickly and conveniently provided.

In this paper, we focus on the groove structure and design a coaxial low-pass filter with dielectric
sheets loaded as a test device for multipactor. The filter has an ideal flat gap and perpendicular RF
electric field to the surfaces. By simulating the multipactor threshold of alumina and PTFE with dif-
ferent groove sizes, we further obtain the influence regulation of groove depth, groove number, and
aspect ratio on the multipactor threshold, and discuss the deep mechanism of how the groove feature
sizes affect the multipactor. The obtained discharge data and their underlying regulations will have
significant implications for practical engineering applications.

2. Modeling and simulation methods

2.1 Design of the verification device

Here we present the design of a square coaxial low-pass filter (SCLPF) that can operate in the L-
band. For low-frequency circuits, low-pass or high-pass filters are composed of lumped parameter
reactive components (inductors and capacitors). For high-frequency devices, we use microwave
structures to simulate lumped parameter elements. This microwave structure can be called a "quasi-
lumped element." The specific design process uses the insertion loss method. First, select the appro-
priate order (i.e., the number of lumped elements) according to the prototype of the equal-ripple low-
pass filter to match the requirements of the filtering performance. Next, according to the normalized
element values obtained from the Chebyshev polynomial solution, solve the actual values of the ele-
ments using the target cutoff frequency, and obtain the lumped circuit topology. Finally, use the ap-
propriate microwave structure to approximately correspond to the lumped element values one by
one to complete the design of the microwave SCLPF.

For the SCLPF, the method of approximating the lumped element values of the microwave struc-
ture is shown in Figure 1. Note that the value of the equivalent lumped element is related to the
transmission line length and impedance. The microwave structure belongs to a distributed parameter
circuit, and the length should be controlled to be less than 1/8 of the wavelength to approximate the
lumped element better. Select the appropriate impedance and length according to the formula in the
figure to form a low-pass filter. In the actual design process, compromises have to be made some-
times, which depends heavily on the engineer's practical engineering experience. Here, we use the
optimized function of CST software to achieve the preferable size parameters for each part.
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Figure 1. (a) An approximate lumped element circuit of the coaxial line, (b) and (c) are the two equiv-
alent circuits with corresponding formulas.

By researching the characteristic impedance of various microwave structures, the square coaxial
structure is considered to be more suitable for verifying multipactor. The SCLPF designed in this
article is shown in Figure 2. It is a 13th-order filter with an inner conductor being arranged alternately
with rectangular blocks of different side lengths. In the central low-impedance area, there is the nar-
rowest distance between the inner and outer conductors. Extra dielectric sheets are placed in this area
to create a gap of 1 mm for checking the multipactor property of the device. According to the trans-
mission characteristics of the TEM mode for square coaxial, a microwave electric field perpendicular
to the upper and lower planes will be generated in this gap. In other low-impedance areas, the gaps
are filled with PTFE to "block" them, ensuring that multipactor can only occur in the narrowest central
section.

Multipactor
(®)
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Figure 2. (a) The 3D model of the designed SCLPF, (b) the cross-section image of the SCLPF.

Alumina and PTFE are chosen as the dielectric sheets for checking the multipactor threshold in
this work. The adoption of different materials will cause slight differences in the device transmission
performance, therefore, it is necessary to make brief adjustments to optimize the final size parame-
ters. We designed two sizes of SCLPFs equipped with alumina and PTFE sheets respectively. They
have consistent performance parameters, with only slight differences in the size of the internal con-
ductor segments. In the central low-impedance region, a pair of dielectric sheets are placed on the
top surface of the inner conductor and the bottom surface of the outer conductor, separately. The size
of the alumina sheets is 8x5x0.25 mm?, and the size of PTFE is 8x6.5x0.5 mm?. The frequency response
in Figure 3 shows that two SCLPFs loaded with different dielectrics can achieve good transmission
performance, thereinto, the insertion loss is less than 0.1 dB, and the return loss is generally greater
than 20 dB from 1.5 to 5 GHz. The simulation results also indicate that the electric field between the
dielectric sheets can reach nearly 6000 V/m. Therefore, the gap will experience multipactor first with
the increase of input power since the region possesses the largest electric field and the narrowest gap.


https://doi.org/10.20944/preprints202305.1525.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 May 2023 d0i:10.20944/preprints202305.1525.v1

(a) ° (b) ©
-10
-1 -]
a 2-20
~ ~
] @
E £ -40
g g
a. & 50
w wv
-60
—=— $11
-70 —e— S21
05 1.0 15 20 25 3.0 35 40 45 50 55 60 05 10 1.5 2.0 25 30 35 40 45 50 55 60
Frequency / GHz Frequency / GHz

Figure 3. Simulated frequency responses of SCLPFs with (a) alumina loaded and (b) PTFE loaded.

2.2 Multipactor simulation for the SCLPF with flat dielectric loaded

We use SPARK3D to achieve the simulation of multipactor. SPARK3D is a module in CST that
simulates the secondary electron multiplication discharge characteristics of passive devices like
waveguides, microstrips, and antennas. The SPARK3D module employs the Monte Carlo method
and 3D electron tracking model to solve for the electron number in the device-defined region. Hence,
SPARKS3D can calculate the maximum operating power of the device without multipactor, which is
defined as the multipactor threshold.

The simulation process of multipactor is as follows. Firstly, determine the geometric structure of
the device. Next, simulate the electric and magnetic field distribution of the device at one specific
frequency, and import the necessary information into SPARK3D. Define the simulation area, and set
parameters such as material SEY data, input power, seed electron number, and solution accuracy.
When the above settings are completed, the variation of the electron number over time under differ-
ent powers is obtained by implementing the simulation. It should be noted that SPARK3D uses a
bisection search method to solve the breakdown power. In each round of calculation, when the input
power causes electrons to multiply in the area and cause a breakdown, the software will reduce the
input power to half and restart the simulation. On the contrary, if the input power does not cause a
breakdown, the power and the nearest breakdown power are averaged and recalculated until the
final result gradually approaches the actual multipactor threshold.

We employ the SEY data of the flat alumina[34] and PTFE[35] sheets into SPARK3D. The SEY
peak values of alumina and PTFE are 3.60 and 2.04, respectively. The simulation region was set to the
central region and the two adjacent high-impedance regions. 1500 electrons are randomly placed in
the region, the simulation results are shown in Figure 4. As we can conclude from Figure 4 that the
multipactor threshold values of the SCLPFs with flat alumina loaded and PTFE loaded are 137.69 W
and 347.63 W, respectively.
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Figure 4. The simulated evolution of electron number for the SCLPFs with (a) flat alumina loaded and
(b) flat PTFE loaded.
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3. Simulation verification

3.1 The groove effect on the multipactor threshold

Then we investigate the suppression of multipactor by constructing groove structures on the
dielectric sheets. Along the transmission direction of the microwave, the alumina sheets are divided
into several cells by every 0.5 mm, a rectangular groove with sizes of 0.25 mm width and 0.2 mm
depth is created in each cell, as shown in Figure 5(a). Here, we define the ratio of the groove projected
area to the total cell area as the groove ratio, which can be expressed as d/w in Figure 5(c). According
to this definition, the groove ratio in Figure 5(a) is 50%. Similarly, grooves are also created on PTFE
sheets. Via the CST simulation, we discover that the groove structure is able to increase the electric
field since the grooves provide several right-angle structures, and further cause local enhancement
of the electric field due to the complex non-uniform structure. To make the process of multipactor
less affected by the variation of the electric field, here, we shorten the groove length to 7.6 mm and
left a 0.2 mm margin on two sides. Figures 5(b) and (d) show the shape of the grooves after modifi-
cation, and we see the groove ratio becomes 47.5%.
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Figure 5. The groove structures (a)with and (b)without margins on alumina substrates. Schematic
models of grooves (c)with and (d)without margins on dielectric substrates.

Figure 6 shows the simulation results of the electron number evolution when the grooved die-
lectric (alumina and PTFE) sheets are loaded in the SCLPFs. By analyzing the results, we get the
multipactor threshold of 240.23 W for the SCLPF with grooved alumina loaded, and 727 W for the
SCLPF with grooved PTFE loaded. Compared to the results in Figure 5, we conclude that the grooved
sheets are able to improve the multipactor threshold remarkably in spite of the material type.
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Figure 6. The simulated evolution of electron number for the SCLPFs with (a) grooved alumina loaded
and (b) grooved PTFE loaded.

3.2 The effect of groove number on the multipactor threshold

In this section, we employ the SCLPFs loaded with the alumina sheets to check how the groove
number affects the multipactor threshold. As shown in Figure 7, we set various groove numbers, 7,
on the loaded alumina sheets. The length of the grooves is 7.6 mm, the depth is 0.2 mm, and the
groove ratio in each cell is 47.5%.
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Figure 7. A series of grooves with different sizes on the alumina sheet, with the same groove depth
and groove density but different groove numbers.

The multipactor simulation results are shown in Figure 8. From Figure 8, we know that the mul-
tipactor threshold values of all the SCLPFs with grooved alumina sheets loaded show an obvious
improvement compared to the SCLPFs with flat alumina sheets loaded. Moreover, the multipactor
threshold increases as the groove number increases. Merely, when the groove number is greater than
10, the raised magnitude of the multipactor threshold declines as the groove number increases, show-
ing a quasi-saturation status. The threshold stays at around 250 W when the groove number reaches
20, in this case, further increasing the groove number no longer improves the multipactor threshold.
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Figure 8. The effect of groove number on the multipactor threshold of the alumina-loaded SCLPFs.

3.3 The effect of groove depth on the multipactor threshold

In this section, we employ the SCLPFs loaded with the PTFE sheets to check how the groove
depth affects the multipactor threshold. As mentioned above, we construct groove structures on the
surface of PTFE sheets, the groove number is 13, the groove length is 7.6 mm, and the groove width
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is 0.25 mm. Under the circumstances, we simulate the multipactor threshold of the PTFE-loaded
SCLPFs as the groove depth increases from 0.02 to 0.48 mm, the simulation results are shown in Fig-
ure 9. From Figure 9, we see that the multipactor threshold increases linearly as the groove depth
increases linearly when the groove depth is smaller than 0.45 mm. However, the threshold shows a
decline as the groove depth extends beyond 0.45 mm. In this case, the maximum of the multipactor
threshold is about 1150 W when the groove depth is 0.45 mm.
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Figure 9. The effect of groove depth on the multipactor threshold of the PTFE-loaded SCLPFs.

The simulation results of this section and the previous section indicate that the multipactor
threshold will be remarkably improved as the groove number or depth increases. Moreover, the mul-
tipactor threshold may reach a saturation status when the groove number or depth increases to a
certain value. The phenomenon can be explained as follows. For the SCLPFs loaded with flat dielec-
tric sheets, there are plenty of secondary electrons emitted from the surface after one incident event
during the process of multipactor. Whereas the emission of secondary electrons is changed after in-
troducing the groove structure on the dielectric surface, the groove plays the role of shelter to increase
the collision probability of the secondary electrons, and further prevent the emission of secondary
electrons, which weakens the risk of multipactor from the root.

To be specific, as shown in Figure 10, we discuss the circumstances of electrons impactor the
central position of the bottom of a 2D groove. In Figure 10, e#1, e#2 and e#3 are three secondary
electrons produced by the incident electron, and they are probable to be captured by the sidewall and
have less chance to participate in the process of multipactor discharge. In Figure 10, e#1 and e#2 are
captured by the sidewall, only e#3 can escape from the groove because its emission polar angle is
smaller than 6, which depends on the size ratio of d/2h. When the groove number or the groove depth
increase, d/2h will decrease and 0 will decrease accordingly. In this process, more electrons will im-
pact the sidewall, and the multipactor process can be weakened. As for the reason for saturation, we
can see that when the groove narrows linearly or the depth increases linearly, 0 will decrease and the
rate of decrease gradually slows down. Although the number of electrons captured by the sidewall
will also increase, the increase is very slow, and the suppression of multipactor tends to be saturated.
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Figure 10. Schematic model of the motion of secondary electrons excited by electrons incident on the
center in a 2D groove.

3.4 The effect of multiple factors on the multipactor threshold

Via the analysis in Section 3.1~3.3, it is obvious that the groove aspect ratio, the groove number,
and the groove depth do not affect the multipactor threshold independently. Therefore, we need to
focus on the combined effect of these factors on the multipactor threshold. Here, we arrange the sim-
ulations for the SCLPFs with the grooved PTFE sheets loaded. The simulation results are shown in
Table 1, with different groove numbers and aspect ratios, Figure 11 shows the contour map that de-
scribes the relationship among multipactor threshold, groove number, and aspect ratio. The groove
depth is 0.5 mm, and the groove number is set as 3, 7, 13, 20, and 26, as well as the aspect ratios vary
from 0.1 to 3.9. It ought to be mentioned here that a smaller groove number cannot achieve a large
aspect ratio since the small groove number implies a larger groove width, and it is also limited by the
groove depth of 0.5 mm. High aspect ratio grooves can only be achieved when the groove is narrow.

From Table 1 and Figure 11, we can obtain three conclusions. First, as the aspect ratio increases,
the multipactor threshold exceeds 1100 W except for the condition that the groove number equals 3.
Second, when the aspect ratio is constant, as the groove number increases, the multipactor threshold
decreases. Third, different aspect ratios and groove numbers may achieve similar effects in multi-
pactor mitigation. For example, the SCLPF possessing 7 grooves and 0.5 aspect ratio, has a similar
multipactor threshold to the SCLPF possessing 20 grooves with 1 aspect ratio.

Table 1. Simulated multipactor threshold (W) of the PTFE-loaded SCLPFs with various aspect ratios
and groove number.

Aspect ratio—

Grooves num- 0.1 0.2 0.4 0.5 0.8 1 1.6 3 3.5 3.9
ber |
3 4179 441.3 568.3
5 9 3
7 / 472.6 / 710.8 9609 1132.
4 9 1 79
13 / 425.7 / 5585 738.2 8515 1095.
6 8 5 3 24
20 / 415.6 / 509.3 628.8 718.7 984.3 1164.
1 7 8 2 0 04
2% 378.8 400.7 / 484.3 / / 955.0 / 1160. 1136.

9 7 6 6 10 66
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Figure 11. Contour map of the PTFE-loaded SCLPFs multipactor threshold, with aspect ratio and
groove number as coordinate axes.

Figure 11 reflects the influence of depth on the multipactor threshold and its saturation status.
According to Table 1, the SCLPF with 26 grooves, which can achieve a larger aspect ratio at the depth
of 0.5 mm, benefits more from a narrower groove compared with the SCLPF with 7 grooves. How-
ever, a larger aspect ratio did not significantly improve the saturation value. To be specific, keeping
the depth being 0.5 mm, then the saturation multipactor threshold of the SCLPF with 7 grooves and
1 aspect ratio is 1133 W, and that of the SCLPF with 26 grooves and 3.9 aspect ratio is 1137 W. The
former device achieves the same multipactor suppression effect as the latter one with fewer grooves
and a smaller aspect ratio. Furthermore, from Figure 11, it can be observed that the threshold satura-
tion appears when the groove aspect ratio exceeds 1.5, thereafter, the rise of the aspect ratio will not
result in a further increase for multipactor threshold.

Then we discuss the influence of groove number achieved for the loaded dielectric sheets on the
multipactor threshold of the SCLPFs. During the analysis, if we keep the aspect ratio constant, the
groove depth becomes shallower as the groove number increases. Figure 12 shows the two groove
structure with the same aspect ratio but different groove numbers. In this case, the electron number
colliding with the sidewall above the critical angle 0 (the triangular area below the dashed line) is the
same regardless of the number of grooves.
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Figure 12. Microstructures with the same aspect ratio and groove ratio but different numbers of

grooves.

Theoretically speaking, the same aspect ratio should have a consistent multipactor suppression
effect, but the simulation results shown in Table 1 do not support this prediction. Therefore, we need
to reconsider the significance of groove depth when we analyze the multipactor threshold. The details
of the grooved dielectric sheets filled in the SCLPFs are shown in Figure 13. As detailed drawing in
Figure 13, the gap of REGION #2 remains at 1 mm, while the gap between the grooves in REGION
#1, which is determined by the groove depth, increases greatly. The increase in the average gap can-
not be ignored. According to the Hatch-Williams constant k model[36], it can be known that an in-
crease in the gap means there will be more orders, which refers to the number of half cycles that the
electron moves from one plane to another. At the same time, the threshold voltage will be higher,
and the process of doubling is more difficult to establish, that is, the multipactor threshold is in-
creased. It also ought to be mentioned here that, in addition to suppressing discharge by blocking
electron path through the grooves, the passive increase in the gap between 47.5% of the areas is also
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an important reason for mitigating multipactor. Taking the aspect ratio of 0.5 as an example, when
the groove number increases from 7 to 26, the multipactor threshold decreases from 710 W to 480 W.
Correspondingly, the groove depth decreases from 0.23 mm to 0.0625 mm, that is, the gap distance
at the groove decreases from 1.46 mm to 1.125 mm. However, for situations with fewer grooves, this
rule may not apply. For example, the multipactor threshold of 3 grooves with an aspect ratio of 0.2 is
441.39 W, which is lower than that of 7 grooves, even though the former has a deeper depth. This
indicates that the effect of depth on multipactor is also regulated by the number of grooves under the
same aspect ratio.
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Figure 13. The symmetrical groove structure leads to an increase in the average spacing of the gap.
REGION #2 achieves a larger multipactor threshold compared to REGION #1.

Referring to the contour map shown in Figure 11, we know that the selection of the groove num-
ber and the aspect ratio is partly free to achieve the same effect on the multipactor threshold increase.
This gives us the freedom to choose different parameters for realizing the mitigation of multipactor.
For the multipactor induced by the electron avalanche between two metallic boundaries, the skin
effect at high-frequency microwaves concentrates the current on the metal surface, in this case, con-
structing deeper grooves to suppress the discharge induced by secondary electron avalanche will
affect the transmission performance of the devices. Under the circumstances, increasing the groove
number and reducing the groove depth is a better solution. There are similar selection problems for
the multipactor induced by the electron avalanche between two dielectric boundaries. On the other
hand, for microwave devices loaded with dielectrics, constructing grooves on the dielectric is a sub-
tractive processing method. The volume of the dielectric is reduced after subtractive processing, and
the dielectric loss is correspondingly reduced, resulting in a slight reduction in the insertion loss of
the device. Under the circumstances, intentionally increasing the subtractive volume within a suitable
range can bring benefits to the improvement of transmission performance, which is a good choice.
Therefore, suppressing multipactor through microstructures is a system engineering. Combining the
saturation status discussed in sections 3.2 and 3.3, the research on the saturation pattern has strong
engineering significance. This means that we should quickly estimate better cost-effectiveness of the
groove preparation scheme based on the saturation pattern and contour maps.

4. Conclusions

In this paper, we have designed an L-band SCLPF with dielectric sheets loaded for checking the
influence of surface microstructure on the multipactor threshold. The device possesses a 1 mm gap
at the middlemost position, in which the vertical RF electric field reaches the maximum, serving as
the multipactor sensitive region. Alumina and PTFE have been chosen as the loaded dielectric sheets
for partly filling the narrow gap, and a surface groove structure has been constructed to verify the
effect of microstructure on electron avalanche. The simulation work indicates that the transmission
characteristics of the SCLPFs are little affected by introducing groove structures on the dielectric sur-
face. The influence of groove depth, groove number, and aspect ratio on the multipactor threshold
has been discussed. The results show that constructing grooves is an effective method to improve the
multipactor threshold, and it is found that there is a saturation effect for the multipactor threshold as
the groove depth and aspect ratio increase. By analyzing the mechanism of the phenomenon, we find
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that the three feature parameters of the groove, namely, groove depth, groove number, and aspect
ratio, have a combined modulation effect on the multipactor threshold, and we summarize several
rules that further explain the saturation effect. The contour map we obtained has practical signifi-
cance for developing the surface microstructure to raise the multipactor threshold for microwave
devices, and the work makes engineering sense for improving the reliability of space microwave sys-
tems.
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