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Multipaction, caused by the secondary electron emission phenomenon, has been a challenge in space applications
due to the resulting degradation of system performance as well as the reduction in the service life of high power compo-
nents. In this paper we report a novel approach to realize an effective increase in the multipaction threshold by employing
micro-porous surfaces. Two micro-porous structures, i.e., a regular micro-porous array fabricated by photolithography pat-
tern processing and an irregular micro-porous array fabricated by a direct chemical etching technique, are proposed for
suppressing the secondary electron yield (SEY) and multipaction in components, and the benefits are validated both theo-
retically and experimentally. These surface processing technologies are compatible with the metal plating process, and offer
substantial flexibility and accuracy in topology design. The suppression effect is quantified for the first time through the
proper fitting of the surface morphology and the corresponding secondary emission properties. Insertion losses when using
these structures decrease dramatically compared with regular millimeter-scale structures on high power dielectric windows.
SEY tests on samples show that the maximum yield of Ag-plated samples is reduced from 2.17 to 1.58 for directly chem-
ical etched samples. Multipaction testing of actual C-band impedance transformers shows that the discharge thresholds
of the processed components increase from 2100 W to 5500 W for photolithography pattern processing and 7200 W for
direct chemical etching, respectively. Insertion losses increase from 0.13 dB to only 0.15 dB for both surface treatments in
the transmission band. The experimental results agree well with the simulation results, which offers great potential in the
quantitative anti-multipaction design of high power microwave components for space applications.
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1. Introduction
Multipaction discharge resulting from the continual in-

crease of secondary electrons due to the secondary electron
emission (SEE) phenomenon[1,2] is a fundamental and in-
fluential phenomenon in many significant applications such
as space thrusters, dusty plasma, high gradient accelerators,
laser-plasma accelerators, high power lasers, and high power
microwave (HPM) systems.[3–5] In recent years, with the wide
spread of high power microwave components in space appli-
cations, multipaction issues have attracted increasing attention
and have become an area of intense research.[6–8] Under par-
ticular field conditions involving frequency, field density, and
phase at high power levels in a vacuum, multipaction discharge
has become a bottle neck problem for spacecraft design,[9,10]

causing signal deterioration, power dissipation, device dam-
age, and even system failure. The secondary electron yield
(SEY) refers to the average number of emitted electrons per
incident primary electron, and is frequently used to character-
ize the SEE properties of a material. Owing to the volume and
weight limitations of space vehicles, multipaction suppression
remains a key challenge to payload system design.

One of the most effective means of suppressing SEY is
to select material with a low SEY, which is determined by the
crystalline structure and surface properties. Joy’s database,[11]

which includes SEY data for many materials, may be of great
assistance for selecting low SEY coating materials. However,
this suppression strategy is not always appropriate due to a
lack of stability and, in particular, extreme requirements that
may be imposed by the overall system performance in space.

In recent years, materials with artificial surface structures
have been proposed for suppressing the SEY. In 2008, Pivi
et al. verified that a grooved surface was effective for reduc-
ing the SEY over an energy range from tens of eV to several
thousands of eV.[12] Then, from 2009 to 2011, Chang et al.
investigated the feasibilities of employing periodic millimeter-
scale rectangular and triangular profiles on dielectrics for sup-
pressing the multipaction.[13,14] However, these surface struc-
tures may not be used in microwave components directly be-
cause the dimensions of the periodic structures are sufficiently
large to affect the field distribution within microwave compo-
nents, and thus causing large insertion losses. Based on our
previous work, micrometer-scaled rectangular and triangular
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porous structures have been proposed for suppressing the SEE
on metal samples, and the method was validated by the Monte
Carlo method.[15] However, a corresponding multipaction sup-
pression method for microwave components is still lacking.

In this paper, we report that the multipaction threshold of
actual components is increased using micro-porous surfaces
with a periodic cylindrical profile. Compared with rectan-
gular and triangular structures, the proposed profile shows a
better SEY suppression effect and offers feasible fabrication
on device surface. Photolithography processing and the di-
rect chemical etching technique are proposed for the surface
treatments, which are not only compatible with component
processing techniques, but also allows large size and uniform
processing. A quantitative relationship between the variations
of the SEY and the multipaction threshold for actual device is
established through electromagnetic particle-in-cell (EM-PIC)
simulation. The simulation and experimental results demon-
strate that the entire physical process can be simulated and the
suppression effect can be quantified, which offers great poten-
tial in the anti-multipaction design of high power microwave
components.

2. SEY suppression by micro-porous surfaces on
silver coatings

2.1. Theory model of the porous surface

Figure 1 illustrates the schematic model of the SEY sup-
pression method using a micro-porous surface. The regular
and non-regular structures artificially constructed on the metal
surface are approximated by cylindrical wells and are defined
by three primary parameters, e.g., the well radius R, the well
depth H, and the distance between adjacent wells D. The fig-
ure indicates that the electron trajectory in a single well is bent
and multi-generation electrons can be absorbed by the well.

R

H
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Fig. 1. A schematic diagram of the SEY suppression method using a
micro-porous surface characterized by a cylinder of height H and ra-
dius R.

When the radius of the well R is far smaller than the wave-
length of the propagating wave λ , i.e., R� λ , the electron uni-
formly moves to the wall of the well while the electromagnetic

wave can be neglected in the well. Based on the Monte Carlo
method and a phenomenological statistical model of the SEY,
electron trajectories can be tracked, and the emission proba-
bility from the well can be calculated. Then, the SEY of the
well is calculated and defined as δw. Combined with the SEY
of the flat surface, δf, the SEY of the micro-porous surface is
given by

δtotal = Pδw +(1−P)δf, (1)

where P is the average distribution probability of the pores,
which can be defined by the ratio between the porous surface
area and the total surface area.

Through the Monte Carlo simulation with the cylinder
well model of certain height and radius,[15] the SEY accord-
ing to different incident energies and angles are recorded. The
actual maximum yield δmax0 of the porous cylindrical surface
is fitted by the function

δmax0 = δf −0.5δfP+0.4885P ·
{

cos
[
tan−1 (4.585AR)

]
+ cos

[
tan−1 (1.414AR)

]}
, (2)

where AR is the height-to-width ratio of the cylinder well and
is given as AR = H/2R.

Thus, micro-porous structures can be designed to obtain
a maximum decrease of the SEY as shown in Fig. 2.
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Fig. 2. Variations of maximum yield of porous surfaces with porosity P
and height-to-width ratios AR.

It can be concluded from Fig. 2 that the deeper and denser
the pores, the smaller the maximum SEY is. Correspondingly,
these pores on the surface are likely to suppress multipaction
in microwave components due to the correlation between SEY
and multipaction. Artificial structure such as the grooved sur-
face is no longer applicable for microwave components due to
the change of the electric performance. Furthermore, the in-
crease of insertion loss due to the roughening of the surface is
another challenge that should be suppressed for practical com-
ponents.

At first, micro-cylindrical structures scaled from nanome-
ter to micrometer on the metal surfaces are proposed for multi-
paction suppression when applying a field with the wavelength
of centimeter scale ( f = 300 MHz∼ 30 GHz). The secondary

068401-2



Chin. Phys. B Vol. 25, No. 6 (2016) 068401

electrons are efficiently trapped in the well and it is conjec-
tured that the insertion loss of the component increases little
while R < 0.0001λ . For the approximation calculation of the
loss due to the micro-structures, a resonant cavity is utilized
and its quality factor, Q0, is measured. Replacing the top plate
with one of a porous surface, the surface impedance is calcu-
lated from

Rs =
Rs0

K

(
Q0

Q1
−1+K

)
, (3)

where Rs0 is the surface impedance, K the dimension factor of
the cavity, Q0 the quality factor of the initial resonant cavity,
Q1 is the quality factor of the cavity with the porous top plate
and Rs is the approximate surface impedance of the metal with
porous surface.

Moreover, the photolithography pattern method and the
directly chemical etching method are proposed for the surface
treatment. The dielectric loss caused by plating dielectric foam
on the metal is avoided.

2.2. Design and fabrication of the porous surface

Regular and irregular micro-porous surfaces are fabri-
cated on Ag-plated aluminum samples for validating the SEY
suppression method. The regular surfaces are realized with a
predefined shape using a traditional photolithography pattern
process, and the direct chemical etching method is used for
realizing the irregular micro-porous surfaces.[15]

All Ag-plated samples are initially ultrasonically cleaned
to remove dust and contamination. Figure 3 shows scan-
ning electron microscopy (SEM) images of three different
types of samples, i.e., the original flat Ag-coated sample, the
photolithography pattern processed sample, and the directly
chemical etched samples. A group of samples with irregular
micro-pore arrays using ferric nitrate (Tianjin Yongsheng Fine
Chemical Co., Tianjin, China, analytical reagents) in an aque-
ous solution with a mass fraction of 20% for tens of seconds at
50 ◦C and another group of samples with regular micro-pore
arrays using traditional photolithography are fabricated. The
parameters characterizing the physical micro-structures of the
pores are measured and recorded in Tables 1 and 2.

(a) (b) (c)

Fig. 3. SEM images of samples with different surface treatments: (a) Ag-coated; (b) photolithography patterned; (c) directly chemical etched.

Table 1. SEY of samples under different conditions of photolithography pattern.

Samples AR P Calculated δmax Measured δmax Rs/mΩ

25-s etching 0.30 45% 1.56 1.56 69.3
35-s etching 0.36 57% 1.52 1.38 139.5
45-s etching 0.36 44% 1.53 1.47 104.7
50-s etching 0.44 26% 1.55 1.65 83.6

Table 2. SEY of samples under different etching conditions.

Samples AR P Calculated (δmax/E1)/eV Measured (δmax/E1)/eV Rs/mΩ

5-s etching 0.75 83% 1.30 / 137 1.37 / 137 105.1
10-s etching 0.93 94% 1.20 / 167 1.20 / 200 114.3
20-s etching 1.17 93% 1.13 / 193 1.25 / 160 159.2
40-s etching 1.38 83% 1.15 / 187 1.17 / 200 112.4
60-s etching 1.34 80% 1.17 / 177 1.34 / 150 110.8

Correspondingly, it is reasonable to obtain the following
conclusions:

(i) The dimensions of the height and width of the pores
are preferably designed to be in a range from 100 nm to sev-
eral tens of micrometers, and the porosity is between 50% and
80%.

(ii) The height-to-width ratio is bigger, the SEY suppres-
sion effect is better.

Using theoretical analysis and calculation, the micro-
structures on the metal surface can be ‘designed’ to suppress
the secondary electron emission phenomenon and the suppres-
sion effect is quantified for the first time.
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It should be noted that the plating thickness of silver is
10 µm which is thick enough to guarantee that the aluminum
base is not naked after the surface treatment processing.

2.3. SEY and multipaction suppression in practical com-
ponents

Fabrication of a porous surface on the practical compo-
nents brought a new challenge to the surface treatment tech-
nology compared with that on the samples. Corners, steps,
bent and wedged waveguides made it difficult to construct a
uniform porous surface with a predesigned size. In addition,
the large physical sizes of practical components exacerbate
the problem. To solve these problems, some practical efforts
have been made. On the one hand, the spin processor (Chemat
Technology, Spin Master 100) burdened larger load is utilized
for the photolithography patterned processing and the etching
method is optimized. On the other hand, the electromagnetic
analysis is performed on the components to find the sensitive
area where the field density is strongest and multipaction is
most likely to occur.

Parameter optimization shows that larger P and AR lead
to a better SEY suppression effect. To obtain a compromise
between processing limitations and parameter optimization in
practice, samples with diameters of about 20 µm and depths of
about 8 µm were chosen for multipaction suppression in metal
components.

The total SEY consists of two different populations: the
true secondary electrons and the backscattered secondary elec-
trons. We measure the SEY using the conventional sample-
current method.[16] The SEY measurement is conducted by
the apparatus shown in Fig. 4. The measurement apparatus is
comprised of three major systems: ultra-high vacuum cham-
ber, test system, and data processing system.[16,17] The test
system is composed of a low energy electron gun, sample plat-
form, and pico-ammeter. The electron gun is a thermionic
electron gun, which is integrated in the electron spectrometer
(DESA150, Staib Instruments, Germany).

The SEY test results of witness samples of practical com-
ponents are shown in Fig. 5. The largest feasibly obtain-
able porosity on the components is about 57%. It can be
seen that the curves of the photolithography patterned and di-
rectly chemical etched sample surfaces demonstrate a good
SEY suppression effect over the entire energy range consid-
ered. The directly chemical etched sample achieves the small-
est SEY. This type of micro-structured surface and etching
method can be extended to the SEY suppressions of other
metals. Thus, the micro-porous surface offers an alternative
approach to SEY suppression in relevant areas such as multi-
paction effects in satellite payloads and electron cloud effects
in accelerators.
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Fig. 4. (color online) Configuration of the SEY measurement platform, 1:
analysis chamber; 2: loading chamber; 3: sample plate entry; 4: sample
transfer plate; 5: rack and pinion transfer mechanism; 6: sample plate travel;
7: four-dimensional manipulator; 8: ion gun; 9: electrostatic energy ana-
lyzer; 10: electron gun; 11: residual gas analyzer; 12: gate valve; 13: ion
pump and Ti sublimation pump; 14: molecule pump and mechanical pump.
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Fig. 5. (color online) The SEY characteristics of three different types
of surfaces on practical components.

3. Simulation and experimental validation of
multipaction suppression

In our previous work, we proposed a self-consistent EM-
PIC algorithm for multipaction simulation and analysis.[18,19]

Compared with analytical methods[20,21] or other simulation
tools[22–25] such as the multipactor calculator by the European
Space Agency (ESA),[20] our method of analyzing the multi-
paction threshold demonstrates a remarkable advantage. The
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three-dimensional electron and the field dynamics of multi-
paction can be repeated, and the threshold is predicted by us-
ing the EM-PIC method.

3.1. SEY curve fit for multipaction simulation

Based on the theoretical analysis, the physical dimensions
of micro-pores on the surface are designed to realize the opti-
mal suppression effect of SEY in practical components. How-
ever, the calculated SEE parameters are not accurate enough
for the multipaction simulation nor for threshold analysis nei-
ther. Thus, combining with the practical SEY properties of
material with concrete morphology,[26,27] a quantitative rela-
tionship between the surface treatment and discharge thresh-
old is determined and simulated through the EM-PIC method.

The analytical model established by Li et al.[18] is used
for curve fitting of the SEY results obtained in our simulation
and analysis method. As shown in Fig. 6, the parameters of
the mathematical model, including δmax0, Emax0, and E1 can
be extracted from the measured data.
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Fig. 6. Typical SEY curve of a metallic material.

The values of δmax0, Emax0, and E1 for the silver-plated
sample, photolithography pattern processed sample, and di-
rectly chemical etched sample are fitted with the results listed
in Table 3. According to the previous research, the lower
δmax0 as well as higher Emax0 and E1, the multipactor thresh-
old would become higher, while the exact threshold depends
on the structure of the microwave component and electromag-

netic frequency. Therefore, as shown in Table 3, both the pho-
tolithography processing method and direct chemical etching
method can suppress multipaction. The SEY can be obtained
for an arbitrary incident angle through interpolation, and the
fitting model is used for the multipaction simulation.

Table 3. SEY parameters of three samples.

Surface treatment method δ max0 Emax0/eV E1/eV

Silver plating 2.17 285 29.76
Photolithography processing 1.70 380 35.36

Direct chemical etching 1.58 450 37.17

3.2. Simulation and experimental validation

As shown in Fig. 7, a C-band impedance transformer is
used to validate the effectiveness of suppressing the SEY by
micro-porous surface treatment and the improvement of the
multipaction threshold. The base material is Ag coated alu-
minum alloy. A three-dimensional and self-consistent numer-
ical simulation method of the multipactor effect in an arbi-
trary microwave passive component is adopted for threshold
analysis.[18,19] The multipaction thresholds of the transformer
obtained through simulations and experimental investigation
are listed in Table 4.

Figures 8 and 9 show the patterned transformers using
photolithography processing and direct chemical etching, re-
spectively. Among the three different types of surface, the
directly chemically etched sample surface demonstrate the
smallest yield and the highest threshold. Compared with
for the Ag-plated component, the value of δmax0 for the di-
rectly chemical etched sample is reduced from 2.17 to 1.58,
and the threshold power Pthreshold increases from 2100 W to
7200 W. In addition the value of Emax0 increases from 285 eV
to 450 eV. The simulation results and experimental results both
show that micro-porous surfaces can effectively increase the
multipaction threshold of microwave components. The mul-
tipaction thresholds of microwave components using regular
and irregular micro-porous surfaces are about 4.18 dB and
5.35 dB higher than those using the Ag-plated surface, respec-
tively.
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Fig. 7. (color online) Three-dimensional models of the impedance transformer: (a) dimensions and (b) geometry.
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In addition, the insertion loss of the processed compo-
nent increases from 0.13 dB to only 0.15 dB in the transmis-
sion band. It can therefore be reasonably conjectured that the
pore size is sufficiently small compared with the electrical di-
mensions of the components, and it is effectively ignored by
the electromagnetic radiation. While the macro-periodic struc-
tures for plasma discharge suppression in dielectric windows
are not feasible for microwave components due to the result-
ing dielectric and power losses, these two surface treatment
methods show great potential in anti-multipaction design in
the space industry.

(a) (b)

Fig. 8. (color online) Photographs of the photolithography patterned
impedance transformer: (a) component and (b) witness sample.

(a) (b)

Fig. 9. (color online) Photographs of the directly chemically etched
impedance transformer: (a) component and (b) witness sample.

Table 4. Multipaction thresholds of a C-band impedance transformer.

Surface treatment Measured Simulation Insertion
method threshold/W threshold/W loss/dB

Silver plating 2100 2219 0.13
Photolithography processing 5500 5625 0.15

Direct chemical etching 7200 7375 0.15

4. Conclusions
In this work, we develop a strategy for suppressing the

multipactor effect using the textured surface of a micro-porous
Ag coating. The practical secondary electron emission proper-
ties of samples with different surface treatments are tested in
a newly-established ultra-high-vacuum system, and the data
are properly fitted for multipaction simulation. A quanti-
tative relationship between the cylindrical structure and the
multipaction threshold of the actual component is established
through in-situ SEY testing and curve fitting using an EM-PIC
simulation method. The simulation and experimental results
of a C-band impedance transformer verify that the maximum
secondary electron yield can be reduced from 2.17 to 1.58 and

the discharge threshold increases from 2100 W to 7200 W.
The results demonstrate that these two porous surface pattern-
ing methods are not only compatible with the cladding mate-
rial of practical components, but also represents an advantage
in industrial application because of the effect on the insertion
loss. The present study establishes the micro-porous surface
as a prospective approach to anti-multipaction design in high
power transceiver systems, and also offers great potential in
multipaction suppression in related fields.
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