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Abstract 
Low energy electrons of few tens of eV may cause Mul-

tipactor breakdowns in waveguides driven by the Second-
ary Electron Emission Yield (SEY) of the walls. This risk 
is lowered by using low emissive surfaces and this topic 
has been studied experimentally and with numerical simu-
lations. The dependence of the SEY on surface properties 
is well known. Surface morphology has been widely used 
to reduce the SEY by forming roughness patterns on the 
surface. All patterns do not have the same efficiency so 
their analysis in term of SEY is relevant. Monte-Carlo sim-
ulation codes can be used to study the processes behind the 
SEY. The MicroElec module of GEANT4 has recently 
been extended with more materials and processes, and val-
idated with experimental data for SEY calculations. In this 
work, simulation results are shown for a bulk sample 
capped with different roughness patterns. The effects of the 
shape parameters on the SEY are studied for typical dimen-
sions between 20 µm and 100 µm. The results are checked 
with experimental SEY measurements on samples with 
similar roughness patterns. 

INTRODUCTION 
Many devices, including satellite radio-frequency com-

ponents (such as microwave wave guides) [1], fusion reac-
tors and particle accelerators [2], operate under RF electric 
fields which can have an influence on the charged particles 
inside the device. In particular, low energy electrons be-
tween a few tens and a few hundred of eVs may cause an 
electronic avalanche enabled by the ambient RF field, 
which is also known as the Multipactor effect. The thresh-
old for the Multipactor effect heavily depends on the sec-
ondary electron emission yield (SEY) of the walls of the 
device [3]. Indeed, if the SEY is greater than 1, the number 
of electrons extracted from the walls of the device is greater 
than the number of incident electrons, which can lead to 
the buildup of an electron cloud in the device. If the for-
mation of the electron clouds is synchronized with the elec-
tric field frequency, a resonance phenomenon may amplify 
the production of electron clouds, which can lead to the 
Multipactor discharge. These discharges can disrupt the 
transmitted signal, and in extreme cases the walls can get 
physically damaged. 

Consequently, to prevent the formation of electron 
clouds and the Multipactor effect, the SEY of the walls of 
the device should be as low as possible. However, many 

materials used in space applications generally have a SEY 
greater than 1 for incident energies between 100 eV and 
1 to 2 keV. These incident electrons have such energies that 
their penetration range is of the order of some nanome-
ters [4]. Moreover, the secondary electrons escaping from 
the material are generally considered to have energies be-
low 50 eV. As a result, the SEY is heavily dependent on the 
surface state of the material, such as surface contamination 
or roughness.  

In many fields, materials with a specific surface state or 
roughness are developed to mitigate the SEY effects. A 
widely used option is to engineer a specific surface rough-
ness pattern which can trap the secondary electrons emitted 
by the surface [5-11]. Indeed, the electrons emitted from 
the bottom of the roughness asperities may hit the side 
walls and get recollected, thus reducing the SEY. However, 
the presence of roughness may induce an opposing effect, 
as the incidence angle of the primary beam can get signifi-
cantly increased if they hit the side walls of the roughness 
patterns for instance. Some authors have proposed differ-
ent means of creating specific roughness patterns, for in-
stance chemically or by laser engraving. The work shown 
in this paper is in line with this approach. We propose to 
study the influence of multiple roughness patterns on the 
SEY in the region of interest for multipactor (SEY >1) by 
the use of a 3D Monte-Carlo simulation [12]. A validation 
is proposed by comparing the Monte-Carlo simulation and 
experimental data obtained on similar roughness patterns. 

MONTE CARLO CODE FOR SEY 
SIMULATION 

The simulation of the SEY of materials under electron 
irradiation is heavily dependent on the transportation of 
low energy electrons through and out of the target material. 
Indeed, the condition of occurrence of the multipactor dis-
charge (SEY > 1) is generally met for electrons between 
100 eV and 1 keV depending on the material. Moreover, 
most secondary electrons generated inside the material by 
the primary beam have energies of a few tens of eVs. The 
crossing of the surface by these very low energy electrons 
needs to be accurately modeled in order to not over-esti-
mate the emission rate. Finally, the interactions with 
weakly bound electrons and plasmons need to be taken into 
account in particular, as these will be the main source of 
secondary electrons and induce energy losses of a couple 
tens of eVs. Consequently, a very precise description of the 
transportation of low energy electrons is needed to get ac-
curate SEY computations from Monte-Carlo simulations. 
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We have developed for some years the Monte-Carlo sim-
ulation tool MicroElec [12-15], focused on the transporta-
tion of low energy electrons for microdosimetry and SEY 
applications, under electron, proton and heavy ion irradia-
tion. The latest developments of the MicroElec module  are 
expected to be available in the june 2021 version of the 
GEANT4 toolkit for radiation-matter interaction simula-
tion. In MicroElec, the inelastic interaction is modeled by 
the dielectric function theory, and the elastic interaction by 
the partial wave method. In particular, the simulation of 
low energy electrons in MicroElec has been validated with 
experimental SEY data. The SEY can thus be computed for 
13 materials, including 11 monoatomic materials (C, Be, 
Al, Si, Ti, Ni, Fe, Cu, Ge, Ag, W) and 2 insulators (Kapton 
and SiO2). All details can be found in refs [12-15]. 

In this work, MicroElec has been used to compute the 
SEY under electron irradiation, for incident energies be-
tween 0 and 2 keV on a semi-infinite silver sample capped 
with different roughness patterns. 10000 electrons with a 
normal incidence are simulated for each energy. 

EFFECT OF ROUGHNESS PATTERNS 
ON THE SEY  

Several roughness patterns can be used to reduce the 
SEY, such as rectangular and triangular grooves [5, 11], 
rectangular or trapezoidal checkerboard patterns [7, 8], or 
sawtooth grooves [6]. The presence of these patterns on a 
surface will limit the propagation of the secondary elec-
trons emitted from the bottom of the structures, as the elec-
trons can hit the side walls and penetrate in the material. 
The TEEY can thus be reduced by purely geometrical ef-
fects, which means that the relative reduction of the TEEY 
for a specific pattern of roughness can be expected to be 
similar for different materials. We can consequently com-
pare the efficiency of different patterns on a single material 
and see which patterns produce the most beneficiary ef-
fects. 

Previous simulations with our Monte-Carlo code [8] 
showed that rectangular grooved patterns were less effi-
cient regarding EEY reduction. This is to be expected since 
rectangular grooves only limit the propagation of second-
ary electrons in one direction, whereas checkerboard pat-
terns include cavities analogous to a porous surface, which 
can trap the secondary electrons. Triangular grooves may 
also be more efficient than rectangular grooves, as the val-
leys between the structures may be narrower. This work fo-
cuses on sawtooth and checkerboard patterns, made of reg-
ularly spaced rectangular and trapezoidal structures. These 
can be described using the parameters found on 
Figs. 1 and 2. 

 
 
 
 
 

 
 

 
Figure 1: 2D Side view and top view of a trapezoidal 
checkerboard pattern. 

 

 

 
Figure 2: 2D Side view of a sawtooth groove pattern. 

 

A checkerboard pattern is characterized by its base 
length L, upper length l, height h, the inter-structure dis-
tance d between two mounts, the openness of the recollec-
tion valleys α, and the periodicity L+d. In the case of a rec-
tangular checkerboard, L = l and α = 0°. The sawtooth pat-
tern is also characterized by its base length L, height h and 
openness α. 

Figure 3 shows simulation results of the reduction of the 
TEEY of silver induced by sawtooth grooves, and rectan-
gular and trapezoidal checkerboard patterns of the same 
height (h = 100 µm) and base length (L = 80 µm). The trap-
ezoidal checkerboards have an upper base length of 
l = 40 µm, their efficiency depends on the inter-structure 
distance. With no inter-structure distance, as in the case of 
the sawtooth pattern, the trapezoidal checkerboard (a) is 
the most effective and more efficient than the rectangular 
checkerboard and sawtooth grooves. However, for the trap-
ezoidal checkerboard (b) with the same inter-structure dis-
tance as the rectangular checkerboard (d = 80 µm), the lat-
ter is more efficient. Indeed, at equal inter-structure dis-
tances, the straight walls provide better recollection as 
there are no tilted surfaces with a high incidence angle.  
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Figure 3: Comparison of roughness patterns with 
height = 100 µm and base length L = 80 µm. 

 

The sawtooth pattern’s efficiency is in between the two 
checkerboard patterns, and provides less TEEY reduction 
than the trapezoidal checkerboard (a). Indeed, for equal 
base lengths, the openness angle α of the recollection val-
leys will be smaller for the trapezoidal checkerboard than 
for the sawtooth pattern, which means better recollection. 
To get an equivalent α for the triangular grooves and saw-
tooth patterns, their base length and periodicity has to be 
reduced compared to the trapezoidal checkerboard, which 
increases TEEY reduction, as seen on Fig. 4. 

  
 

  
Figure 4: Comparison of roughness patterns with equal 
openness, height = 60 µm, no inter-structure distance. 

 
 
Taller structures have also already been shown to be 

more efficient. Consequently, the periodicity, openness 
angle and height of the structures are the main parameters 
which can modify the resulting TEEY of the roughness 
pattern. 

 

COMPARISON WITH 
EXPERIMENTAL DATA 

Three samples of a checkerboard structured surface of 
Ag with structure heights of 20, 40 and 60 µm have been 
irradiated in the DEESSE facility at ONERA [1, 16] by a 
normal incidence electron beam. These samples can be 
used as a validation for our simulations. These can be com-
pared to simulations of trapezoidal checkerboard patterns, 
with simulated dimensions of L = 50 µm, l = 20 µm, 
d = 30 µm and h = 20, 40 and 60 µm, as shown on Fig. 5. 

Due to surface contamination on each experimental sam-
ple, a scale factor between 1.5 and 1.7 has to be applied to 
each simulated TEEY. In this case, the experimental and 
simulated SEYs are in satisfying agreement as they follow 
a similar evolution according to the structures’ heights. We 
can consider that the Monte-Carlo code is able to faithfully 
simulate the recollection of secondary electrons due to ge-
ometrical effects. 

 

 
Figure 5: Comparison between experimental data (EXP) 
and simulated (M-C) TEEYs. 

 
Although the work shown here focuses on the compari-

son between different roughness patterns using similar di-
mensions, each type of pattern may have a different effi-
ciency depending on the dimensions used. Indeed, as men-
tioned in the introduction, two opposing effects can happen 
in the case of rough surfaces. The recollection effect in-
duced by the valleys has been the focus of this work, but 
other dimensions with smaller heights and pointier struc-
tures may be used to increase the SEY by increasing the 
mean incidence angle of the electrons on the surface. In-
deed, in the aforementioned example, the electrons are 
more susceptible to hit a tilted side wall with a high inci-
dence angle, inducing a higher SEY. Consequently, the pre-
sent work has been extended with a more in depth study of 
the influence of each geometrical parameter, which should 
be published in the near future. 
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