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Based on the rough surface topography with fractal parameters and the Monte—Carlo simulation method for secondary
electron emission properties, we analyze the secondary electron yield (SEY) of a metal with rough surface topography. The
results show that when the characteristic length scale of the surface, G, is larger than 1 x 1077, the surface roughness
increases with the increasing fractal dimension D. When the surface roughness becomes larger, it is difficult for entered
electrons to escape surface. As a result, more electrons are collected and then SEY decreases. When G is less than 1 x 1077,
the effect of the surface topography can be ignored, and the SEY almost has no change as the dimension D increases. Then,
the multipactor thresholds of a C-band rectangular impedance transfer and an ultrahigh-frequency-band coaxial impedance
transfer are predicted by the relationship between the SEY and the fractal parameters. It is verified that for practical
microwave devices, the larger the parameter G is, the higher the multipactor threshold is. Also, the larger the value of D,

the higher the multipactor threshold.

Keywords: secondary electron emission yield, the fractal method, multipactor

PACS: 79.20.Hx, 05.45.Df, 52.80.Pi

1. Introduction

Secondary electron emission (SEE) is a phenomenon that
when an energetic electron is incident on a solid surface,
a considerable number of secondary electrons may be pro-
duced. It is found and investigated in various fields such as
multipactor“‘SJ effect in microwave devices, dielectric win-
dow breakdown in high-power microwave sources, and the
electron cloud effect in accelerators. Secondary electron yield
(SEY),®101 which refers to the average emitted secondary
electrons per incident primary electron, is frequently used to
characterize SEE properties of materials.

As is known, almost all of the material surfaces are found
to be rough in nature. It is generally accepted that SEY is
heavily influenced by surface topography of materials. So
far, there have been many studies on surface characteristics
and SEY. Vaughan!'!! developed an analytic model consider-
ing only the surface roughness for the relationship between
the SEY and surface topography with a smoothness factor.
The empirical formula considers only the surface roughness
for the relationship between the SEY and surface topography.
Nishimura et al.!'>13] investigated the effects of a rippled sur-
face structure on SEY properties by Monte—Carlo simulation.
Pivi et al."*! reported a method that reduces SEY by enhanc-
ing surface roughness via constructing rectangular grooves on

1.05-181 proposed to suppress

surface of metals. Chang et a
multipactor on high-power-microwave windows by applying

regular periodic triangular structures, sawtooth structures, and
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grooved structures on material surface. Ye et al.['%29 stud-
ied the method to suppress SEY of surface for metal materials
by designing regular micro-porous array structures. Cao and
Zhang et al.”!! developed a multigeneration model to examine

122] 3150 exam-

SEY properties of rough surfaces. Zhang et al.
ined the effects of rough surface topography on SEY from a
metal surface by considering both the surface roughness and
the fluctuation correlation length.

Unlike the case of material surface with regular struc-
tures, SEY properties of the material surface with complicated
rough surface topography are not enough to be revealed us-
ing only roughness because SEY of a rough surface exceeds
that of a smooth one in our research of theoretical analysis and
experiment. This is in contradiction with the suppression ef-
fect of a rough surface, because it is generally thought that a
large surface roughness can lead to a low SEY. Therefore, it
is inaccurate to reveal SEY properties by only using rough-
ness. In addition, roughness of surface topography depends
strongly on resolution of roughness-measurement instrument,
and hence the value of roughness will be not unique for a sur-
face when different measure instruments are used. As a result,
the predictions of SEY based on this parameter may not be
unique to a surface. Fortunately, the fractal method!>3-2%! is
scale-independent and the fractal characterization of surface is
independent of resolution of the roughness-measurement in-
strument. Consequently, if the multipactor threshold of a mi-
crowave device is predicted with the SEY which is based on
fractal parameters, the value of prediction will be unique once
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the fractal parameters of the rough surface are fixed.

In this paper, the relationship between surface topogra-
phy and SEY is analyzed with the fractal method. The pa-
per is organized as follows. In Section 2, the surface model
based on the fractal method is described. In Section 3, ef-
fects of the fractal parameters on SEY are analyzed using the
Monte—Carlo simulation method.?”! In Section 4, based on
the relationship between the SEY and the fractal parameters,
the multipactor thresholds of microwave devices are predicted.
The bridge between the multipactor threshold and the fractal
parameters is built. Finally, some conclusions are summarized

in Section 5.

2. Surface model based on the fractal method

Surface topography of a material is of high importance in
the response of SEY properties. In order to find out the re-
lationship between surface topography and SEY properties, it
is necessary to characterize the surface topography accurately.
Generally, experimental techniques are used to quantify the
surface parameters for surface topography. Roughness is usu-
ally used to describe surface topography. However, roughness
parameter depends strongly on resolution of measurement in-
strument and hence the value of roughness parameter will be
not unique for a surface. Fortunately, the fractal method has
the advantage that the surface modeling is size-independent
and there is no dependence on the experimental data acquisi-

tion process.

(b)

Fig. 1. Surface topography of the aluminum sample at different length
scales measured by AFM: (a) 10 pm x 10 pm measured by AFM, (b)
1 pum x1 pm measured by AFM.
In practical engineering, there are many man-made sur-
faces such as machined surfaces and wearing surfaces. These
surface topographies usually appear to be random, multiscale,

and disorderd. Figures 1(a) and 1(b) show the surface topogra-
phy of a practical microwave device measured with an atomic
These
man-made surfaces can be represented over at least part of

force microscope (AFM) at different length scales.

their structural range as self-affine fractal, and have the char-
acteristic of fractal. Therefore, the fractal method has been
used as a useful tool in characterization of machined surface
topography.

The fractal surface model is proposed by Majumdar
and Bhushan based on the Weierstrass—Mandelbort (WM)
function.[>*! Based on the two-variable WM function, Yan and
Komvopoulos developed a three-dimensional function to rep-

resent rough surface. The expression is given by

1/2 M nmax

2(xy) = L(G/L)P? (mMy> Yoy o

m=1n=0

2 2\1/2
X {COS¢m7n_COS |:27tyn('xl:’_y)

X COS (tan_l(y/x)f%n> +¢m,n:| }, (1

where the parameter D (2 < D < 3) is the fractal dimension im-
plying space-filling capacity of the surface, and the parameter
G means the characteristic length scale of the surface; x and
y are the planar Cartesian coordinates, z is the surface point
of height, M denotes the number of superposed ridges used to
construct the surface, ¢, ,, means the random phase in the in-
terval [0, 27]; and n denotes the frequency index. The upper
limit of n is given by

log(L/L
Amax= int [Og(/‘)] , 2)
logy
where int[- - -] denotes the maximum integer value of the num-

ber in the brackets. L is the sample length and L is the cut-off
length. In most cases, ¥ = 1.5 is found to be a suitable value
for high spectral density and for phase randomization.

In order to elucidate the significance of the fractal pa-
rameters on surface topography, the three-dimensional fractal
surfaces which are obtained from formulas (1) are shown in
Fig. 2. The simulated results of fractal surfaces with differ-
ent fractal parameters are shown in Figs. 2(a)-2(d), and the
simulated areas are all 10 umx 10 um. Comparison of these
topographies indicates that, for the fixed simulated parameter
D, the smaller the parameter G is, the smoother the surface
is. When the parameter G is fixed at a large value such as
1 x 1075, the smaller the parameter D is, the smoother the sur-
face is, whereas the larger the parameter D is, the smoother the
surface is when the parameter G is fixed at a small value such
as 1 x 10711,

017901-2
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Fig. 2. Simulated three-dimensional fractal surfaces: (a) D =22, G=1x107;(b) D=27,G=1x107;(c) D=2.2,G=1x10"""; (d)

D=27,G=1x10"1,

According to Ref. [23], it is important to note that there
is a bridge to build the roughness parameter and the fractal pa-
rameters. The relationship between the roughness o and the

fractal parameters D and G can be written as

GZ(Dfl) 1 1 1 1/2
2Iny (4—2D) wl(4—zo)‘ o) C)

where @ is the lowest frequency which is related to the length

of the sample, and @y, is the highest frequency which depends

on the resolution of the measurement instrument.
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Fig. 3. The relationship between roughness and the fractal parameters:
(a) the roughness versus D for fixed G, (b) roughness versus G for fixed
D.

Figure 3 depicts the relationship between roughness and

the fractal parameters by the numerical method with Eq. (3).

From Fig. 3(a), it can be seen that the roughness of surface to-
pography increases with the parameter D when the parameter
G is larger than 1 x 1077, while the roughness of surface to-
pography decreases with the parameter D when the parameter
G is less than 1 x 107, The results of these curves show that
only one single roughness parameter is not enough to describe
the surface characterization accurately for a roughness surface
topography. The fractal parameters D and G can be used to
describe the surface characterization more accurate due to the
fractal method. Figure 3(b) shows that the roughness of sur-
face topography decreases with the parameter G decreasing,
due to the fact that the smaller the parameter G is, the smoother
the surface is. The performance is in agreement with Fig. 2.

As is known, the perfect smooth surface does not exist. In
actual engineering, all the surfaces have roughness. It is worth
noticing that the surface roughness is almost always greater
than 0.1 pm in practical microwave devices. From Figs. 3(a)
and 3(b), it can be seen that when the surface roughness is
larger than 0.1 pum, the parameter G is greater than 1 x 10~/
and the parameter D is larger than 2.1. That is to say, when
the surfaces topography of the practical microwave devices are
characterized by the fractal method, the parameters G and D
should be larger than 1 x 10~7 and 2.1, respectively.

3. Simulation of SEY based on fractal surface

According to Section 2, the metal surfaces with random
rough topography are constructed using formulas (1) with dif-
ferent fractal parameters D and G. Then the effects of the
fractal parameters on SEE properties from a metal surface can
be obtained using the Monte—Carlo simulation method. The

schematic of SEE on random rough surface is shown in Fig. 4.

017901-3
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In the simulation, these random rough surfaces are divided into
many small rectangular grids with the same size in the plane.
These grids have different height values due to the random
characters of these surfaces. Figure 5 displays the schematic
diagram of a single rectangular grid. According to the data of
these grid points, the information of any point in the grid can
be obtained using the two-dimensional interpolation method.
The height of the point in the grid can be expressed as
Zi+1,j+1_zi,j+1x <i,j—Zi, j+1
b
I Zit1,jFZi j+ 12 j—Zi+1,j+1 Xy, )
ab

where a and b are the sizes of the rectangular grid, z; ;, z; j+1,

Z=Zij+1+

Zi+1,; and z;11 j+1 mean the heights of vertices of the rectan-
gular grid. Calculating the trajectory information of each elec-
tron tracked in all grids, we can judge whether the electron
meets the emission conditions when the Monte—Carlo simula-
tion method is implemented.

primary electron primary electron  primary electron
regenerated

SE

primary electron

regenerated Qp
SE

Fig. 4. The schematic of SEE on random rough surface.
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Fig. 5. The schematic of rectangular grid and local coordinate which be
used to describe random rough surface.

When a primary electron enters the metal material, its
passage and electron trajectory can be simulated using individ-
ual electron scattering processes. These scatterings are either
elastic scattering or inelastic scattering. For elastic scattering,
only the electron direction is changed and the energy is con-
served. The elastic scattering is calculated by

Tdo. .
Ge:27r/0 o sin6'do), )

where 6’ is the scattering angle, o, is the Mott scattering
cross section calculated by the combination of tabulation and
interpolation based on the differential cross section data in
Ref. [28]. For inelastic scattering, the electron direction and
energy are all changed. The differential cross section for in-
elastic scattering is determined by the formulas

d?a ! 1 -1 1
b — —1m = ©)

dAEdAq TmaoE e(q,E) ] q
where ligl is mean free path of the electron inelastic, E is the
energy of primary electron, ag is the Bohr radius, AE is the
energy transferred from the solid, Ag is the momentum trans-
ferred from the solid, €(q,E) is the dielectric function. The

—1

treatment of energy loss Im { ewa)
electric function.!?®! In each inelastic scattering, the secondary

} is based on Penn’s di-

electron is consequently generated by sharing the energy of
primary electron.

In the scattering, the electron travels freely along a
straight path and the free path length is given by

As=—AInR, @)

where A is the mean free path, and R is a random number
which follows a uniform distribution between 0 and 1. In the
Monte—Carlo simulation, all the electrons are treated as a cas-
cade process. The secondary electron with certain energy will
be scattered until it hits the material or escapes from the sur-
face. The transportation of the secondary electron is similar to
the scattering process as that of primary electron.

When scattered secondary electrons reach the material
surface, some electrons may be emitted after overcoming the
vacuum/material barrier with the probability

P(E 0) 4\/1-Uy/(E'cos?0)
" [144/1=Uo /(E"cos26))*’

where 0 is the ejection angle of electron from surface normal,

®)

E' is the electron energy and Uy is the inner potential of the
material which means the material/vacuum barrier.
Combining the expressions mentioned above and the
meshing method for random rough surface, the SEY of a rough
surface topography is treated with the multigeneration model
proposed in Ref. [21]. When the secondary electrons are emit-
ted from the metal surface, the electron states considering in-
teractions with surface barriers in entrance and emission pro-
cesses are refreshed. It is noted that the scattering of re-entered
electrons is examined similarly to that of the primary elec-
trons. All the electrons are tracked until they escape or their
energy is exhausted in the metal. Then the final states of emit-
ted electrons are recorded to achieve effective SEE properties.
Based on the rough surface topography and the Monte—
Carlo simulation method for SEE properties, the SEY of metal

017901-4
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with rough surface topography are analyzed. The simulation
results are shown in Figs. 6 and 7.

From Figs. 6(a)-6(d), it can be seen that SEY decreases
as the dimension D increases for fixed G. The reason is that
the surface is rougher and rougher with the D increasing. This
phenomenon agrees with Fig. 3(a). From Fig. 3(a) we know
that when the parameter G is larger than 1 x 1077, the surface
roughness increases with the parameter D increasing. When a
surface becomes rougher, it is difficult for the entered electrons
to escape surface. As a result, more electrons are collected and
then SEY decreases. Another case is shown in Figs. 6(e)-6(h).
We can see that SEY almost has no change as the dimension
D increases when G is less than 1 x 107 This means that the
surface is quite smooth when G reaches a value, and the effect
of the surface topography can be ignored. Figure 3(a) gives an
explanation for this phenomenon that the roughness of surface
topography decreases with the parameter D increasing when
the parameter G is larger than 1 x 107,

Figure 7 displays that the SEY properties change with dif-
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ferent parameter D. From Figs. 7(a)-7(i), it can be seen that
when the parameter D is fixed, the value of SEY decreases
with the growing parameter G. As the fractal dimension, the
smaller the parameter G is, the smoother the surface is. This
means that the smoother the surface is, the larger the value
of SEY is. This phenomenon agrees with Fig. 3(b). It is con-
cluded that the roughness of surface topography increases with

the parameter G increasing for a fixed D.

4. The multipactor threashold of microwave de-
vices with different SEY’s based on the fractal
method

In order to find out the relationship between the fractal
parameters and the multipactor threshold, two different kinds
of microwave devices are chosen to analyze the multipactor
threshold. During the analysis, SEY based on fractal param-
eters D and G is used and the multipactor thresholds are ob-
tained with the simulation tools which can provide accurate

prediction of multipactors. [30-3%]
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Fig. 6. The SEY properties with different D for fixed G: (a) SEY for G =1 x 1074, (b) SEY for G =1x 107, (¢) SEY for G =1 x 1079, (d)
SEY for G=1x 107", (e) SEY for G=1x 1078, (f) SEY for G=1x 107, (g) SEY for G =1 x 10719, (h) SEY for G =1 x 101,
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Fig. 7. SEY with different G for fixed D: (a) SEY with different G for D = 2.1, (b) SEY with different G for D = 2.2, (c) SEY with different G
for D = 2.3, (d) SEY with different G for D = 2.4, (e) SEY with different G for D = 2.5, (f) SEY with different G for D = 2.6, (g) SEY with
different G for D = 2.7, (h) SEY with different G for D = 2.8, (i) SEY with different G for D = 2.9.

The two microwave devices take the rectangular
impedance transfer working at C-band and the coaxial
impedance transfer working at ultrahigh-frequency (UHF)
band. The models of the two microwave devices with different
structures are shown in Fig. 8.

Figures 9(a) and 9(b) display the multipactor thresholds
of the rectangular impedance transfers with different SEY’s
which are characterized by fractal parameters D and G. From
Fig. 9(a), it can be seen that the multipactor threshold increases
with the dimension G increasing. This is because with the pa-
rameter G increasing, the roughness of surface becomes larger
and larger. Then the value of SEY decreases with the surface
roughness increasing. As a result, the multipactor threshold
increases with low values of SEY. The conclusion is in good

agreement with Fig. 3(b). In addition, it is also noticed that
for a fixed parameter D, when the parameter G is larger than
1 x 1077, the SEY increases fast, while the SEY increases is
slowly when the parameter G is smaller than 1 x 10~7. The
reason is that when the parameter G decreases to some degree,
although the surface roughness always decreases with the pa-
rameter G decreasing, the SEY of metal material surface will
be changed a little.

The curves describing the relationship between the frac-
tal parameter D and the multipactor thresholds of rectangular
impedance transfer are shown in Fig. 9(b). It can be seen that
the multipactor thresholds increase with the parameter D in-
creasing. When the parameter G is less than 1 x 1077, the
multipactor thresholds have little change with the parameter D

017901-6
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increasing. This means that when the parameter G reaches a
fixed value, the surface topography has become quite smooth.
In this case, SEY of the metal material surfaces will have no
change although the surface roughness still decreases with the
parameter D increasing.

(a)

Fig. 8. The models of microwave devices for multipactor thresholds (a)
for the rectangular impedance transfer and (b) for the coaxial impedance
transfer.
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Fig. 9. The multipactor threshold of rectangular impedance transfer (a)
versus parameter G with different parameter D and (b) versus parameter
D with different parameter G.

Multipactor threshold (W)

Figures 10(a) and 10(b) display the multipactor thresh-
olds for coaxial impedance transfers with different fractal pa-
rameters. The cases are the same as Figs. 9(a) and 9(b), respec-
tively. In summary, the multipactor thresholds increase with
the surface roughness increasing and the multipactor thresh-
olds decrease with the surface roughness decreasing. When
the roughness is reduced to a certain extent, the surface will
be quite smooth, and SEY of the surface will reach a fixed
value, and then the multipactor thresholds will hold steady. In
addition, it is also noticed that the surface roughness usually
is about 10~® m for practical microwave devices. By combin-
ing practical microwave devices and making a comprehensive

analysis of Figs. 3(a) and 3(b), we know that the larger the
parameter G is, the rougher the surface is, and the larger the
value of D is, the rougher the surface is. That is to say, the
larger the parameter G is, the higher the multipactor threshold
is, and the larger the value of D is, the greater the multipactor
threshold is.
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Fig. 10. The multipactor threshold of coaxial impedance transfer (a)
versus parameter G with different parameter D and (b) versus parame-
ter D with different parameter G.

5. Conclusion and perspectives

In summary, we have employed the fractal method to
characterize the surface topography in analyses of SEY. The
relationship of the SEY of metal material surface to the frac-
tal parameters D and G is built. The multipactor thresholds
of a C-band rectangular impedance transformer and a UHF-
band coaxial impedance transformer are predicted. The results
show the influence of the fractal parameters D and G on SEY
and the multipactor threshold of microwave devices. The re-
sults further reveal the effect of surface topography on SEY,
which gives a comprehensive insight into the control of SEY
properties using the fractal parameters.

Furthermore, it is also noticed that the values of SEY for
the surface topography are quite low, even approximately to
zero for some fractal parameters. According to the research
of predecessors, we can also know that the present results
are beneficial for enhancing the multipactor thresholds of mi-
crowave devices, when SEY of surface topography is as lit-
tle as possible. Multipaction will not occur when the SEY of
surface topography is less 1. However, the surface resistance
will become larger with the SEY decreasing due to roughness.
Consequently, this will result in the increase of RF power loss
and then have an influence on performance of microwave de-
vices. Therefore, the surface topography for which the SEY is
approximately zero is not suitable for enhancing multipactor
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threshold of microwave devices in practical engineering. In

the future, we will focus on constructing the surface topogra-

phy with low SEY and low surface resistance.
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