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Secondary electron emission (SEE) of metal and dielectric materials plays a key role in multipactor discharge, which is
a bottle neck problem for high-power satelliate components. Measurements of both the secondary electron yield (SEY) and
the secondary electron energy spectrum (SES) are performed on metal samples for an accurate description of the real SEE
phenomenon. In order to simplify the fitting process and improve the simulation efficiency, an improved model is proposed
for the description of secondary electrons (SE) emitted from the material surface, including true, elastic, and inelastic SE.
Embedding the novel SES model into the electromagnetic particle-in-cell method, the electronic resonant multipactor in
microwave components is simulated successfully and hence the discharge threshold is predicted. Simulation results of the
SES variation in the improved model demonstrate that the multipactor threshold is strongly dependent on SES. In addition,
the mutipactor simulation results agree quite well with the experiment for the practical microwave component, while the
numerical model of SEY and SES fits well with the sample data taken from the microwave component.

Keywords: secondary electron energy spectrum, multipactor simulation, vaccum breakdown, satellite appli-

cation
PACS: 84.32.—y, 52.40.Db, 79.20.Ap

1. Introduction

Multipactor discharge, known as the resonant secondary
electron (SE) avalanche effect, is a phenomenon caused by
secondary electron emission (SEE) and its synchronism with
electromagnetic wave.[!3] In recent years, with the wide
spread application of high power microwave components in
the space-industry, multipactor issues have become a huge po-
tential risk.!*8 When it occurs, accelerated electrons deposit
considerable energy on a tiny spot, leading to power dissipa-
tion, electrical performance degradation, surface damage, and
even irreversible device destruction.[6-%:10]

Multipactor discharge depends on many factors, among
which the most important one is the SEE property of the mate-
rial. The secondary electron yield (SEY) and secondary elec-
tron spectrum (SES) are commonly used to characterize the
SEE properties of materials. SEY significantly affects the mul-
tipactor threshold.!!'=161 Vaughan’s formulism was based on
a semi-empirical equation fitted to the total secondary elec-

LI7Z.18] Furman and Pivi gave

tron yield for a given material.!
a model that distinguished different physical mechanisms and
probabilities of secondary electron emission, including inelas-
tic and elastic scatterings.!!®1°] However, there were many un-
physical parameters in the Furman model, which made exact

fitting very difficult. Chung and Everhart presented a simple

DOI: 10.1088/1674-1056/27/3/038401

calculation of the energy distribution of low-energy secondary
electrons.?%! The normalized model was brief, containing no
free parameters, and had a good fit to experimental data in
its low-energy end. However, this model only described the
true-secondary electron of SEE. In addition, the accurate full
wave simulation investigation means of multipactor and the
quantitative relationship between SES and multipactor are still
lacking.[?'=2>1 In this paper, an improved numerical model is
proposed. This model mainly describes the energy spectrum
distribution of the secondary electrons emitted from the metal
material surface, including true, elastic, and inelastic secon-
daries. In addition, based on the SES measurements and mul-

13.14] the numerical rela-

tipactor simulation software MSAT,!
tionship between SES and multipactor threshold is established.
Effects of the SES on multipactor analysis of microwave com-
ponents are investigated numerically and experimentally. The
results of simulation and experiment indicate that the threshold
prediction accuracy reached 0.3 dB in multipactor simulation,

while the improved SES model fitting accuracy reaches 99%.

2. The improved SES model

SEE phenomenon is described by two main parameters
SEY and SES. For a steady monoenergetic electron beam im-
pinging on a metal surface, SEY is defined by 6 = N;/No,
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where N is the incident electrons number and N is the num-
ber of the produced secondary electrons. However, for the
SEY measurement, it is defined by 6 = I/Iy, where I is
the incident electron beam current and I is the collected sec-
ondary electron current, i.e., the electron current emitted from
the sample surface. The SES is defined to be

dé

fE)= 5.

&)

For the physical convergence, the energy integral of SES is
equal to the yield at certain incident energy, which is called
the normalization condition,

JA " P (E)E = 6 (). @)

When a steady current [ of electrons impinges on a metal sur-
face, part of I is reflected elastically while the rest penetrates
into the material. Some of the incident electrons scatter from
one or more atoms inside the metal and the scattered electrons
are reflected back out. These are the so-called rediffused elec-
trons and the corresponding current is ;. The rest of the in-
cident electrons interact with the metal in a more complicated
way and yield the true secondary electrons (TSE) and the cor-
responding current /. The yields of each type are defined by
0. =I./Iy, 6: = I /Iy, and & = I /Iy. In correspondence with
the SEYs, the SES of each type are defined by f. = dd./dE,
fr=d6:/dE, and fis = d&s/dE, which also satisfy the nor-
malization condition. Thus, the total SES is

dé
E:fe+ﬁ+ﬁs- 3)

However, the distinction between these three types of electrons
is equivocal in the macroscopic view. Then, in the simulation
and experiment investigation, the secondary electrons are di-

vided according to their energy ranges, as shown in Fig. 1.12]
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Fig. 1. Measured SES of silver-coating at Ey = 300 eV for normal
incidence. Three characteristic SEYs are given by integration on the
corresponding energy ranges of SES (area [E|, E;]). Thus for this case,
&s = 1.572, & = 0.401, and &, = 0.032. The upper energy cutoff for
the true secondaries is somewhat arbitrarily, but conventionally, chosen
to be 50 eV.

According to the figure configuration in the high-energy
end, the distribution function for the elastic electrons is given
by

2exp [— (E - Eo)z/ZGCZ}

fe (E) = & (Ep,60) ; “
‘ ) V2ro.erf (Eo/\/ioe>
which is normalized so that it satisfies
Eop
| (B aE = 5. (B0 00). 5)

where Ej and 6y are the incident electron energy and angle, E
is the emitted electron energy, and o is a fitting parameter for
the elastic SES.

Similarly, the SES for the rediffused electrons is given by

q
1 (B) = & (Bo,60) L0 (50) , ©)

which satisfies the normalization condition

E|
| (E)aE = 6. (Eo.0). )

where ¢ is a fitting parameter for the rediffused SES.

Consider an energetic primary electron impinging on a
semi-infinite metal plate in a vacuum. The incident primary
direction is denoted as the z axis. We only consider the case of
normal incidence, and assume that the secondary electron ex-
citation process is isotropic. That is, all directions of motion
of an excited internal secondary electron are equally probable.
We assume that any scattering of an excited secondary elec-
tron with the electron gas in the solid produces absorption,
hence only electrons that are not scattered between their point
of excitation and the surface can escape. This assumption is
believed to be correct for low-energy excited electrons as the
energy loss involved in a scattering with the electron gas is ap-
preciable. When the energy of the excited electron increases,
the assumption becomes more approximate. As we use a de-
generate free-electron-gas model for the solid, collisions with
the ions and other band-structure-related effects are automati-
cally precluded. We have

AN S(E")A(E') [On
= f/o sinBcos0dO, ®
with
413
S(E)= -k ©)
3nE, (E' — Ef)
3/2 pr (gt -2

A (E) = 14.7 (ErB)”" E' (E' — Er) . (10)

()2 [ian=" (1/B)"/2 + B1/2/(1+ )

where 6, is defined as the maximum allowed value of 0 for
escape. The function S(E’) has been calculated by Streitwolf
and also earlier by Baroody. For A (E’), we use Quinn’s result
as given in Kanter’s paper.
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From Eqgs. (8)—(10) we can obtain the simplified expres-

sion of dN/dE’

AN (E'—Ep— @)

dE' " (F'—Ep)*

?

(1)

where k is a constant, which is dependent on the mate-

rial characteristics. From Eq. (11), we see that the shape
of dN/dE’ is entirely determined by the factor f(E') =

(E' —Ep— @)/ (E' — Ep)*.

We find that E’ is the energy

of the excited secondary electron. In order to fit the mea-

surement data, we should convert E’ into E, the energy of

the secondary electron at the metal-vacuum interface, £ =
E’' — & — Eg. Then, we can obtain the converted factor f(E') =
E/(E+®)*. The simplified expression of dN/dE is

dN
=k

dE C(E+ @)

12)

Using the regular pattern of the elastic and re-diffused elec-

trons model, we can obtain the most important part, the true

secondary electron spectrum as

fts(E) = 5ts (E0790)

E

= & (Eo, 60)

Eop
E+o)t [ Tl

6®% (Eg+ D) E

dE

which also satisfies the normalization condition

Ey
/0 fio (E)AE = 85 (Eo, 6),

E2(Ey+3®) (E+ )"

13)

(14)

where @ is defined as the work function of the metal surface

and is adjustable in multipactor simulation investigation. In

this model, the distribution probability of the true secondary

electrons is described by the polynomial and fitted mainly by

the parameter of the surface work function, which is not only

of high efficiency but also simple in expression and convenient

to embed in multipactor numerical simulation.

3. Simulation investigation of SES on multi-

pactor

3.1. Quantitative relationship between SES and multi-

pactor threshold

In the literature, the secondary energy spectrum has never

been taken into account for multipactor simulation. Difficul-

ties lie not only in the measurement but also on the curve

(a)

 — !

40.04 mm

803
)

fitting. In our previous work, the simulation method of
multipactor, MSAT, was established based on the EM-PIC
method.[13-15]

Since the finite-difference time-domain (FDTD) method
is adopted for EM field calculaton, the studied object is first
discretized into small meshes. Then, the particle-in-cell (PIC)
method is used for the calculation of electron dymamics.
Macroparticle, rather than the real electrons, is used in the
model for numerical simplification.

The three-dimensional multipactor simulation involves
the following five main steps: (i) three-dimensional model-
ing of the component and spatial discretization, (ii) fields and
particles initialization, (iii) the field-to-electron and electron-
to-field iteration calculation, (iv) secondary electron emission
modeling, and (v) multipactor threshold prediction. Then,
through electron trajectory tracking and collection, multi-
pactor discharge threshold of the practical component can be
analyzed from the transient evolution trend of the secondary
electron number or total electron number.

In this paper, by using the established SES models, the
emission energy spectrum has been successfully described and
embedded in the numerical algorithm of multipactor simu-
lation, as shown in Fig. 2. As shown in Fig. 2, the multi-
pactor simulation is divided into three significant processes:
the full-wave simulation of field, the particle-in-cell simula-
tion of electron’ motion, and the modeling of SEE, including
SEY and SES. Primary particles should be initiated properly
to describe the real electron distribution in the space.

field simulation modulew

particle dynamics the improved SES
simulation module and SEE module

<> interpolation

Fig. 2. (color online) Schematic program of multipactor simulation.

3.2. Simulation results

A typical microwave component, the impedance trans-
former, is selected for the analysis and simulation validation
of multipactor. The test frequency is 12 GHz. The three di-
mensional model and dimensions are shown in Fig. 3.

8.11 mmy,
mmy ;

1824 mm

—r—

—

032 mm

P

1.44 mm{5.46 mm [9.525 mm

0.44/mm

_\__|

Fig. 3. (color online) Impedance transformer: (a) dimensions, (b) three-dimensional model.
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The EM-PIC method with the improved model is utilized
to investigate the effect of SES on the multipactor threshold.
Multipactor simulations with different SES distributions while
keeping the same SEY are performed on the impedance trans-
former. The low energy end is mainly related to the TSE part.
Thus, the parameter scanning investigation of @ is performed
to form different low-energy end distributions.

> 0.60 o=l
'é : $=3.5
2 Ag P=5.1
g 045 $=6.9 1
7 e 0 =10.9
T 0.30 ]
B
3
g 0.15 .
o
z

0 p—
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Secondary electron energy/eV

Fig. 4. (color online) Emitted energy spectrum with different &.
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Fig. 5. (color online) Multipactor threshold with different peak values
and half peak widths within the low-energy end.

Figures 4 and 5 indicate that the multipactor threshold
increases as the peak value of the low-energy end increases,
while the half peak width of the low-energy end decreases, si-
multaneously. And the multipactor threshold is almost in lin-
ear proportion to the peak value of SES and varies in inverse
proportion to the half peak width of the low-energy end of
SES. Therefore, it is conjectured that the multipactor thresh-
old increases when a bigger proportion of secondary electrons
lies in the low-energy end where the emission energy ranges
from O to 50 eV.

In addtion, for this transformer, it is found that when
the maximum of the low-energy peak increases from 0.127 to
0.641, the multipactor threshold is elevated by 3.2 dB. When
the half peak width decreases from 12.02 to 2.32, the multi-
pactor threshold is elevated by 3.2 dB. It is indicated that the
simulation accuracy of the multipactor strongly depends on the
accuracy of the SES model and data used in the simulation.

4. SEE experimental results

Figure 6 shows the ultra-high vacuum (UHV) system for
The UHV chamber
and the load-lock chamber have ultimate vacuum degrees of
9% 107° Pa and 5 x 1077 Pa, respectively. The UHV cham-
ber is equipped with a sample stage, a residual gas analyzer

SEY and SES measurements of metal.

(RGA), a sputtering ion gun with argon gas supply for surface
cleaning, and an automatic dual-pass energy analyzer with an
integral gun for the test of the secondary electron energy spec-
trum (DESA 150). DESA 150 is a two-stage energy spectrom-
eter. Both stages, including input lens and energy spectrom-
eter, are derived from a cylindrical mirror configuration. The
focusing is achieved by adjusting the potential of both the in-
ner and outer cylinders. Particles enter the cylindrical mirror
field between the cylinders instead of passing through a slit
into the inner cylinder. The advantage is a large working dis-
tance between the spectrometer and sample, as long as 55 mm,
which can be varied by 3 mm without degrading the signal.
The energy of the particles passing though the spectrometer
can be adjusted and the energy resolution can be electrically
selected over a wide range of values (100 meV up to 6 eV).

DESA 150

(a) coaxial electron gun

H RGA
1 Pbi Epg
holder
sample /
K Ty
Us / |_||_]\heater thermometer
load-lock stage
hamb UHV
chamber lIS chamber
s0vL X sy )
biased voltage El

baro-vacuum gauge
picoammeter

Fig. 6. (color online) (a) The scheme of SEE measurement system, (b)
SEE measurement platform.
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The SEE properties of the same material may vary to a
large extent for different surface states. Consequently, mea-
surement data in the literature are not sufficient to describe the
surface SEE of a concrete device in practice, especially for
the multipactor threshold simulation. By using the established
UHYV system, SEE data of samples under the same processing
procedure and condition of practical components are measured
and fitted by the SES model.

The samples are shaped in a rectangle of 20 mmx 15 mm,
coated by ~ 6 um silver on a 1 mm thick aluminum alloy base
plate. The incident energy probability dé/dE is measured
and calculated at £y = 90 eV. In addition, to obtain a relatively
accurate description of the surface SEE and multipactor simu-
lation results, the SEY model is also fitted. The fitted data and
parameters are given in Figs. 7 and 8 and Table 1.

LSS R IR B R N B L R R B B
20k e test data
improved model

1.5 Ag :
1.0 -

0.5 i

Secondary electron yield ¢

1 1 1 1 1
0 500 1000 1500 2000 2500

Primary electron energy/eV

Fig. 7. (color online) The SEY of silver-coated samples.

0.20 T T T T T
e test data

improved model ]

0.05

Normalized SE intensity
o
=
1S

20 40 60 80
Secondary electron energy/eV

Fig. 8. (color online) The SES of silver-coated samples at 90 eV for
normal incidence.

Table 1. Parameters for the fit of the improved SES model of silver-
coated samples.

Pie (o) Pi emax  Eemax w p Ey ©c Pi()
0.025 0.04 0 20.86 1 83.3 047 0.01
E; r q 6tsmax (0) Etsmax (0) N [
0.041 0.104 0.4 1.99 240 141 5.5

Table 1 shows that only three parameters of the improved
model are used to fit the experimental SES data, which is of

high efficiency and accuracy. The fitted data matches very well
with the measured ones. The mean square deviation of mea-
surement error for silver is 0.0123.

By using the established measurement system and the im-
proved SES models, the real emission energy spectrum has
been successfully measured and fitted. In our previous work,
the EM-PIC simulation method of the multipactor has been
established. Embedded in the fitted SES model, multipactor
simulation on practical components considering the real SEE
description is implemented.

5. Multipactor experimental results

As shown in Fig. 9, the incident-reflected power zeroing
method is used for the measurement of multipactor threshold.
In the vacuum chamber, after the 3 dB bridge and the vari-
able attenuator, the reflected power from the device under test
(DUT) is of the same magnitude but the reversed phase as the
coupled incident power. The zeroing single is obtained and
detected by the spectrometer. If the multipactor in DUT oc-
curs, the balance state will be broken and a jumping signal is
observed on the spectrum analyzer.

|p1use generator|—| RF signal source |—|TWTA|—|high power isolator|

directional coupler

DuT
high power
vacuum load .

3 dB bridge power splitter
spectrum variable average peak power average
analyzer attenuator power meter meter power meter

(a) 3 dB bridge |—|phase shifter |—|variable attenuatorl

(®)

Fig. 9. (color online) Multipactor measurement system: (a) the
schematic diagram, (b) platform picture.

Fig. 10. (color online) Prototypes of the impedance transformer: (a)
pieces of the transformer, (b) assembled device.
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Figure 10 shows the fabrication pieces of the sliver-coated
impedance transformer, the dimensions and model of which
are shown in Fig. 2. The transformer is made of aluminum
base and plated with 10 um silver. The average surface rough-
ness is about 0.8 pm. Multipactor measurements are per-
formed on it. Multipactor simulation results with the Furman

model, the improved model in the EM-PIC method, and the
experimental results are recorded in Table 2. The improved
SEE model is fitted with the experiment data of silver. The
threshold prediction error of the sliver-coated transformer is
0.3 dB. Compared with the Furman model, the simulation ac-
curacy is improved and the fitting procedure is simplified.

Table 2. Comparison of simulated multipactor thresholds with experiments.

Component

MSAT with Furman model

MSAT with the improved model Experimental threshold

Silver-coated impedance transformer 1000 W

2100 W 1950 W

6. Conclusion

An improved model is proposed for the description of the
emission energy distribution for secondary electrons in mul-
tipactor simulation. The emission energy distribution upon
certain incident energy is well described and fitted by the im-
proved model. Based on the measured data, the fitted model is
utilized to mimic the surface emission state of practical com-
ponents. The whole energy range of the incident electrons is
described with improved accuracy according to the measured
data and it is simplified for the utilization in multipactor sim-
ulation and suppression. Simulation and experiment results
demonstrate that the fitting accuracy of 99% in SES and SEY,
and threshold prediction error of 0.3 dB in multipactor simu-
lation are reached, respectively, which is promising for multi-

pactor design in space applications.
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