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Charging and Discharging
Mechanism of Polyimide under
Electron Irradiation and High
Voltage
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Abstract

Polyimide has been widely used as insulating and structural materials in space-
craft due to its excellent electrical, thermal and mechanical properties. However,
its charging and discharging problem in harsh space environment has been a major
limit to the development of high-voltage and high-power spacecraft. In this chapter,
charging and discharging phenomena of dielectric materials under electron irra-
diation environment were presented. First, the electrical properties of polyimide
consisting of dielectric properties, trap properties, conductivity and electrical
breakdown properties were investigated, which have great influences on charging
and discharging characteristics. Then, a surface charging model under relatively
low-energy electron irradiation was proposed for polyimide, based on the synergistic
effects of electron movement above surface and charge transport in surface layer. The
DC surface flashover of polyimide under electron irradiation with different energies,
fluxes and incident angles was investigated. Furthermore, a deep charging model
under high-energy electron irradiation with the Fluence Model for Internal Charging
(FLUMIC) spectrum was established. The effects of electron flux enhancement and
operating voltage on charging characteristics were discussed in different grounding
modes. It indicates that the processes of discharging under electron irradiation have a
close link with the charge transport characteristics of polyimide.

Keywords: charging and discharging, charge transport, electron irradiation,
high voltage, polyimide

1. Introduction

The charging and discharging of dielectric materials under space radiation
environment are the main factors that cause anomalies in a spacecraft. Koons et al.
counted the abnormal failures of the spacecraft, suggesting that 54.2% from the
total 299 cases were caused by the charging and discharging of dielectric materials
[1]. A spacecraft is inevitably exposed to space plasma, energetic particles radia-
tion, extreme temperature, cosmic rays, etc. [2]. A situation has to be taken into
consideration that partial accumulation of space charges and high electric field occur
when energetic electrons penetrate through the aluminum shield and deposit in the
surface or deep layer of insulating materials. When the maximum electric field of
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insulating material exceeds a certain threshold, electrostatic discharge (ESD) will
occur. Consequently, it will lead to the deterioration of insulating materials and even
the failure of the whole electronic equipment. With the rapid increasing interest on
space exploration, several countries are making efforts to build a Space Solar Power
Station (SSPS) with megawatts or even gigawatts [3]. The reliability of the spacecraft
becomes a very important problem. Polyimide is widely used in spacecraft system
because of its good insulating, mechanical and antiaging properties [4]. Therefore,
the charging and discharging mechanism of polyimide under electron irradiation
and high voltage is a research focus in the field of spacecraft reliability.

Surface dielectric charging and deep dielectric charging are two kinds of dielec-
tric charging, which are divided by the incident electron energy range and discharge
position [2]. Surface dielectric charging refers to the deposition of low-energy
electrons (e.g., 1-50 keV) on the dielectric surface and the induction of surface
potential, while the deep dielectric charging refers to the penetration of high-
energy electrons (e.g., 0.1-10 MeV) from the dielectric surface, deposition within
the insulating materials and establishment of internal electric field [5]. Modeling
the dielectric charging based on secondary electron yield, surface potential decay
processes and characteristic parameters is the research focus in surface dielectric
charging [2, 6-10]. While for deep dielectric charging, the charge transport proper-
ties of insulating materials irradiated by energetic electrons are key issues, and
several models have been proposed to investigate it [11-14]. There are two types of
typical models: the radiation-induced conductivity (RIC) model and the charge
generation-recombination (GR) model. RIC model describes the transport pro-
cesses of electrons in insulating materials under the irradiation of electron beam.

It is a macroscopic model in which the parameters are given by the measurement

of radiation-induced conductivity [14]. GR model describes the generation and
recombination processes of electron-hole pairs in insulating materials. It is a micro-
scopic model in which some specific parameters are difficult to be determined.

Charge behavior on the dielectric surface layer or the deep layer under electron
irradiation has an important influence on discharging properties. As to DC surface
flashover, it implies that the essence of surface flashover is the charge transport
behavior across gas-solid interface under high electric field, which involves charge
trapping and de-trapping properties in dielectric surface layer, secondary electron
emission properties, impact ionization of gas molecules and electron multiplica-
tion properties in gaseous phase (or desorbed gas). The development process and
formation of surface flashover is a coupling effect of the above factors. The vacuum
surface flashover voltage of dielectric material irradiated by electrons is much lower
than that in vacuum or gaseous atmosphere. At present, several theories have been
postulated to explain the surface flashover phenomenon in vacuum, among which
the theory of secondary electron emission avalanche (SEEA) is dominant [15]. The
flashover of insulating material in vacuum under electron beam irradiation is also
closely related to the field-emission electrons emitted from the cathode-dielectric-
vacuum triple junction (CTJ) and secondary electrons (SE) [16]. A large number
of experimental studies emphasize the effects of deposited charges in the dielectric
surface layer, while few data can be obtained about the effect of kinetic electron from
the electron beam on surface flashover [17]. On the aspect of dc electrical breakdown
mechanism of polyimide, it has been proven that under the action of a high electric
field, charges are injected into the insulating materials, and space charges are accu-
mulated [18-20]. The electric field distortion appears inside the insulating materials
caused by the accumulated space charges. When the maximum local electric field
exceeds a threshold value, the electrical breakdown will occur [19, 21].

In this chapter, the charging and discharging phenomena of dielectric materials
under electron irradiation environment were introduced. The electrical properties
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of polyimide were investigated. The surface and deep charging process and model
of polyimide radiated by electrons were analyzed. Then, the experimental results of
DC surface flashover during electron irradiation with different energies, fluxes and
incident angles were investigated.

2. Charging and discharging phenomena of dielectric materials under
electron irradiation environment

2.1 Charging and discharging phenomena and hazards

In the field of spacecraft charging and discharging, the potential of the spacecraft is
relative to the zero potential of the space plasma. Although the density of space plasma
is fluctuating, it is much faster than the change of the spacecraft potential on the time
scale. The spacecraft potential is floating. The spacecraft operates in a harsh space envi-
ronment, such as plasma, high-energy electrons, atomic oxygen, etc., and charging
and discharging phenomena will occur in the surface or deep layer of the spacecraft
[2]. Figure 1 depicts a schematic diagram of the spacecraft floating potential.

When the energy of the incident particles is low, the charge exchange process
will appear between spacecraft and the surrounding environment. Environmental
electrons or ions interacting with target atoms on the surface of the dielectric mate-
rial will generate the secondary electrons and backscattered electrons. In addition,
when the spacecraft is operating on the sunny side, photoelectrons are generated on
the surface of the dielectric material. The combined effects of the above processes
will cause charging and discharging phenomena on the surface of the dielectric
materials. For different dielectric materials, due to their different secondary
electron emission coefficients, backscattering coefficients and photoelectron coef-
ficients, the surface charge exchange processes are different. Consequently, differ-
ent surface potentials appear on the dielectric materials, which will cause unequal
charge between the dielectric materials [2].
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Figure 1.
The schematic diagram of spacecvaft floating potential in space plasma environment [2].
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The deep dielectric charging refers to the process that high-energy electrons
(MeV) penetrate through the dielectric surface and deposit within the insulating
materials [22]. Incident electrons penetrate into insulating materials, and their energy
will gradually transfer into target atoms, owing to the physical mechanism of elastic
scattering or inelastic scattering. For high-resistivity polymer, the intrinsic conduc-
tivity is very low. High-energy electrons penetrate the surface and deposit inside the
material. These charges are called deposited electrons. Under the radiation of the
space electron spectrum, electrons of different energies have different penetration
distances inside the material, resulting in the formation of deposited charge layers of
different depths. The charge accumulation will cause distortion of the electric field,
which is likely to cause internal electrical breakdown of the dielectric materials [23].

From 1980 to 2005, the statistics of 156 anomalies of orbiting spacecraft showed
that 45% of spacecraft anomalies were caused by the failure of the power system
of the spacecraft [24], among which the insulating materials and structure of solar
array and its drive assembly are most likely to discharge. The spacecraft power sys-
tem fails once the solar array or its drive assembly fails. Even worse, the spacecraft
will be out of control. A Nigerian satellite launched by China in November 2008
completely failed due to the failure of solar array drive assembly [25]. Especially
with the increase of spacecraft operating voltage and power requirements, the
coupling effect of high operating voltage and space radiation environment will pose
a greater threat to the insulation system of spacecraft.

2.2 Research process of dielectric charging and discharging

As early as the 1920s, Mott-Smith and Langmuir began the initial theoretical explo-
ration of the electrostatic charging of isolated bodies in space [2]. With the launch
of the first artificial satellite in 1957, humankind entered the era of space, and the
related issues of space dielectric charging have gradually attracted researchers’ atten-
tion. Before 1980, it was believed that the charging and discharging of the dielectric
surface was the main cause of spacecraft anomalies, and related research focused on
the surface charging phenomenon [26]. With the occurrence of abnormal spacecraft
failures and the launch of CRRES satellite (Combined Release and Radiation Effects
Satellite) in the 1990s, deep dielectric charging of the spacecraft came into focus and
research on spacecraft charging entered a new era [27]. H.B. Garrett published two
review papers in 1981 and 2000 [26, 27], which summarized the research progress of
spacecraft surface charging before 1980 and research development of surface charging
and deep charging between 1980 and 2000. Lai published a review paper in 2003 [28],
which summarized the suppression methods of dielectric charging.

Since the twenty-first century, great achievements have been made in space
environment exploration, basic theoretical research and ground simulation experi-
ments. However, the charging and discharging of dielectric materials is still the
main factor threatening the safe operation of spacecraft. Especially with the devel-
opment of high-voltage and high-power spacecraft, the field of dielectric charging
and discharging is facing new challenges.

3. Electrical properties of polyimide
3.1 Dielectric properties
The complex permittivity of polyimide with thickness of 100 pm was mea-

sured at room temperature using a broadband dielectric spectrometer (Concept
80, Novocontrol Technologies, Germany). The applied voltage was 1 V,,; and the
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frequency was from 107>-10° Hz. Figure 2 depicts the real and imaginary parts of
the relative complex permittivity, obtained from polyimide sample at room tem-
perature, which is a function of frequency in semi-logarithmic coordinates [29].
Figure 2 shows that the real part of relative complex permittivity increases slightly
as frequency decreases. In the frequency range of 107°~10° Hz, the imaginary part
is lower than 3.6 x 10™>. The small dielectric relaxation strength of the relaxation
peak around 30 Hz reveals that the dipolar moment is very low. The dielectric loss,
e"l€', is very low, which indicates that in the dc electrical breakdown experiments
at room temperature, the Joule heating generated by the dipole orientation is
negligible [29].

3.2 Bulk and surface trap properties

Thermally stimulated depolarization current (TSDC, Concept 90, Novocontrol
technologies, Germany) was carried out on a polyimide sample with a thickness of
100 pm to investigate its trap distribution characteristics. Figure 3 shows the results
of TSDC experiments for polyimide [29]. Thermally stimulated relaxation processes
can be observed in the temperature range of 10-170°C. One obvious relaxation
peak is around 69°C, while another relaxation peak may be located near 135°C. The
experimental results were analyzed using the classical TSDC theory to reveal the
thermally stimulated processes and their activation energies [30].

The TSDC experimental results were fitted and four relaxation peak com-
ponents could be obtained. As shown in Figure 3, it can be seen that the fitting
results are in good agreement with the experiments. We can determine the peak
temperature, activation energy and relaxation time for the four relaxation processes
listed in Table 1. The activation energies of four peaks at 69, 87, 109 and 135.5° are
0.60, 0.65, 0.70 and 0.83 eV, respectively. As the temperature at the relaxation peak
increases, the corresponding activation energy increases. The three peaks at 69,

87 and 109°C may correspond to shallow traps that assist carriers hopping process
in polyimide, while the peak at 135.5°C may correspond to deep traps that can
capture mobile carriers and accumulate space charges. The energy of deep traps is
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Figure 2.
The real and imaginary parts of velative complex permittivity, €' and €", of polyimide as a function of
frequency at room temperature [29].
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Figure 3.

TSDC experimental vesults of polyimide after being polarized at an applied voltage of 250 V at 180°C for

30 min. The classical TSDC theory was used to fit the experimental vesults. Symbols and solid curves vepresent
experimental and fitting vesults, respectively [29].

Peak temperature (°C) E, (eV) B(Am™) 7o (s)

69 0.60 263x107* 750 x 1077

87 0.65 2.01x107* 423 x1077

109 0.70 1.80 x 107* 3.23 x 1077

1355 0.83 1.60 x 107* 3.09x10°°
Table 1.

Parameters for velaxation processes extracted from TSDC experimental vesults [29].

consistent with the results obtained from the Arrhenius relation between conduc-
tivity and temperature [4].

Surface potential decay was carried out on a polyimide sample under electron
radiation to investigate its surface trap distribution characteristics. In this experi-
ment, charging process takes a very short time, about 25 s, as the electron flux
density was so high. We set that with a filament emission current of 10 pA and a
radiation distance of 300 mm, and the charging process was completed within 30 s.
After radiating for 30 s, we turned off the electron gun and then moved the probe
over the sample to measure the surface potential. Figure 4(a) gives the surface
potential decay curves of polyimide under electron radiation of different energy
levels (3-11 keV) [31].

It can be seen that the initial surface potential gradually increases with the
increase of electron energy. This indicates that the charging process and properties
are different under electron radiation of different energy levels. Hence, the dielec-
tric properties during the charging process can be investigated by analyzing the
initial surface potential of the dielectric after the charging process.

The surface trap distribution of polyimide can be obtained from surface
potential decay model, as shown in Figure 4(b) [31]. There are two types of
traps, defined as shallow and deep traps, respectively. It can be seen that the trap
charge density related to shallow traps is more than that of deep traps under the
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Figure 4.
Surface potential decay curves (a) and surface trap distributions (b) of polyimide after irradiation by electron
beam with diffevent energies [31].

same electron energy radiation. The charges captured in relatively shallow traps
can escape the trap center in a short interval, which is demonstrated by the rapid
decay of surface potential. With the time increases, these de-trapped electrons will
migrate to the grounded electrode under the effect of the internal electric field. By
contrast, deeply trapped charges remain in the trap center for a longer period. The
density of deep traps determines the steady surface potential, and the stabilization
time depends on the energy level of the deep traps.

The surface trap distribution of polyimide presents different behavior under
radiation from electrons of different energy levels. The shallow trap level increases
slightly with the increase of electron energy, while the deep trap level remains
unchanged about 0.94 eV. Under the radiation of different electron energy, the
depth of the electron deposition layer and the range of electrons are different.

The higher the electron energy, the deeper the deposition layer. These trapped
charges need to overcome a much higher potential barrier to escape the trap center.
Therefore, the shallow trap energy level increases with the gradual increase of the
electron energy. In addition, the total trap charge density gradually increases with
increasing electron energy. Due to the increased electron energy, the distance from
the electron deposition layer to the dielectric surface is longer, and much more
charges will be captured by the trap centers [31].

3.3 Shallow trap-controlled carrier mobility and conductivity

The surface potential experimental results of samples charged by negative
corona discharging and positive corona discharging as a function of time are shown
in Figure 5 [29]. Negative and positive charges are deposited on the surface of
polyimide, and electric field is established inside the polyimide during the charg-
ing process. After charging, surface charges are injected into polyimide, and the
migration of charges toward the grounded electrode in the bulk leads to the decay
of surface potential. The decay rate of surface potential varies before and after the
injected charge carriers flow out of the dielectric material, as shown in Figure 5
[29]. The time when the front charge carriers arrive at the grounded electrode is
defined as transit time tr. The transit point existing at the beginning of the poten-
tial decay curve can represent the mobility of carriers controlled by shallow traps
[29]. In order to obtain the transit time ¢, the potential decay results were fitted
by an exponential function, and then we obtained the relation between td¢./dt
and t. The time corresponding to the peaks can be regarded as transit time ¢t, and
it is used to calculate carrier mobility controlled by shallow traps according to the
following Eq. (1) [29, 32]:
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Ho(eh) = d2/¢50 It (1)

Here, yo is the carrier mobility controlled by shallow traps in m*V~'s™, d is the
thickness of sample in m, and ¢y, represents the initial surface potential in V. The
subscripts have the following meaning: (¢) for electrons and (%) for holes. By calcu-
lation, the hole and electron mobilities controlled by shallow traps are 1.80 x 107
and 3.67 x 107 m*V~'s™, respectively.

For studying the surface and volume charge transportation properties, the iso-
thermal surface potential decay (ISPD) experiment on space-grade polyimide was
carried out at various temperatures from 298 to 338 K. In high vacuum, the charge
was accumulated on the surface of polyimide under low-energy electron irradia-
tion. After irradiation, the charge was transferred to the grounding electrode on the
surface through the volume. Through the three parameters of surface resistivity,
volume ohmic resistivity and charge carrier mobility, the leakage rate of electron
was determined. And the three parameters were revealed by a two-dimensional
ISPD model established by using genetic algorithm (GA), as shown in Figure 6 [33].

As shown in Figure 6, the carrier mobility increased with temperature, while
the surface resistivity and volume ohmic resistivity of polyimide decreased with
temperature. The surface resistivity, volume ohmic resistivity and carrier mobility
were obtained. For example, at 298 K, they were 1.02 x 10Y Q, 2.87 x 10Y Q m and
1.49 x 10~ m*/V s, respectively. The calculated errors were all not more than 0.9%,
which showed that there was a good consistency between the experimental and
simulated 2D ISPD results [33].

3.4 Electrical breakdown properties

The influencing mechanism of sample thickness on electrical breakdown of
polyimide is not very clear until now. The dc electrical breakdown fields of poly-
imide films with different thicknesses from 25 to 250 pm were measured using a
computer-controlled voltage breakdown test device. The dc electrical breakdown
experiments were carried out under 30°C using spherical copper electrodes with a
diameter of 25 mm in transformer oil. The rate of dc voltage increase is 1 kVs™". For
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Figuress.
Surface potentials of polyimide charged by negative corona discharging and positive corona discharging as a
function of time at room temperature [29].
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each thickness of the sample, at least 15 times breakdown tests are performed. The
average value of all data is taken as the breakdown electric field of the sample.

Figure 7 shows the experimental results of the dc electrical breakdown field
of the polyimide film, F,, as a function of thickness, d, at room temperature
[29]. As shown in Figure 7(a), the dc electrical breakdown field of polyimide
films decreases with an increase in sample thickness. In addition, the deriva-
tive of dc electrical breakdown field with respect to sample thickness dF},/dd
decreases with the increase in sample thickness. The relation between the dc
electrical breakdown field and sample thickness looks like an inverse power
function. Accordingly, we change the linear coordinates in Figure 7(a) to double
logarithmic coordinates in Figure 7(b). It can be seen from Figure 7(b) that the
dc electrical breakdown field of polyimide is linear with sample thickness under
double logarithmic coordinates [29].

The influence of sample thickness on polymer breakdown can be explained
by electron avalanche breakdown, electromechanical breakdown, free volume
breakdown and space charge modulated electrical breakdown [29 34]. In electron
avalanche breakdown, the energy gain of electron can be obtained by free electron
movement in the conduction band of dielectric material under the action of elec-
tric field [34]. When the energy exceeds the band gap energy, the electrons in the
valence band may be excited to the conduction band, resulting in the chemical bond
breaking. The avalanche effect is caused by further collision and ionization of the
released electrons with other matrix atoms, which results in the doubling of local
current and finally triggers the breakdown. The electric breakdown field decreases
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with the increase of sample thickness, which is due to the critical number of elec-
trons produced in the whole sample thickness by collision ionization [29, 34]. The
Stark-Garton model of mechanical and electrical breakdown has been widely used
to predict the breakdown strength of thermoplastics, while the Young’s modulus and
dielectric constant of temperature-sensitive polymers determine the mechanical
and electrical breakdown strength [34]. Because the thickness of the sample deter-
mines the electrostatic compressive stress and the opposite elastic stress produced
by the electrostatic attraction of the two electrodes, the electric breakdown field is

a decreasing function of the sample thickness. In the theory of free volume break-
down, it is assumed that the electric breakdown field of polymer depends on the
longest mean free path of electron. Electrons are accelerated in the free volume, and
their average free path depends on the maximum length of the free volume. When
enough energy is obtained by electrons in the free volume to overcome the potential
barrier, the local current will be multiplied, so that the material is heated to a very
high temperature and finally causes the phenomenon of electrical breakdown. From
a statistical point of view, the longest free path is a function of sample size, so the
electric breakdown strength is related to sample thickness.

4. Surface charging and discharging mechanism of polyimide

4.1 Surface charging process and model of polyimide radiated by low-energy
electrons

The synergistic effect of surface electron movement and charge transport in
dielectric surface layer should be taken into account when studying the charging
process under low-energy electron radiation (1-50 keV). A schematic diagram of
charge transport on polyimide surface and in its surface layer under low-energy
electron radiation is shown in Figure 8. ‘Surface layer’ refers to the area inside the
material that is about a few micrometers from the surface of the dielectric material.

The intrinsic conductivity of polyimide with high resistivity is very low, but its
total conductivity will increase due to the radiation-induced conductivity (RIC).
The incident electrons are mainly deposited in a dielectric surface layer of about
a few microns [16], and they will migrate to the interior of polyimide. However,
the charge in the surface layer will continue to be accumulated, because the charge
conduction velocity is far lower than that of deposition [5].

The surface potential is very low in the initial stage of electron radiation, whose
reverse effect on the incident electron energy is very weak. Rather than being
released by the secondary electrons, the incident electrons will be deposited on the
surface. On the one hand, the change of the distribution of the deposited electrons
in the surface layer and the change of the charge transfer characteristics occur due
to the change of the incident electron energy and density on the dielectric surface,
and it will further affect the negative potential and the induced reverse electric field
on the surface in turn. On the other hand, these deposited electrons will generate
an internal electric field, whose intensity will gradually increase with the radia-
tion duration. A reverse-acting force will be produced by this field on the moving
electrons reaching the dielectric surface [16]. As a result, the incident trajectory and
the kinetic energy of the incident electron can be changed by the reverse electric
field, by which the secondary electron yield characteristics of dielectric surface will
be greatly affected.

The charging process will be stable, if the incident electron current is equal to
the sum of the conduction current in the surface layer and the secondary electron
generation current on the surface. Therefore, the key to the study of the charging
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Figure 8.
Schematic diagram of charge transport on polyimide surface and in the surface layer under low-energy electron
vadiation [31].

process is a thorough understanding of the charge transfer properties in the dielec-
tric surface layers and kinetic electrons in the surface [31].

4.1.1 Surface kinetic electron properties

A reverse electric field will be formed in the process of electron radiation by
the electrons accumulated in the polyimide surface layer, by which the trajectory
of the incident electrons will be changed, and thus there will be a dynamic impact
on the density and energy of the electrons reaching the polyimide surface. The
characteristics of the subsequent incident electrons are different from those of the
initial electrons. They will change with time, thus affecting the yield attributes
of the surface secondary electrons. Figure 9(a) gives the energy and density of
electrons reaching the polyimide surface over radiation time. Figure 9(b) shows
the current density of secondary electrons emitted from polyimide surface and the
surface conduction current against time [31].

Due to the repelling effect from the electric field forming in the surface layer,
with the radiation time increasing, the energy and density of electrons reaching
the polyimide surface gradually decrease, as shown in Figure 9(a) [31]. It can also
be observed that, with radiation time increasing, the energy and density of elec-
trons reaching the polyimide surface become a whole range of values from single
values, resulting in a great impact on the dynamic processes of secondary electron
movement and electron deposition, transport and accumulation behavior in the
dielectric surface layer. Secondary electron yield coefficient gradually increases
with the drop of the energy of kinetic electrons reaching the polyimide surface, and
correspondingly the secondary electron yield current gradually increases, as shown
by the red curve in Figure 9(b) [31]. In addition, the phenomenon that some of
the incident electrons deposit in the surface layer after penetrating the dielectric
surface will occur, especially at the initial stage. With different radiation time and
material position, the distributions of deposited electrons are different. The change
of charge conduction current density on the polyimide surface is shown by the
blue curve in Figure 9(b) [31]. In the initial radiation stage, the charge conduction
process can be overcome by most of the incident electrons under the radiation-
induced conductivity, after they penetrate the dielectric surface. On the contrary,
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Figure 9.

Surface kinetic electron properties. (a) The energy and density of electrons reaching the polyimide surface over
the radiation time and (b) secondary electron emission and charge conduction on polyimide surface over the
radiation time [31].

the production process of secondary electron is very weak. The secondary electron
yield current increases with the energy of the kinetic electron to the surface of
polyimide decreasing over radiation time. With the radiation time increasing,

the conduction current density on the polyimide surface will gradually decrease,
resulting in most of the incident electrons on the polyimide surface being released
by the secondary electrons, and only a few electrons penetrating the surface. In the
case of low-energy electron radiation, the influence of secondary electron genera-
tion process is more obvious than that of deposition electron transport process. The
dynamic process of charge transport in the dielectric surface layer plays a leading
role in the initial stage of radiation, so it cannot be ignored [31].

4.1.2 Charge transport properties in the surface layer of polyimide

A non-uniform distribution of potential and electric field is caused by the
different spatial distribution of charge in polyimide surface layer under low-energy
electron radiation. By solving charge balance equation, current conduction equation
and Poisson equation, the distribution of electric potential and electric field can be
obtained. Figure 10(a) and (b) depicts the spatial and temporal distributions of
the internal potential and electric field of polyimide under electron radiation. The
electron energy is 10 keV and the flux density is 5 x 10™* A/m”.

Figure 10(a) shows that with the radiation time increasing, the surface poten-
tial increases gradually, and the maximum potential appears at about 25-30 s.
Meanwhile, with the material depth increasing, the potential decreases. It can be
seen in Figure 10(b) that the electric field intensity increases with the radiation
time increasing, which is due to the electrons accumulating in the polyimide surface
layer. The electric field tends to be stable when the radiation time is more than 25s.
It can be obtained that the electric field decreases gradually from the maximum
electron range to the dielectric surface, on which the electric field is equal to zero,
according to Poisson’s equation. The distribution of the maximum potential and the
maximum electric field over the radiation time is depicted in Figure 10(c). It can
also be seen from Figure 10(c) that the maximum surface potential increases with
the radiation time increasing and tends to stabilize at 25-30 s. When the radiation
time is 30 s, the stable potential reaches —8778 V. The corresponding experimental
result that was measured by the non-contact surface potentiometer was —8424 YV,
which is slightly lower than the simulated value. Correspondingly, the maximum
electric field is 1.78 x 10% V/m, which is very high, but does not cause damage to the
material. Once electron radiation stops, the electric field value will drop sharply.
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(a) Potential distribution with radiation time and material position (b) Electric field distribution with radistion time and material space
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Charge transport properties in polyimide surface layer. Distributions of internal potential (a) and internal
electric field (b) at various material positions and radiation times. Maximum potential and maximum electric
field (c) and surface potential (d) as a function of vadiation time [31].

Figure 10(d) shows the distribution of surface potential with over the radiation
time under different incident electron energy levels [31].

4.2 DC surface flashover mechanism of polyimide irradiated by electrons

Li et al. measured the DC surface flashover voltage of insulating material in
vacuum under electrons irradiation by controlling the energy, emission flux and
incident angle of the electron beam [16, 35]. Combining the common effects of
deposited electrons and kinetic incident electrons, they proposed a physical model
of surface flashover under electrons irradiation.

Figure 11(a)—(c) depicts the effect of electron energy, incident angle and
electron flux on DC surface flashover voltage of polyimide during electron irradia-
tion. The surface flashover voltage of polyimide irradiated by electron beam is
determined not only by the deposited electrons in the surface layer of the dielectric
but also by the kinetic incident electrons striking the dielectric surface [35].

During low-energy electron irradiation, for one thing, deposited electrons will
reduce the electric field in the vicinity of CTJ; thus, the field-emission effect is
suppressed, hindering the initiation of SEEA. For another, the surface potential
established by deposited electrons is proportional to the electron energy. The
secondary electrons will be repelled away from the polyimide surface, hindering the
development process of SEEA. Both of these two effects will promote the surface
flashover voltage.

However, during high-energy electron irradiation, the kinetic incident electrons
will strike the polyimide surface to generate secondary electrons, which promotes
the development of SEEA. If the impact points of kinetic incident electrons are
close to the CTJ, they will be an alternative to field-emission electrons as the seed
of SEEA. Thus, a high voltage to generate field-emission electrons and initiate the
SEEA is no longer needed. A lower applied voltage can provide energy for secondary
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DC surface flashover properties of polyimide under electron irradiation. Effects of electron energy (a), incident

angle (b), and electron flux (c) on surface flashover voltage. (d) The surface flashover model for dielectric
materials under electron irradiation [35].

electron multiplication. In other words, the applied voltage for electron multiplica-
tion is much lower than that for the field-emission—initiated SEEA. For another, the
electron beam bombardment will release the adsorbed gases on the irradiated area
of polyimide surface. Considering the shielding effect of the cathode, when the
applied voltage is the same value, the irradiated area of the case during high-energy
electron beam irradiation is larger than that of the case during low-energy electron
beam irradiation. When enough adsorbed gases are released, ionization may be
caused by electron beam bombardment as well as secondary electrons that gain
enough energy from the applied electric field. If the electron beam can approach
the polyimide surface, the effects of deposited electrons will be suppressed by those
kinetic incident electrons. The model of surface flashover under electrons irradia-
tion is shown in Figure 11(d) [35].

5. Deep charging and discharging mechanism of polyimide
5.1 Deep charging model of polyimide radiated by electrons

Energetic electrons are difficult to conduct when they are deposited inside
polyimide due to its low conductivity, resulting in deep charging of insulation.
Under the condition of typical electron radiation environment in geosynchronous
orbit (GEO), deep charging of polyimide normally does not cause discharge risk.
However, during the energetic electron storm, the electron flux will increase by 2-3
orders of magnitude within a few days and last for 10 days or so. At this point, the
incident electron flux will exceed the threshold of 0.1 pA/cmz, resulting in a great
risk of ESD [5, 36].

FLUMIC model, proposed by Rodgers et al., based on spacecraft data of GOES/
SEM and STRV-1b/REM was utilized in this paper to manifest the electron radiation
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environment in GEO [37, 38]. It is commonly agreed that FLUMIC model is suitable
for charging risk assessment and spacecraft design due to its complete demonstra-
tion of seasonal and annual variations in energetic electron flux. Figure 12(a)
depicts FLUMIC spectrum under typical and extreme space environment [36].

The penetration depth of energetic electrons in polyimide can be obtained from
the Weber semi-empirical equation. The charge conduction process consists of
inherent charge conductivity and radiation-induced conductivity. Charge transport
process satisfies the current conduction equation, the charge continuity equation
and Poisson’s equation [36].

Assume that electrons irradiate a plate polyimide from the upper side. HV is
applied to one side of the sample, and the other side is suspended or grounded.
Four cases of the sample are considered altogether, that is, (A) suspended-HV;

(B) HV-suspended; (C) grounded-HV; and (D) HV-grounded, as shown in
Figure 12(b) [36]. The condition before the hyphen indicates condition on the
upper surface, and the latter indicates condition on the lower surface.

Here, the first case will be discussed: HV is 0 V, that is, and the electrode is
grounded. Case A becomes suspended-grounded, case B becomes grounded-
suspended, and cases C and D are merged into grounded-grounded. We take the
condition with enhancement of 100 and radiation time of 5 days for an example.

5.2 Simulation results and discussion

In case A, the maximum electric field strength reached 5.00 x 10’ V/m, appear-
ing near the lower electrode. Most of the charge deposited near the radiated surface,
though part of the charge mitigated toward the lower electrode driven by the electric
field, as shown in Figure 13(al)—(a3) [36]. In case B, the maximum electric field
strength reached 4.39 x 10’ V/m, appearing near the upper electrode. Vast charges
are accumulated at the region near the radiated surface. As Figure 13(b1)-(b3)
shows, compared with case A, the electric field in case B tends to move downward,
inhibiting the migration of electrons from the field to the bulk of sample, which
leads to deposition of the charges near the surface and formulate a local high-space
charge area [36]. When both electrodes are grounded, it is clear that, similar to the
results in case B, the electric field near the upper electrode is at a lower position
vertically, restricting the transformation of the electrons to the bulk of the sample
and electrons accumulated at the region near upper electrode. In addition, as
Figure 13(c1)—(c3) shows, the electric field close to the downward electrode tends
to move up vertically, fostering the electron migration downward [36].

Furthermore, the impact of electron flux promotion on the charging of poly-
imide is addressed. Here, with four cases considered, we take the HV of 500 V and
radiation time of 10 days for an example. It is shown in Figure 14(a) and (b) that
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(a) The FLUMIC model value at GEO envivonment. (b) Four cases of the sample [36].
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case A has the highest total space charge density and maximum electric field, which
are significantly higher than those in other three cases at the same enhancement
[36]. With flux enhancement increases, total space charge density reaches the valley
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value under case D when enhancement is 1, while when enhancement increases to
100 and 1000, lowest charge density is seen in case B. Additionally, though charge
density in cases B and D is varied, lines representing maximum electric field almost
overlap. In case A, considering the voltage is applied to the lower electrode and
electric field moves upward, accumulated electrons are attracted to the lower elec-
trode; therefore, more electrons may be injected into the sample. On the contrary,
in case B, the voltage is applied to upper electrode and electric field moves down;
hence, vast charges are accumulated at the region near upper electrode, inhibiting
further electron injection. In cases C and D, the electric field moves down and up at
the region near upper and downward electrode, respectively. Based on the previous
analysis, it can be determined that with an increase in flux enhancement, its impact
on case A is more obvious than that in other cases.

At last, the influence of operating voltage on the charging of polyimide is dis-
cussed. Take the enhancement of 1 and the radiation time of 10 days as an example;
we discuss the influence of operating voltage on the charging of polyimide in the
four cases. As can be seen from Figure 14(c) and (d), the increase of operating volt-
age has a small influence on cases A and B, since the virtual electrode is at infinity in
both cases A and B [36].

6. Conclusions

Charging and discharging problem of polyimide in harsh space environment has
been a major limit to the development of high-voltage and high-power spacecraft.
Electrical and charge transport properties have great influences on the surface and
deep charging-discharging characteristics. The conclusions drawn are as follows:

1. The parameters obtained from the electrical experiments can be used in the
simulation of charge transport process, such as permittivity, trap energy level,
trap density, the activation energy and so on. The electrical breakdown field
decreases with an increase in sample thickness in the form of an inverse power
function. The elongation of free volume caused by the displacement of the
molecular chain associated with the accumulation of space charges and the
distortion of electric field may play important roles in the breakdown charac-
teristics of polyimide.

2.In terms of the surface electron properties of polyimide under electron radia-
tion, the electrons deposited in dielectric surface layer will form a reverse
electric field, which has a great impact on the dynamic process of the second-
ary electron movement and the process of deposition, transport and accumu-
lation of electrons in the dielectric surface layer. In terms of charge transport
properties in polyimide surface layer, the electrons deposited in dielectric
surface layer will migrate to the inside under the action of the RIC. The charge
conduction velocity is much lower than that of deposition, so the charge will
continuously accumulate in the surface layer, which will cause a reaction force
on kinetic electrons flowing to the dielectric surface.

3. Negative surface charge accumulation can increase the flashover voltage, to
some extent. Since kinetic incident electrons in the vicinity of the CT] can ini-
tiate the surface flashover at a much lower voltage, the shield of the spacecraft
is of great importance. If a trade-off must be made on the shielding layer, the
region of CTJ should be ensured. Moreover, narrow and deep gap between the
electrodes can shield the kinetic incident electrons with non-normal incidence
and may promote the surface flashover voltage.
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4.The use of the suspended-HV insulation should be limited to reduce the influ-
ence of electron flux enhancement when designing a spacecraft. To increase
the operating voltage of a large spacecraft like SSPS in the future, the rapid
increase of space charge density and maximum electric field in grounded-HV
and HV-grounded cases should be further considered.
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