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Prevention of spacecraft charging and discharging has become increasingly important as geostationary Earth-
orbit satellites employ higher bus voltages. There are numerous mitigation techniques against spacecraft charging,
including electron emission from the spacecraft chassis. A new electron emission device operating in a completely
passive manner has been developed, which uses the field enhancement at the triple junction where the interface of
metal and insulator is exposed to space. It has been named electron-emitting film for spacecraft charging mitigation
(ELF’S CHARM). Microetching was applied to polyimide-copper laminated film to manufacture a laboratory
prototype. This prototype ELF maintains the emission current at the steady state from the triple junctions instead of
leading to arcing. The electric field at the triple junction is macroscopically enhanced by charging the polyimide film
and microscopically by dielectric impurities on the copper surface. The laboratory experiments confirmed a stable
current emission from 10 to 100 g A for 4 hr from a 5-mm square sample having a 500-xm microetching pattern.
Recently, the endurance of this ELF design has been confirmed by 100 hr of accumulated emission testing.

Nomenclature
AV = voltage difference across insulator, V
¢cg = surface insulator (cover glass) potential, V
¢s = spacecraft chassis potential, V

I. Introduction

INCE the end of the 1990s, geostationary Earth orbit (GEO)
satellites have increased in size dramatically. Nowadays, a power
level of 10 kW is very common among commercial GEO
telecommunication satellites. To sustain such high power generation
requires a bus voltage over 100 V to decrease cable mass and to
increase electrical power transmission efficiency. However, the risk
of a power system failure increases with an increase in bus voltage.
Electrostatic discharge (ESD) on the surface of spacecraft,
especially on solar arrays, has been one of the primary causes of on-
orbit power system failures in spacecraft. ESD occurs when the
spacecraft body potential becomes highly negative with respect to the
ambient plasma as the flux of energetic electrons increases
significantly due to encounters with substorms or aurora. When
surface insulators, such as a solar array coverglass, have a positive
potential with respect to the spacecraft chassis potential, i.e., inverted

Presented as Paper 2009-560 at the 47th AIAA Aerospace Sciences
Meeting including The New Horizons Forum and Aerospace Exposition,
Orlando, FL, 5-8 January 2009; received 13 May 2010; revision received 14
October 2011; accepted for publication 17 October 201 1. Copyright © 2011
by the American Institute of Aeronautics and Astronautics, Inc. All rights
reserved. Copies of this paper may be made for personal or internal use, on
condition that the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0022-4650/12 and $10.00 in correspondence with the CCC.

*Assistant Professor, Department of Applied Science for Integrated
System Engineering, 1-1 Sensui, Tobata, Kitakyushu; iwata@ele.kyutech.
ac.jp (Corresponding Author).

"Postdoctoral Researcher, 1-1 Sensui, Tobata, Kitakyushu.

*Graduate Student, 1-1 Sensui, Tobata, Kitakyushu.

SAssociate Professor, Department of Electrical Engineering and
Electronics.

IProfessor, Department of Applied Science for Integrated System
Engineering, 1-1 Sensui, Tobata, Kitakyushu. Senior Member AIAA.

**Associate Senior Engineer, Innovative Technology Research Center,
7-44-1 Jindaiji-Higashi, Chofu.

546

potential gradient, by several hundred volts, an ESD can occur easily.
The temporal profiles of the spacecraft body and surface insulator are
schematically shown in Fig. 1. If we can maintain the spacecraft body
potential close to the ambient plasma potential, even when a
spacecraft encounters a substorm or aurora, we can greatly reduce the
risk of an ESD on the spacecraft surface.

In the present work, we have developed a device that emits
electrons via field emission from a so-called triple junction, where
the interface of the insulator and conductor are exposed to space
plasma. We named it electron-emitting film for spacecraft charging
mitigation (ELF’S CHARM). ELF is made by microetching metal-
polymer laminate film that is less than 100 pum thick. Each ELF is
several centimeters in size, and they are glued all over the surface of
the spacecraft, using a conductive adhesive so that the conductive
part has the same potential as the spacecraft chassis. The number
of ELFs required to mitigate the charging of a typical large
GEO telecommunication satellite is 100 or less, depending on the
satellite’s size and orbit. There have been various ideas presented to
prevent spacecraft charging by emitting charged particles from the
spacecraft body [1-3]. ELF has many advantages over the previously
proposed method. First of all, it is capable of completely passive
operation. It does not require any power source, as the power is
provided by the electric field generated by the surface charging and
absolute capacitance due to charging of the spacecraft with respect to
the ambient plasma. It does not require any sensors to initiate its
operation, as the surface charging automatically starts the field
emission. It does not even require a wire harness. Therefore, it is easy
to install, and the design change to present satellites is expected to be
very minor. It also does not require any gas to generate electrons.
Because it is made of a thin film, the total mass increase for a satellite
is only 10 g or less, so severe satellite design changes are not
necessary. The purpose of the present paper is to introduce the most
recent developments of this ELF.

II. Theoretical Background

When a spacecraft body experiences negative charging, the
electric field at the triple junction increases due to charging of the
insulator surface. If the electric field exceeds a certain level, ESD can
occur at the triple junction. The idea behind the operation of ELF is
for this device to emit electrons via field emission before the field
intensification can proceed on different parts of the spacecraft, such
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as the solar array coverglass. The electron emission raises the
spacecraft body potential to nearly zero, as schematically shown in
Fig. 2. This makes the spacecraft insulator surface negatively
charged with respect to the body, producing a so-called normal
potential gradient, where the ESD inception threshold is 10 times
higher than the inverted potential gradient. Electron emissions from
the triple junction exposed to the environment have been shown to be
a precursor phenomena to ESD. The new device uses this precursor
phenomena but maintains emissions up to a level that prevents
transition to ESD.

Figure 3 shows a schematic picture of the ELF under development.
As the geometry is not optimized yet, the ultimate product may have a
different shape; however, the basic elements will be the same. ELF
consists of a thin film of insulation (polyimide) on top of a copper
substrate, which exposes part of the metallic substrate. It is glued by
conductive adhesive to the conductive surface, which is connected to
the satellite body. When the ELF is exposed to energetic electrons,
the metallic part has the same potential as the satellite chassis. The
insulator surface can have a different potential from that of the
satellite chassis because of the secondary electron emission. By
selecting the proper material with a high secondary electron emission
coefficient, we can make the insulator potential more positive than
the chassis potential. This state is called an inverted potential
gradient. Once the electric field builds up due to the inverted potential
gradient, the highest electric field is formed at the triple junctions,
where the conductor, insulator, and vacuum meet, as shown in Fig. 3.
In Fig. 3, the typical thickness of the polyimide is 3 jum. The height
of the square-shaped copper protrusion at the center is typically
10 pum. The width of the center protrusion varies from 100 pum to
3 mm in the present paper. If there is any dielectric impurity on the
metal surface, we can expect the local enhancement of the electric
field up to several thousand times [4]. This is due to the direct input of
electrons from the metal surface to the conduction band of the
dielectric impurity. Electrons are accelerated inside the conduction
band and produce holes via ionization. The holes migrate toward the
metal-dielectric interface and further enhance the electric field while
the electrons are emitted from the dielectric-vacuum interface.

Once the field emission starts from the triple junctions, we can
expect further enhancement of the current by charging of the
insulator near the emission site. Some of the field-emitted electrons
hit the insulator surface and induce secondary electron emission, as
shown in Fig. 4. If more than one secondary electron is emitted by
one incident electron, a positive charge is left on the insulator surface.
The positive charge further enhances the electric field on the metal
surface. Higher numbers of field emission electrons induce even
more secondary electrons, and eventually, the emission current
shows avalanchelike behavior because the field emission current is
an exponential function of the electric field. After the avalanche is set
off, the negative charge of the field-emitted electrons eventually
limits the field emission current. The space charge limitation
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a) Formation of electric field at the triple junction
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Fig. 4 Schematic microscopic picture of a triple junction, showing the electric field, field emission, and secondary electron avalanche.
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eventually saturates the field emission current. The described
mechanism of field enhancement near the triple junction was
proposed as a prebreakdown mechanism for a high-voltage solar
array arcing in the early 1990s [3,6].

ELF uses the prebreakdown mechanism of arcing at the triple
junction on high-potential spacecraft. An arc occurs on the spacecraft
due to the continuous bombardment of field emission electrons on
the insulator surface even after saturation of the field emission
current. This continuous bombardment of electrons also ionizes the
neutral gas molecules desorbing from the surface via electron impact.

III. Experiment
A. Test Sample

Figure 5 shows a microscopic photograph of a typical testing ELF
containing a triple junction. The area between two concentric squares
is the exposed metallic part, and the remaining areas are covered by
polyimide. The dimensions of the inner area are 500 x 500 pum,
while characterizes the ELF by name. The geometry of each square is
shown in Fig. 3. These square patterns were made by microetching
on a polyimide-copper laminated plate. We made four types of
emitters, differing by the size of the inner square: 3 x 3 mm,
1 x 1 mm, 500 x 500 pum, and 100 x 100 pm, as shown in Fig. 6.
The area without any pattern is plain polyimide film on the copper
substrate, which is used to measure the insulator surface potential by
a noncontacting surface potential probe during the experiment.
These emitters were stored in a desiccator until the experiment was
started in a vacuum. Before starting the evacuation, each coupon was
placed individually on glass after adding a 10 M2 resistor. After a
satisfactory vacuum was established, the experiment was started.

B. Experimental Facility

Figure 7 shows a schematic picture of the experimental setup. All
ELF coupon experiments were performed in a vacuum chamber that
had a cylindrical shape of 600 mm in diameter and 900 mm in length,
which was evacuated by a turbo molecular pump to achieve a
pressure of ~2.0 x 10~* Pa. The chamber was also equipped with an
electron gun (OME-0050LL). We irradiated the ELF surface with
electrons from the gun to simulate the substorm condition that
boosted the inverted potential gradient on the ELF surface. The two-
dimensional (2-D) distribution of surface potential on the ELF
surface was measured by a noncontacting surface potential probe
(Trek model 341B) attached to the XY stage controller unit (Sigma-
Koki SGSP26-150 and SGSP26-200). The chamber was also
equipped with an infrared camera (Sony XC-E150) to detect the
location of luminescence due to electron emission and/or discharge.
To simulate a negatively charged spacecraft with respect to the
ambient plasma on which the ELF was glued, we biased the ELF to a
negative potential using a variable direct current (DC) power supply
(Viias)- Figure 8 shows a schematic picture of the present electrical
circuitry and the data acquisition system for the performance test. A
10 MQ resistor (R) was attached to each ELF to simulate the

Fig. 5 Microscopic photograph of an ELF coupon with a typical 500 x
500 pm square.

3 X3 mm
square projection

I X1 mm
square projection

500 X 500 pm
square projection

100 X 100 pm
square projection

Fig. 6 Photograph of an ELF coupon with various square sizes.
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Fig. 7 Schematic diagram of experimental setup for performance test.

resistance of the conductive adhesive on the satellite body. Another
10 M resistor (Rs) was used to protect the DC power supply from
damage caused by any short circuit. A capacitor of 300 pF was setin
the external circuit to simulate the spacecraft capacitance as well as to
increase the discharge current to a detectable amount when it occurs.
The DC current probes Cpl and Cp2 (Hioki 3272) were used to
measure the arc current. During electron emission from the ELF
surface, there was a potential drop that was monitored by using a
high-voltage probe, Vp (Agilent N2771A), and was used to derive
the emission current from the voltage drop across the resistor Rs.
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Surface Potential Cpl| =
Reference Plate (0 V) 1
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Fig. 8 Schematic diagram of the electrical circuitry and data
acquisition system in the performance test.
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During the electron emission, often an anomalous sharp rise in the
emission current was detected by a high-voltage probe. Sometimes,
during the emission, an optical luminescence was also detected by
the infrared camera on the ELF surface.

IV. Results and Discussions
A. Emission Performance Test

To check the emission performance of ELF, it was irradiated with
an electron beam with an energy level of 5.2 keV and a current of
50 A to make the surface a positive potential with respect to the
sample bias of —5.0 kV. By selecting the proper electron beam
parameters, an inverted potential gradient was generated that created
a field emission from the triple junctions in several of the squares
(there are 12 squares on the ELF surface; however, the emission point
is still unknown) on the ELF surface. Figure 9 shows the emissions
from four types of ELF. In the figure, we mark the time when
discharges were detected. The discharge occurs when the emission
current deviates from a stable level and runs away by quickly
increasing by orders of magnitude. The discharge at ELF is not a

200

—
W
o

[
[=3
S

W
(=]

Emission current, LA

TTTT]

[=)

0 5 10 15 20 25 30
Time, min

a) 100 x 100 pm square ELF

200

v
S
3

—
(=3
(=]

W
(=]
T

Emission current, LA

(=]

-50

0 5 10 15 20 25 30
Time, min
¢) 1 x1 mm square ELF

concern in orbit as it occurs at places much safer than the critical
components, such as the solar array. It can also neutralize the charg-
ing process over the solar array around ELF [7]. The detrimental
effect of discharge on ELF in orbit is probably limited to
electromagnetic interference. Although we see occasional dis-
charges, an average of 40 to 50 A is observed throughout Fig. 9,
which means the emission current does not depend on the projection
size. This is reasonable, considering the nonlinear nature of field
emissions and localized emission sites on the metal surface [4]. It is
possible that an emission from one site dominates the other sites, in
which case the size of projection does not matter.

Figure 9 also shows frequent drops in the emission current as well
as sudden jumps that are not associated with discharge. Because ELF
operates in a group distributed over the whole of the spacecraft
surface, a drop in the current of one ELF does not degrade the overall
performance. As long as the total emission current from all the ELFs
on the spacecraft balances the total current of incoming energetic
electrons, the spacecraft body potential can be maintained near zero.
The sudden jump in the current was detected with an additional
oscilloscope whose time range was much larger than the time range
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Fig. 9 Emission current from various ELF during performance tests. The discharge time is indicated by the *“x”.
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Fig. 10 Comparison of sudden jump in the emission current with discharge current.
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Fig. 11 ELF and reference plates arrangement inside vacuum
chamber during surface potential measurement.

of the main oscilloscope, which was used to measure the discharge
waveform. One example of a typical discharge current and a sudden
jump in the emission current is shown in Figs. 10a and 10b,
respectively. The former has a pulse width of approximately 10 s,
and its peak value is 3.5 A, as shown in Fig. 10a. The latter has a time
scale around 100 ms. In the present paper, this sudden jump in the
emission current is called a rapid electron emission (REE) to
distinguish it from the discharge. The cause of REEs is currently not
clear; however, details of the phenomena may be explained in the
near future. Again, because ELF operates as a group, a REE at one
ELF does not affect the overall performance of the group.

To confirm the inverted potential gradient, the potential of the
polyimide-covered ELF inside the vacuum chamber was measured.
A bias voltage of —5 kV was applied to the substrate, followed by
irradiation with an electron beam of 5.2 keV and 50 nA to the
polyimide-covered ELF surface for 5 min. After shutting the beam
off, the area shown in Fig. 11 was immediately scanned. Figures 12a
and 12b show the potential distribution of this area before and after
the electron beam irradiation, respectively. The reference potential

Surface Potential
Reference Plate (—5 kV)

Surface Potential
Reference Plate (0 V)

140

PG Y. mm

Surface potential, kV

a) Before electron beam irradiation

plates of —5 kV and 0 V are clearly shown on the far right and in the
top left corner, respectively. The biased coupon showed color similar
to the reference plate of —5 kV. The square area marked by black
lines corresponds to the plain polyimide surface without any exposed
metal substrate and has more positive potential than —5 kV by
approximately 1 kV. Therefore, it was confirmed that an inverted
potential gradient condition exists over the 12 squares where there
are triple junctions.

The emission current increased with an increase of the potential
difference between the insulator surface and the metallic part. The
insulator surface potential is determined by the balance of secondary
electrons and incident electrons. The electrons having energy of
200 eV hit the ELF surface, which has a —5 kV bias, when the
electron beam energy is 5.2 keV. At this incident energy, the
secondary electron emission coefficient of polyimide (the surface
materials of ELF) is larger than unity, as shown in Fig. 13, which
shows the energy dependence of secondary electron emission yield
on a polyimide Kapton, based on a model [§] and experimental data
[9,10]. Because the number of secondary electrons is larger than that
of the incident electrons, the insulator surface creates a positive
potential greater than —5 kV. At the same time, the incident electron
energy on the insulator surface increases with the increase of the
insulator surface potential. For example, if the surface potential
increases around —4.5 kV, while being irradiated with an electron
beam of 5.2 kV, the incident electron energy on the insulator surface
rises to around 700 eV. As shown in Fig. 13, the secondary electron
emission coefficient is larger than unity when the incident electron
energy is between 20 and 680 eV. Therefore, if the surface potential
increases to —4.5 kV, the potential difference between the insulator
surface and the metallic part does not continue to increase due to the
balance of secondary and incident electrons. To simulate further
potential differences between the insulator surface and the metallic
part, the incident electron energy should be controlled on the
insulator surface to within the range of 20 to 680 eV due to
the reduction of electron beam energy. By varying the beam energy,
the insulator surface potential can be controlled. The way the
emission current varies due to changes of the beam energy during the
experiment is shown in Fig. 14. The bias voltage of the ELF substrate
was kept to —5 kV, and only one 3 x 3 mm square was exposed to
the electron beam, whereas the rest of the surface was covered by
polyimide tape. First, we used a beam energy of 5.5 keV. The
emission current was restarted after 48 min and stabilized for several
minutes; after which the beam energy was lowered to 4.8 keV, and the
emission current jumped to 70 nA. The beam energy was further
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Surface Potential
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X, mm
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b) After electron beam irradiation

Fig. 12 2-D potential distribution on ELF surface and reference plates.
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Fig. 13 Energy dependence of secondary electron emission yield on a
polyimide Kapton, based on a model [8] and experimental data [9,10].

decreased to 3 keV, and this pattern continued, as shown in Fig. 14.
After 61 min, the beam was shut off, and the emission was stopped.
The emission occurred even with 3 keV beam energy, which means
that the insulator potential was more positive than —3 kV and
ensured that the inverted potential gradient was greater than 2 kV
during the field emission under the electron beam irradiation.

B. Endurance Test

A typical GEO satellite encounters substorm conditions for 12 hr
per year during sun-lit conditions [11]. If we include eclipses, it is
34 hr. Over the 15 years of a typical operational lifetime, the total
duration of substorm conditions is 500 to 600 hr. Therefore, we have
to demonstrate that ELF could continue to operate effectively even
after 600 cumulative hours using a ground test. To check the emission
performance under substorm conditions over a long time period, a
100-hr (accumulated) endurance test was performed under the same
conditions mentioned in Section IV.A. The experimental results are
shown in Fig. 15. Although discharges and REE were observed
during the electron emission, the ELF device continued to function
until we shut the beam off and stopped the sample bias. We have
confirmed that ELF can operate for a period of time longer than
100 hr.

In our studies to date, the typical emission current from one
pristine ELF coupon at the beginning of operation was observed
around 40 to 50 A. Suppose the total surface area of a GEO satellite
is 400 m? and an energetic electron current density of 10 uA/m?
during a substorm in space [11], then the total electron current
incoming to the satellite is 4 mA. Therefore, if the satellite has 100
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Fig. 14 Effect of electron beam energy on emission current.
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Fig. 15 Emission current from ELF during endurance tests. The
discharge time is indicated by “x”.

ELFs and each operates satisfactorily, the energetic electron current
can be balanced by the ELF emission current.

The current development goal for ELF is to achieve technical
readiness level 6 and prepare it for an orbital demonstration. There
are six parts of this goal:

1) Theory: A theoretical value of the emission current should be
derived based on a model of physical processes leading to the start of
electron emission to explain the experimental results.

2) Design optimization: Fig. 3 shows the present design of ELF.
This geometry is not necessarily optimized for the maximum
emission current. The numerical simulations, design, manufacture,
and testing to reach the optimized shape need to be repeated.

3) Yield rate: Mass production of ELF using microetching
technology of polyimide-copper laminated film should be the goal.
ELFs will be distributed over the whole satellite surface, so that the
performance of each ELF should be uniform; ideally, the electron
emission pattern of every ELF should be tested. The emission
performances of many samples should be measured to improve the
yield rate within an acceptable range. In the performance measure-
ment, the electron emission under nonmonoenergetic electron
bombardment should also be measured.

4) Environmental durability: It must be demonstrated that ELF can
withstand exposure to such conditions as radiation, ultraviolet rays,
and thermal cycle.

5) Optimum distribution pattern: The distribution of ELF over the
satellite surface should be analyzed. The insulator surface on a
satellite has different charging potentials depending on its location in
space. So, depending on the satellite’s orbit and location, the
optimum pattern of ELF distribution over the satellite needs to be
studied further. By using the multi-utility spacecraft charging
analysis tool (MUSCAT) [12], we were able to solve the surface
charging potential distribution. This software can also be used to
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understand how the spacecraft chassis potential is neutralized by the
electron emission due to ELF on the spacecraft. The potential-barrier
effects that may prevent field-emitted electrons from escaping are
automatically included in the simulation.

6) Material optimization: The current design of ELF uses a
combination of copper and polyimide. More efforts are underway to
improve the performance by using an insulator material that has a
higher secondary electron emission yield.

V. Conclusions

In this paper, the development status of ELF’S CHARM is
described. Microetching was applied to thin polyimide-copper
laminate film to produce a metal-exposed area over the surface at
triple junctions. ELF uses the prebreakdown mechanism of arcing on
a solar array under an inverted potential gradient. Because the
polyimide is more positively charged than copper, electrons are
emitted via field emission from the copper. The laboratory
experiments demonstrated that each ELF is capable of emitting a
stable current up to 100 nA or even higher while exposed to an
electron beam. It has been demonstrated that the emission current
depends on the potential difference across the insulator because it
was possible to control the emission current by varying the insulator
surface potential by shifting the electron incident energy to change
the secondary electron emission yield from the polyimide. It was also
demonstrated that the long-term operation of ELF could exceed
100 hr. Suppose the total surface area of a GEO satellite is 400 m?,
and the total electron current incoming to the satellite is 4 mA.
Therefore, if the satellite has 100 ELFs and each operates
satisfactorily, the energetic electron current can be successfully
balanced by the ELF emission current. The current balance maintains
the potential of the satellite body near zero, which is the normal
potential gradient, and greatly reduces the risk of discharge
inception.

The current development goal of ELF is to achieve technical
readiness level 6 and make it ready for orbital demonstration. The
progress made on each research item will be reported in the near
future. In an orbital demonstration, the functioning of ELF in a
natural environment will be exposed to the full range of electron
energy spectrum and will test the prevention of spacecraft charging
by returning electrons from the spacecraft chassis to the surrounding
plasma, even in the presence of a complex potential barrier around
the spacecraft.
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