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Development of a Triggerless Vacuum Arc Thruster
by Using a CFRP
Shingo Fuchikami, Kateryna Aheieva, Tatsuo Shimizu, Kazuhiro Toyoda, Mengu Cho

With the increase of small satellites development, missions
may become more complicated, and some missions might
therefore require maneuver or attitude change using thrusters.
Thrusters for small satellites must be simple since for small
satellites the total allowed volume is less than 50 cubic cm.

Abstract— A vacuum arc thruster was developed with the
particularity to be free of igniter. The igniter is replaced by a
micro discharge generated by interactions between a propellant
and high-density plasma. With this system, the igniter, such as
high-voltage pulse generator, is no longer required, and the
thruster system becomes a simple, lightweight, noise free, and
small power consumption unit. This thruster was developed for
nano-satellite in the low earth orbit, where the electron density in
the order of 12 (≈1012 m-3) exist allowing arc discharges to occur
passively. In this research, Carbon Fiber Reinforced Plastic
(CFRP) was investigated as propellant material, which can easily
discharge. When a vacuum arc connects the anode and cathode,
the cathode emits a metal vapor like jet, which results in thrust
for the satellite. During on-ground experiment, the performance
of the vacuum arc thruster using the CFRP propellant was
evaluated, and its impulse bit was measured as being in the μNs
range. It was also observed that by increasing the energy of a
vacuum arc, the impulse bit was also increased. A micro vacuum
arc thruster is under development at Kyushu Institute of
Technology to be mounted on the nano-satellite "HORYU-IV".
The purpose of this development is to demonstrate on-orbit the
triggerless propulsion system with a circuit that eliminates the
DC/DC converter drive part by using the direct power from
high-voltage solar cells. The development and ground testing
results of the micro vacuum arc thruster will be reported during
this conference.

This paper reports the ground test results of the vacuum arc
thruster that was developed and investigated as a suitable
propulsion system for small satellites. The presented vacuum
arc thruster is characterized by its Carbon Fiber Reinforced
Plastic (CFRP) propellant, which allows trigger-less operation
in high-density plasma environment. The authors indeed
verified experimentally that the micro discharge generated on
the CFRP surface acts as a passive igniter.
Kyushu Institute of Technology is developing a 10kg nanosatellite belonging to the 30 cubic cm class, namely "Arc Event
Generator and Investigation Satellite (AEGIS), HORYU-IV".
The main missions of HORYU-IV is to acquire current
waveform as well as picture of a discharge occurring on triple
junction solar cells on-orbit, and to generate high photovoltaic
power using High Voltage Solar Array (HVSA) able to
generate about 300V. High voltage from HVSA is used to bias
negatively the cathode of the thruster. The vacuum arc thruster
was developed to be mounted on HORYU-IV to demonstrate
its working principle on-orbit.

Keywords—Electric propulsion, Vacuum arc thruster, CFRP,
Trigger-less thruster

I.

II.

VACUUM ARC THRUSTER

Upon connection of the cathode and anode by vacuum arc,
it results in metal vapor ejection from the cathode [1]. The
force induced by the metal vapor ejection results in thrust for
the satellite. With the developed thruster type, the cathode is
the propellant and all the thruster can therefore be composed of
solid components. The vacuum arc thruster presented here can
generate vacuum arc discharge using the energy stored in the
capacitor. Fig 1 shows a schematic diagram of the thruster.
Capacitor C1 stores energy for the generation of the vacuum
arc. Charging of C1 can be controlled by the High/Low signal
from the micro control unit. C1 is charged when the switch is
turned ON. Once C1 is charged, a potential difference of 150 ~
350V is applied between the anode and cathode. After the
cathode and anode are short-circuited by the vacuum arc
discharge, C1 is charged again. The operation of the vacuum
arc thruster is therefore repetitions of the charging of the
capacitor C1 and ejection of metal vapor by vacuum arc.

INTRODUCTION

On February 28, 2014, H-IIA Launch Vehicle No. 23 was
launched from the Tanegashima Space Center in Japan, and
seven piggyback satellites were put into orbit. All of the seven
satellites were small satellites developed by universities. In this
paper, the authors define small satellites as satellites weighing
less than 50kg and with maximal external dimensions of 50cm.
Small satellites can be developed more rapidly and at lower
cost than large satellites, which allows universities and venture
companies to part of space field advancement. Unlike large
satellite, small satellites allow high-risk missions integration,
and for this reason the demand for small satellites should
remain high in the future.
Shingo Fuchikami, Kateryna Aheieva, Tatsuo Shimizu, Kazuhiro Toyoda, and
Mengu Cho are from Kyushu Institute of Technology, Laboratory of
Spacecraft Environment Interaction Engineering, Fukuoka, Japan (e-mail:
n349525s@mail.kyutech.ac.jp)

Using the diode D1 and the low-pass filter formed by
resistors R2, R3, and capacitor C2, the power supply part can
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be protected from the effects of the generated vacuum arc.
When the switch is turned OFF, the capacitor C1 is discharged
through resistor R1. In laboratory, CFRP shown in Fig 2 is
used as cathode material. Discharge point is limited by
applying polyimide tape with holes on the surface of the
cathode (refer to Fig 3). This prevents discharge from
occurring in locations other than the exposed point of the
cathode.

III.

TRIGGER-LESS IGNITION

With regard to on-orbit experiments, PIX-II was launched
in 1983 and it showed that the threshold of arc discharge is
about 230V. It was found also that the arc frequency increases
with the increase of the voltage [2]. This result suggests that
the vacuum arc thruster can generate arc discharge passively by
interaction with the space environment.

Fig 1. Vacuum arc structure schematic

Fig 5. Experimental data of arc rate on a solar cell

Usually, ignition of arc thrusters require a module like
high-voltage pulse generator. The latter not only complicates
the system, but also pose the risk of having influence of surge
voltage on satellite apparatus. The propulsion system proposed
in this research works with passively generated arc discharges,
which are ignited by the interaction with the space environment.
The mechanism of this arc event generation is the same as the
arc event generation on triple junction solar cells [3].

Fig 2. Cathode made of CFRP

CFRP is a composite material made of resin and carbon
fibers. Therefore, when a negative bias is applied to carbon
fiber, the electric field becomes stronger at the triple junction,
which is the boundary point of the conductor, dielectric, and
vacuum. The electron current (jec) emitted from the triple
junction collides with the dielectric, and the dielectric emits gas.
The dielectric also releases secondary electron current (jee) due
to the collision with the electrons, and more neutral gas is
therefore ejected. Finally, the neutral gas grows bigger and
encompasses thruster’s cathode and anode, which leads to the
arc event.

Fig 3. Discharge surface of the cathode

This Since it is the passive ignition by only impresses of
applying a voltage to the CFRP cathode makes the , a thruster
system becomes simply and robust.
During on-ground testing, the vacuum chamber is filled
with high density plasma to simulate the low earth orbit (Table
1). The test setup is shown in Fig 7. Plasma environment is
provided by the Electron Cyclotron Resonance (ECR) plasma
source and its density was measured by using Langmuir probe.
The cathode was placed at a distance of 5mm from the anode.
As for the discharge surface, 5mm×5mm area of CFRP was
exposed to the plasma. As biased voltage, 300V were
continuously applied to the cathode and the power supply was

Fig 4. Head part of the vacuum arc thruster
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protected by a 100k resistor. The number of arc discharge
occurrence was acquired during the experiment.

Fig 8. Arcing between anode and cathode

Fig 6. CFRP charging principle schematic
Table 1. Plasma environment in the experimental vacuum chamber

Pressure [Pa]
Plasma density [m-3]
Electron temperature [eV]
Plasma source
Gas source

10-3
1012
2
ECR type
Xenon
Fig 9. Number of arcing event

Eq. 1

IV.

PERFORMANCE OF VAT USING CFRP PROPELLANT

Performance of the vacuum arc thruster using CFRP
propellant was measured experimentally. The thruster is
operated by pulse and the impulse bit, Ibit, was evaluated. For
the evaluation of Ibit, an igniter was used to generate discharges
during the experiments described in this section. The igniter
allows the control of the arc event, and since its circuit is
electrically floating from the thruster circuit, the igniter has no
electrical influence onto the vacuum arc phenomenon.

Fig 7. Experimental configuration

A. Experimental methodology
The impulse bit was deduced from the displacement of the
thrust target. the thrust target was a cone shaped target and was
made of insulator material (refer to Fig 10). Table 2 shows the
specifications of this target. The target was hung at 3 mm from
the discharging face of the cathode.

shows the discharge spark from the arc. The connection
of the cathode and anode by the vacuum arc was confirmed. As
shown in Fig 9, 106 electric discharges were detected in 25
minutes. The arc event was directly proportional to the time. In
other words, when the CFRP cathode is exposed to the plasma
environment, the discharge frequency is stable even without
the use of igniter, as expected. From Eq. 1, the discharge
frequency was about 0.07 arcs/s.
Fig 8

Configuration of the test is shown in Fig 11. Upon vacuum
arc generation, the thruster ejects vapor, which moves the
target. The displacement of the target is acquired by a digital
video camera and Ibit can be deduced.
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During the experiment, the supply voltage was changed
from 150V to 350V, and the current waveforms of the vacuum
arc were obtained by the ammeter for each supply voltage.

Fig 12. Comparison of the arc current and the bias voltage

Fig 10. Cone shape thrust target

When an arc event occurs, the target moves like a simple
pendulum. Fig 13 is a composite picture of the position of the
target before and after vapor collision.

Table 2. Specifications of the thruster

Target material
Mass [mg]
Height [mm]
Diameter [mm]
String length [mm]
String material

Polyimide
20
12.5
25
1.4×102
Polyethylene

Fig 13. Composite photograph before and after the arc event

Experimental results are shown in Fig. 14. The lower
horizontal axis (red dot) represents the charging energy of the
capacitor. The upper horizontal axis (blue triangle) represents
the charging voltage of the capacitor. The vertical axis is the
impulse bit. The charging energy was calculated using エラー!
参照元が見つかりません。, where U [J] is the charging
energy of the capacitor, C [F] is the capacitance of condenser,
and V [V] is the charging voltage of the capacitor.

Fig 11. Configuration of impulse bit measurement test

Impulse bit Ibit was calculated from Eq. 2.
Eq. 2

Eq. 3

Where, m [kg] is the target mass, vo [m/s] is initial velocity of
the target, L [m] is string length, x [m] is displacement of the
target, and g [m/s2] is gravitational acceleration.

From this result, impulse bit increases when the input energy to
the capacitor is increased.

B. Experimental results
The current of a vacuum arc is shown in Fig 12. When the
applied voltage is greater than 300V, the discharge pulse width
was 5μs and the current peak was greater than 1kA. When the
applied voltage was small, the discharge time increased.

Fig. 15 shows the relation between the electric power
consumed by the vacuum arc and the resulting thrust when the
arc rate is 0.07Hz. From the slope of the curve, the
proportional coefficient between the electric power and the
thrust was estimated to be 4.7μN/W.
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Fig. 16. HORYU-II external configuration overview

Fig. 14. Impulse bit vs. voltage for CFRP propellant

Fig. 17. HORYU-II on-orbit high photovoltaic power generation data

Arc Event Generator and Investigation Satellite (AEGIS)
"HORYU-IV" that is scheduled to be launched in 2015 will
demonstrate the vacuum arc thruster in orbit. Power supply to
the vacuum arc thruster uses the high voltage solar array that
was already flown on-board HORYU-II. This thruster system
is simple, since the power can be supplied without boosting
circuit. Discharge current of the vacuum arc will be acquired
by an in-house developed on-board oscilloscope [5].

Fig. 15. Thrust vs. consumed power for 0.07 Hz arc rate

V.

DEVELOPMENT OF THRUSTER SYSTEM FOR HORYU-IV

Kyushu Institute of Technology is developing nano-satellite
of the "HORYU" series since 2006. HORYU-II (Fig. 16) was
launched in 2012 and successfully demonstrated high
photovoltaic power generation in orbit using high voltage solar
array [4]. Fig. 17 shows that HORYU-II could steadily generate
about 350V on orbit.

Fig. 18 HORYU-IV external configuration and mounting position of VAT
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A. Components design
The thruster uses a coaxial type head parts and Fig. 19
shows the design of the head parts. A φ2mm CFRP rod is
inserted into an insulator tube, which is further inserted into the
metal cylinder. This cylinder’s outer and inner lid is fixed to
the satellite body. The fixation method of the head part is
shown in Fig. 20. To prevent unexpected accidents from
discharge, the thruster system is electrically insulated from the
satellite body.

Eq. 4
Eq. 5
Eq. 6

Eq. 7

The capacitor is mounted to the Printed Circuit Board 1
(PCB1). The current probe used for obtaining the discharge
current of the vacuum arc is mounted to the PCB2 and head
part is fixed to the PCB3.

Eq. 8

VI.

CONCLUSION

In this paper, passive operation of the vacuum arc thruster
using CFRP propellant was demonstrated since a stable 0.07Hz
arc rate was experimentally obtained. The thrust generated by
the presented vacuum arc thruster could be controlled by
controlling the amount of energy stored in the capacitor. When
the charged electric power was large, the thrust from the
vacuum arc became large. The relationship between thrust and
power was estimated to be 4.7μN / W.

Fig. 19. Thruster head parts design

Kyushu Institute of Technology is developing the “Arc
Event Generator and Investigation Satellite (AEGIS),
HORYU-IV". The vacuum thruster is under development to be
mounted on-board HORYU-IV, which launch is planned for
2015. This will allow the proposed vacuum arc thruster to be
tested on orbit from which useful data could be retrieved.
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Fig. 20. Mounting method of VAT head parts

B. Ability estimation
From thruster operation, HORYU-IV induced angular
velocity was estimated. The thruster head is mounted on the +Z
panel and the moment of inertia I [kg・m2] for each axis of
HORYU-IV is shown in Eq. 4 as well as the vector r [m] from
the satellite center of mass to the thruster head. Thrust is
assumed to be 0.2μF from experiments. Thrust F [N] generated
by the vacuum arc thruster is shown in Eq. 6. The resulting
torque M [N・m] is calculated using Eq. 7. When operating
the thruster for 1 minute, the satellite angular velocity ω [rad/s]
was calculated using Eq. 8 where the operating time is t [s] =
60 seconds.
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