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Abstract 

 This report presents work that had been done during the internship period between 19 
November 2018 and 31 January 2019 at ZAP Lab, National Cheng Kung University (NCKU), Tainan, Taiwan. 
The report composes of 7 main topics. Introduction summarizes VAT’s importance and its basic 
information. Then, in background topic will explain the deeper information of VAT and circuit used in the 
thruster system. The VAT and circuit design concept includes 3 VAT and 2 circuit which were designed as 
only a concept. On the other hand, the other 3 VAT that were designed and manufactured were shown in 
VAT part. After that, experimental setup and results of all 3 VAT were described. The small, ring and plate 
VAT can discharge continuously 20 times, 200 times and 1,200 times, respectively and the maximum total 
discharging times among these three is around 3,000 times for the plate VAT. In the end of the report, 
discussion was given and divided into 5 subjects that stopped VAT discharging. 
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1. Introduction  

In the present world, exploring space has become increasingly popular which leads to the 
development of numerous technologies that has lower cost, better performances, and longer lift 
time. Therefore, microsatellites become one of the fastest-growing development and it is used in 
many space missions. One of the main reasons of increasing of advancement in microsatellites is the 
cost of launching, it is lower than ordinary satellites or space rocket because of weight and 
dimension. The prime example is CubeSat which had the cubic geometry with small dimension about 
10 cm × 10 cm × 10 cm. According to limited energy in space flights, electric propulsion comes in 
because the electric power can be recharged by the solar power which makes the power source of 
microsatellites has never run out as long as there is sunlight. Additionally, the electric propulsion has 
smaller size of the propellant compared with chemical propellant, both liquid and solid type; the 
propellant used in electric propulsion varies with the type of thruster and can be a rare gas, liquid 
metal, solid metal, and conventional propellant. Moreover, the propellant is ejected up to twenty 
times faster than from a classical chemical thruster and therefore the overall system is many times 
more mass efficient. Meanwhile, the electric propulsion produced a tiny amount of power compared 
with other propulsion systems, but it can provide a small thrust for a long time. For instance, the 
thrust produced by EP is in micro to milli Newton. However, this value is enough to drive the 
microsatellites through the space missions for long-duration applications.  

 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 1.1 Cubesat [1] 

 
Moreover, Most of the Electric Propulsion System (EPS) used the electric power to transform 

a propellant into a plasma state and accelerated it by electric field, magnetic field, or pressure 
gradient. The plasma state is one of the four fundamental states of matter, distinct from solid, liquid, 
and gaseous states. Plasma contains a cloud of protons, neutrons, and electrons. The uniqueness of 
the plasma state is due to the importance of electric and magnetic forces that act on a plasma in 
addition to such forces as gravity that affect all forms of matter. As a result, electric propulsion 
system combined these properties of plasma and specific forces such as magnetic field, electric field, 
or pressure gradient to produce thrust for the system.  
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Figure 1.2 Schematic of a Pulsed Plasma Thruster (PPT) [2] 
 

The schematic of a Pulsed Plasma Thruster (PPT) – the operation of this system is that the 
high voltage across propellant causing ablation and sublimation of the propellant. The heat 
generated to this arc causes the resultant gas into a plasma, thereby created a charged gas cloud. 
Due to the force of the ablation, the plasma is propelled at low speed between two charged plates 
(an anode and cathode). Since the plasma is charged, the fuel effectively completes the circuit 
between the two plates, allowing a current to flow through the plasma. This flow of electrons 
generates a strong electromagnetic field which then exerts a Lorentz Force on the plasma, 
accelerating the plasma out of the PPT exhaust at high velocity. 
 

2. Background       

2.1 VAT   

To achieve high efficiency orbiting or travelling, the electric propulsion is introduced due to 
its size and energy required [3] unlike the conventional combustion propulsive systems that 
consume distinctively higher energy to travel the same distance. The electric propulsion provides 
several choices of the propulsive systems [3, 4]. One of interesting systems is Vacuum Arc Thruster 
(VAT). The VAT is based on the idea of using the impulse of vaporized solid propellant which, in the 
VAT, normally is the metal electrode that will be accelerated to very high velocity - to create the 
momentum thus the thrust to the micro-satellite.  

The VAT composes of three main-components; cathode, anode, and insulator. The cathode 
and anode have main role as the electric powerplant for the VAT while the insulator acts as the tiny 
wall to prevent the cathode and anode accidentally electrified yet keeps them close to be easily 
ignited when needed. The options of the VAT design depend on the researchers’ perspective. It 
could be briefly categorized in three aspects – the material used, the geometry, and the alignment. 

Beginning with the material, the material of the VAT is crucial, especially in the cathode and 
anode, because the difference of the electric, plasma, and thermal properties in each material. Some 
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combination of the cathode-anode materials might result in a distinctive change in performance or 
limits, as shown in the Table 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1 Predicted performance of VATs and VAITs in each material [3] 

 Since the thrust will be generated from the ionization of the electric reaction between 
cathode and anode, the electrical parameters will involve significantly in the systems. The most 
important parameter of cathode ionization in this system is the input voltage. Different material 
requires different voltage to initiate the ionization state which results in the thrust generation from 
plasma plume - 700 V for the copper-copper electrode for example. In summary, the choices of 
electrode material preference directly affect related components in the circuit and might result in 
the size of circuit in use.  

 

 

 

 

 

 

Figure 2.1 An example of VAT circuit used in the experiment system [3] 
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 Next, the geometries of the VAT, which mainly has 3 shape being commonly used, are 
coaxial, plate, and hollow as follows: 

 

 

 

 

 

Figure 2.2 Common shape of VAT from left to right – Coaxial, plate, and hollow (white and black for 
electrode, grey for insulator) [3] 

 Each geometry of the VAT gives different advantages to the user such as ease of 
manufacturing and also might create different result of thrust created when in operation. However, 
some configurations of the VATs are rarely published and insufficient information was given out 
which leads us to the further investigation in our research. 

 Last but not least, the alignment of the electrodes. One coaxial VAT research [3] has shown 
that there is an alteration of the cathode-anode alignment, which will be called “Inverse VAT 
configuration” for our research. The researchers made the anode to be installed in the inner tube 
while the cathode was changed to be as the outer tube, unlike the common coaxial VAT setup. This 
configuration showed that the idea in design of cathode feeder, in purpose of continuous thrust 
generation, is more feasible. Unfortunately, the detailed results were not published which leads us 
to the study of how the alignment of the cathode and anode will result the performance or plasma 
plume characteristic.  

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Common coaxial VAT’s electrode alignment (Left) [3] and Inverse coaxial VAT’s electrode 
alignment (Right) [5] 
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2.2 Circuit  

Another importance part in order to drive the thruster is a circuit. The main components in 
the thruster circuit composes of DC supply, inductor and IGBT. A DC power supply is the device that 
is a power source of circuit and provides direct current. However, in space, the normal DC supply is 
impractical to be used due to its size, weight and energy source. Solar panel is then applied instead 
since the methodology behind this is a conversion from the power source which is sun to electricity.  

 

 

 

Figure 2.4 DC power supply (Left) [6] and Solar panel (Right) [7] 

As the VAT requires an extremely high voltages to generate arc, a power processing unit 
(PPU) plays this major role. According to the ability of inductor which can generate large amount of 
voltages, it is applied to be a PPU for this circuit.  

The next component is an insulated-gate bipolar transistors (IGBT) which is a high voltage 
switch with fast switching. Considering the IGBT structure, there are 3 terminals, namely collector, 
emitter and gate. The collector and emitter are an input and output from the primary circuit, 
respectively. For the IGBT gate, it needs an extra circuit to conduct it. A function generator which is 
one of an equipment in the additional circuit acts as square wave producer with a wide range of 
frequencies. Moreover, the open and closed time of the IGBT gate is a consequence from charging 
and discharging time of inductor and the period of time for current to flow. 

      

 

Figure 2.5 IGBT symbol (Left) [8] and IGBT [9] 

Furthermore, some of new circuit designs offer capacitor to be part of the circuit because it 
is a device capable for accumulating electric charge and can temporarily perform as a power supply, 
thus working cooperate with the DC supply enhanced the amount of current for charging an 
inductor [10]. 
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Figure 2.6 The inductive energy storage circuit [10] 

As seen from Figure 2.6, the circuit is called an inductive energy storage circuit as it solely 
uses inductor. This is a two-stages circuit, alternative work which regulates by IGBT. When the IGBT 
is on, meaning the gate is close, the DC supply will provide electric current to charge the inductor. In 
this first stage, the energy will not pass through the VAT line since the voltages is not high enough 
for the VAT to spark, so at this moment the VAT performs like an open circuit. The other stage occurs 
after the inductor is fully charge and the IGBT switches off; Both DC supply and inductor will send 
voltages to trigger VAT [4]. During this discharging state of inductor, the input wire connects to 
anode and cathode is connected by the output wire. Between anode and cathode where the 
insulator is, there is a thin conducting coat on it, normally carbon from pencil. This coat enhances 
the capability of the circuit by require less voltages to vaporize the electrode which performs as a 
bridge, so the electric energy can finish the loop [3]. 

 

 

 

 

 

 

 

 

Figure 2.7 The capacitor-inductor energy storage circuit [11] 

On the other hand, adding a capacitor into the circuit as shown in Figure 2.7 will plus one 
more stage into the circuit manipulation which is charging the capacitor during the off IGBT [4]. To 
be enlightened about this circuit, the diagram of how it works is presented in Figure 2.7. Also, in this 
report, this capacitor-inductor energy storage circuit will be used as a reference for other circuit 
designs and in experiments to test VATs. 
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3. VAT and Circuit Design Concept  

 3.1 VAT  

3.1.1 Normal VAT and Feeding Mechanism Design 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 The concept design of conventional VAT with feeding mechanism 

This is a design of normal coaxial VAT with feeding mechanism, the dimension are 24 mm and 33.5 
mm for diameter and length, respectively. The aim of this concept is to design the feeding 
mechanism that has no moving part except cathode, so instead of connecting the wire to the 
cathode directly, we design to let the current pass through the cathode connector, which is located 
at the middle of the VAT, and then pass to cathode (Figure 3.1). 

In this design, the size of VAT is a bit larger compared with other design concept because the feeding 
mechanism components are relatively large compared with what we expect. Moreover, the cathode 
connector size and cathode size are also the main factor that limit the VAT size due to the 
manufacturability. 

To control the movement of cathode, spring is installed between the end of cathode and cathode 
connector base as shown in the Figure 3.1, this spring will generate the force to push the cathode 
moving forward. Then, cathode will be blocked by small white part at the front (blocking part) to 
make it moves appropriately, this blocking part is a part of the cathode connector rod coating with 
insulator compound such as ceramic or plaster. The reason of coating the blocking part is to prevent 
the occurrence of arc between anode and blocking part instead of cathode. 
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However, there is an issue about area around the blocking part that erosion might not occur; erosion 
will occur around the outer area instead (Figure 3.2). From the fact that arc will appear at the point 
where cathode and anode close to each other most [12]. Therefore, we believe that after the area 
nearby the outer radius of cathode is eroded to the point where the distance to anode is longer the 
distance from area behind blocking part to anode. Then, the cathode area near the blocking part 
start to be eroded as shown in the Figure 3.2.  

 

 

 

 

 

 

 

Figure 3.2 The erosion of cathode, (a) at the beginning, (b) start to be eroded, (c) the erosion of 
cathode around blocking part 

 

  3.1.2 Inverse VAT and Feeding Mechanism Design  

 

Figure 3.3 The concept design of Inverse VAT with feeding mechanism  

The inverse VAT, as defined previously in introduction section, is based on switching the 
alignment of the cathode to be outside, instead. This design aims on improving the ease of feeding 
mechanism implementation.  

(a) (b) (c) 
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Figure 3.4 The Inverse VAT without housing and connection part 

The cathode (Figure 3.4, bronze, outer tube) is made from copper with 4 mm and 10 mm 
inner and outer diameter, respectively. The length is 10 mm. The designer decided to use the 
insulator that is ready to use to reduce the time waiting for manufacturing. The insulator (Figure 3.4, 
taro, middle tube) has dimension of 2.4 mm for inner diameter and 4 mm for outer diameter. The 
length is 20 mm with offset from the front tip of cathode for 0.5 mm behind to coat the graphite. 
The material is ceramic. The anode (Figure 3.4, bronze, inner tube) was chosen to be made of copper 
and have 2.4 mm diameter to fit with an insulator we have with the length of 40 mm for circuit 
connection, clipped directly from behind. The anode has an offset from the cathode 1 mm forward. 

Figure 3.5 The half-sectioned of assembled Inverse VAT showing the components inside 

The metal plate (Figure 3.5, right, orange) purposes to give the circuit connection 
accessibility from outside the housing by crocodile clip and conduct the electricity to the metal 
spring (not included in the picture). The plate can be made with any material that has ability to 
transfer the electricity such as aluminum or copper. The plate has outer radius 7 mm and has a 4 mm 
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hole. The total height of the plate is 16.5 mm which will give an access above the housing for 5 mm 
after assembled. The thickness is 3 mm which will be enough for the clipper to clip on. 

The ring metal plate (Figure 3.5, left, orange) was designed to transfer the electricity 
conducted through the metal spring and pass it to the cathode next to it. The ring plate has same 
circular dimension as the metal plate which is 7 mm and 4 mm for outer and inner diameter with 
thickness of 1 mm, made of aluminum or copper. 

The spring that the designer chose is from the pen spring since it is easy to find a 
replacement and have enough force to push the cathode forward when needed. 

The housing consists of two parts, left (Figure 3.3, green) and right (Figure 3.3, blue), with 
the hexagonal geometry. The advantage of hexagonal shape is that it can hold the VAT position 
firmly and provides an accessibility from different angle or position at the same time. The two 
housing will be connected by the holes and sticks as shown in the picture. The slots in housing 
providing supports to the VAT and other component to be fixed in place before completely secure 
the thruster with another housing. In addition, there is a hinge around the front cross-section of the 
thruster to block it from moving forward accidentally. The housing is made of non-electric 
conducting material such as plastic (UHMWPE). 

 

3.1.3 Inverse VAT with Magnet and Feeding Mechanism Design  

 

Figure 3.6 The fully-assembled Inverse VAT with magnet and feeding mechanism 

Similar to Inverse VAT, the Inverse VAT with Magnet is the improvement of its previous 
design. According to some research [5, 14, 15, 16], applying the magnet to create the magnetic field 
can improve the uniformity of the cathode erosion and also accelerate the plasma ion coming out 
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after ionization. With this, the designer adapted, made some adjustments, and added some 
improvements to the Inverse VAT which results in the design as follows. 

 

Figure 3.7 The side view of the VAT alone 

Cathode and insulator have the same aspects. Anode length was extended to 41 mm with 
other aspects remain the same. 

 

Figure 3.8 The side view of the VAT with its housing 

Similar to the previous design, the housing was shortened to 18 mm and the number of hole 
and stick was decreased to 2 pairs. Two new slots (Figure 3.8, blue, upper and lower part) were 
created to hold the metal conductor from upper and lower part, each side of the housing. The 
material also uses UHMWPE. 
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Figure 3.9 The half-sectioned side view of assembled Inverse VAT with magnet 

The metal conductor (Figure 3.9, grey) replaces the metal plate and ring plate in the previous 
design. Instead of multiple stages of electricity transfer, the crocodile clipper will clip on the stick 
that extends from the tube metal conductor and conduct the electricity directly to the cathode 
surface being covered by the metal conductor.   

As mentioned previously about the advantages of applying magnet to the thruster, the magnet 
(Figure 3.9, pale purple) that designer would like to examine its application is the Neodymium 
magnet which is one of the strongest magnets on earth at the time of report being written. The 
magnet will help improving the electrode erosion to be uniform and accelerate the plasma plume 
thus higher thrust due to higher ion velocity. The magnet also acts as the ceramic mesh holder to 
lock the mesh in place. 

 

Figure 3.10 The fully-assembled without magnet attached Inverse VAT showing the ceramic mesh 

The ceramic mesh (Figure 3.10, black) was added to solve the problem of the conventional hinge 
that might prevent the cathode to get eroded thus the feeding mechanism will not work as it should 
be. The mesh will provide enough space between each spot on the cathode surface to be ionized 
equally without blocking the sparking. On the other hand, it will also perform as a hinge to hold the 
cathode to stay at the desired limit for feeding mechanism purpose. 
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3.2 Circuit 

 3.2.1 Circuit Design 1 

Most of the vacuum arc thruster (VAT) circuit use only one inductor and one capacitor with 
IGBT switch as shown in the figure below (Figure 3.11).  

 

Figure 3.11 The ordinary VAT circuit 

As the circuit information and principle are explained in the introduction that the circuit has 
to provide high voltage to the VAT and the pulse rate mainly depends on the IGBT frequency. Thus, 
this means increase the pulse rate of the VAT can be done only by increase the frequency of the 
IGBT switch. The IGBT frequency is the parameter which indicates when the high voltage will be 
released to the VAT and amount of time that current pass through the inductor, so this parameter 
must be set at appropriate value in order to provide enough time for inductor to be fully charged.  

Another important parameter is thrust, the amount of thrust depends on many values such 
as ion mass, ion velocity, or thrust correction factor and discharge current as shown in the following 
equation [12]. 

𝑇𝑇 =  
𝑀𝑀𝑖𝑖𝑓𝑓𝑖𝑖𝐽𝐽𝑑𝑑𝑢𝑢𝑖𝑖

𝑒𝑒
〈𝑍𝑍−1〉𝐶𝐶𝑡𝑡(𝐿𝐿�, 𝑟̅𝑟𝑎𝑎)  

𝑀𝑀𝑖𝑖      is  the mass of ion 

𝑓𝑓𝑖𝑖      is  the constant fraction of the discharge current 

𝐽𝐽𝑑𝑑      is  the arc discharge current 

𝑢𝑢𝑖𝑖      is  the ion velocity 

〈𝑍𝑍−1〉      is  the mean inverse charge state 

𝐶𝐶𝑡𝑡(𝐿𝐿�, 𝑟̅𝑟𝑎𝑎)    is  the thrust correction factor 

 

Therefore, the higher discharge current, the higher thrust from VAT [12]. However, in some 
case, the required charging time is relatively large when the current is increased; which means the 
inductor needs more time to be fully charged. As a consequence, this become the essential 
limitation of the increase VAT pulse rate because when the pulse rate rise, there is less time for 
current to pass through the inductor. Hence, to overcome this problem, we design to place another 
inductor to generate high voltage when the first inductor discharges the energy to VAT; in short, 
they will work alternately. In addition, the power of VAT also two time higher due to increase of the 
number of plasma occurrence with equal amount of time. 
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Figure 3.12 The first design concept of the VAT circuit 

 

 

Figure 3.13 The sub circuit (a) sub circuit 1, (b) sub circuit 2 

This design concept uses solid state-relay instead of IGBT to operate and switch between 
each loop. The reason is IGBT is the transistor type, so it means that it can only open and close, it has 
no capability to switch from one loop to another loop as we want to design. Additionally, in this 
design circuit concept, all of the solid-state relay works at the same time, so it is easy to be 
controlled. 

From the Figure 3.13, there are two sub circuit (orange and blue loops) in the main circuit, 
these two sub circuit will operate alternatively. For instance, when relay 1 and 2 are connected to 
the sub circuit 1 but relay 3 is connected to sub circuit 2, the inductor in the sub circuit 2 are allowed 
to be charged while in the sub circuit 1, the inductor discharging the high current and voltage to the 
VAT to produce thrust and capacitor is also charged. In the next stage, relay 1 and 2 are connected 
to sub circuit 2 and relay 3 is connected to sub circuit 1, the sub circuit 1 and 2 will work as same as 
the other sub circuit in previous stage. 

However, from researching about solid state relays, we found that the dimension of solid-
state relay which its specification match to the design circuit is quite large, about 45.7 x 58.4 x 23mm 
[13]. This is because relays have to be able to hold high voltage and current that are discharged from 
the inductor. 

 

 (a)   (b)  

Relay 1 

Relay 3 

Relay 2 

Inductor 

Inductor 

Capacitor 
Capacitor 

DC Supply 
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3.2.2 Circuit Design 2 

This circuit design based on the first design by combining two circuit together and every 
procedure is the same as the original one, except the relays. As the circuit design 1 has a problem 
about the relays’ size and number, this circuit needs only one relays and two IGBT that can share the 
same additional circuit to control them. However, this circuit requires two DC supplies which are not 
an issue since in the space solar panel will be adopted.  

 

Figure 3.14 The second design concept of the VAT circuit 

 

As illustrated in Figure 3.14, it shows steps how the circuit works. For clarity, it can be 
divided into two main stages, by on and off of the IGBT and relays switches. During the first stage 
when the IGBT is off and relays connect to sub circuit 1 (blue), the inductor will discharge its energy 
to VAT and thrust is produced. This process follows the yellow line in Figure 3.15 (1a). After the 
inductor is fully discharged, the capacitor is then charged and the current will flow through only 
capacitor wire, respecting to the orange line in Figure 3.15 (1a). The reason is the voltages are not 
enough to initiate the VAT, so it acts as an open circuit. While the IGBT of sub circuit 2 (black) is on, 
the inductor is charged by both DC supply and capacitor as shown in Figure. 3.15 (1b) In contrast, for 
stage 2, sub circuit 1 (Figure 3.15 (2a)) and 2 (Figure 3.15 (2b)) work conversely from their first stage. 

  

 

 

 

 

 
 (1a)   (1b)  

 Stage 1  
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Figure 3.15 Stage 1: sub circuit 1 (1a), Stage 1: sub circuit 2 (1b), Stage 2: sub circuit 1 (2a), Stage 2: 
sub circuit 2 (2b) 

 

4. VAT   

 All of the following VAT applied similar materials in manufacturing due to the simplicity in 
comparison their efficiency. Copper is used as an anode and cathode for the VAT since it has a good 
conductivity, low cost and easy to machine. While other conducting parts such as feeding 
mechanism and part that is connected to wire and circuit are made of Aluminium because of its low 
weight and fine conductivity characteristic. The insulator between the electrodes is ceramic as it 
does not affect the arc performance and has a great thermal-resistance. However, the ceramic is 
hard to manufacture, so the insulators adopted in this report are ready to purchase and the size are 
fixed. On account of facilitate the handle, housing is designed and Teflon is then employed as 
housing material because it is easy to construct to any shape and vacuum friendly.  

 When assembly the VAT, there is an offset between anode and cathode. Because cathode 
will erode and some of them will contaminate anode and make anode has less efficiency [12]. 
Nevertheless, when anode and cathode are on the same plane, the maximum thrust is achieved 
because there is no part that shield plasma. This cathode’s recess length from anode is decided to be 
0.5 mm for every design.     

4.1 Small VAT  

 

 

 

 

 

 

 

 

Figure 4.1 The fully-assembled of small VAT together with its Lego-base housing 

 (2a)   (2b)  

 Stage 2 
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The VATs mostly use the coaxial configuration that the cathode being in innermost while the 
anode being the outermost part with the insulator between them. From now on, we will call this 
setup as “conventional VAT” configuration. The VAT that we are designing was inspired from a 
conventional VAT that has been successfully developed in Taiwan (Figure 4.2). The VAT has cathode 
diameter of 6 mm, 50 long and 10 mm and 30 mm for the anode inner- and outer- diameter, 
respectively.  

 

 

 

 

 

 

 

 

 

 

Figure 4.2 The dimension of referenced VAT 

Although this VAT has already proved that it can perform satisfyingly, we believe that the 
size of this VAT can be more compact yet perform similar performance in term of efficiency and life 
span. 

To achieve the goal like the predecessor, we need to re-design the VAT in every aspect. Even 
though most of coaxial VATs look similar, in fact, there are some design criteria for the coaxial VATs. 
Still, before we begin the design the dimension of anode and cathode, we need to find the insulator 
we would like to use. Because the insulator must have two properties in this section which are no 
electric conductivity to the cathode and anode and resistance to high temperature, it leads us to the 
only choice of cathode material which is ceramic. From this, with the complexity in manufacturing 
the ceramic at this very small dimension and time limitation, it is extremely difficult to make the 
insulator upon our request. Instead, we need to find the ceramic insulator that already have in the 
market which we found that the 2.4 mm in inner diameter and 4 mm in outer diameter with the 
length of 20 mm is the smallest available to purchase at the moment of experimental period.  

 

 

 

 

 

 

Figure 4.3 Small VAT’s insulator 
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After we found the insulator that matches our specification, the process of electrodes design 
shall begin. One research [12] shows that the geometries of the VAT influence the performance of it. 
The ratio between the cathode and anode of the VAT has some relations with the momentum flux of 
the plasma plume expression, as depicts as follow: 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Thrust factor which related to the geometry of anode and cathode 

 

As shown in the figure, the momentum flux will increase significantly when the ratio 
between anode and cathode change to 2 times bigger. Thus, we decided to make the anode 
diameter becomes 12 mm for outer diameter and 4 mm for the inner diameter. For the cathode, we 
chose to make it be 2.4 mm diameter rod. In conclusion, the ratio between anode and cathode 
radius is 5 from outer-diameter to outer-diameter.  

Furthermore, the material of the electrodes also affects the performance of the VAT. Some 
researchs [3, 12] also indicate some parameters that predict the performance of the VAT with the 
use of different materials and historical data of the performance from different combination of 
material being used in the VATs in the past. 
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Table 4.1 Predicted performance of VATs 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2 Historical data of the material used in the experiment of VATs 
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For our design criteria, we interest in three aspects which can obtain from the table above. 
The Isp, Total efficiency, and Thrust-to-Power ratio. It can be seen that palladium has very interesting 
performance that it should be taken as the electrode for our VAT. However, the cost and rarity of 
the material itself constraints the possiblity of using it for our experiment. Apart from palladium, 
aluminum and copper are other material that we were interested in it. At the end of the decision 
making, we decided to use copper as the electrodes for our VAT due to its price and ease of 
manufacturing. Nevertheless, to make the comparison of performance that we stated previously 
become more apprehensive, using copper will achieve our preferrences.  

Figure 4.5 The isometric view of the VAT 

 

For the wire connection, there are also two topics we conserned about. First is how to 
connect the VAT with the circuit properly and another is how to connect the VAT that will make it be 
stable during the experiment in vacuum chamber. 

The first concern was solved by creating the thread on the side of anode surface to insert the 
M3 screw in, then, connect the crocodile clipper to the screw. The clipper also connect directly to 
another electrode which is the extended part of cathode at the tip of the cathode from rear-end.  

For VAT stabilization, the designer of the small VAT had designed the housing that contains 
two seperated part of the it for ease of experiment. The first part is the hexagonal housing that will 
fit outside around the anode as shown in the picture below. The hexagonal housing is made of 
UHMWPE plastic. Because of its shape, it provides the ability to be stable when placing on the flat 
surface and also the reachability from three angles. Giving the experimenters more opprotunities to 
connect the wires upon the experiment conditions such as in limited testing space and wire 
connecting angle. 
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Figure 4.6 The isometric view of the VAT with the hexagonal housing being attached 

The second part is the base of housing. The designer designed the base to have the slot that 
can fit perfectly on the Lego stand. The reason that we choose the stand to be made from Legos 
because of the ability to change the shapes upon the test environment. So, the experimenters can 
place the VAT housing base on the Lego stand easily and stablely when preparing the test. The 
housing also have other slots to hold the VAT in place which will lock and prevent the VAT from 
misplacing during the experiment. The material also made of UHMWPE, same as the hexagonal 
housing. 

 

Figure 4.7 The Lego-base housing of the VAT 
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4.2 Ring VAT and Feeding Mechanism  

The design of electrode both cathode and anode are in ring shape, which consist of an 
annular cathode and similar diameter anode. The annular insulator used in this design having a same 
outer diameter as electrode, while inner diameter is a bit bigger than the inner diameter of 
electrode to make a gap for a graphite sheet. In addition, the insulator with 1 mm thickness is used 
as a separator between cathode and anode. Moreover, ring VAT need a magnetic coil and magnetic 
core in the front of the VAT to induce the plasma plume to flow in a correct direction and make the 
flow more uniform. Additionally, this VAT is easy to design the feeding mechanism because anode is 
fix in front of cathode, so blocking part is not needed. 
 

 
                                                                                                                                                                                                                 

 
 
 
 

       Sparking region of the VAT     
 
 
 
 
 
 

Figure 4.8 Ring VAT’s components 

However, the paper that related to this design suggested that the ring geometry VAT need a 
magnetic coil and magnetic core to create the magnetic field for the system. This is because the 
spark area of ring VAT is located inside a body. Therefore, the system is needed a magnetic field to 
induce the plasma plume to flow in the desired direction. 

 

4.3 Planar VAT and Feeding Mechanism  

 Apart from coaxial and ring geometries, planar is the other type of the VAT geometries that 
has been introduced. The configuration of this design can be compares as a sandwich or a stack of 
plates. Although, there is not much published information about its potential and most of VAT 
papers prefer using coaxial and ring designed, the advantages of this design are ease of manufacture 
and construction on CubeSat since it is a rectangular plate [17]; hence It is interesting to be analyzed 
its competence and compared with the others. 
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Figure 4.9 Planar VAT excluding housing 

Nevertheless, because of the limited ceramic insulator size, the size of this designed planar 
VAT is big (about 11×50×50 mm), excluding housing. The design is depicted in Figure 4.9. The side 
anodes are responsible for connecting the upper and lower part of anode. Since the size of cathode 
has an effect on the lifetime because it will erode every time the ignition occurred. Respecting to the 
cathode diameter of the small VAT and big VAT, they use the ceramic insulator which are 0.8 mm 
and 2 mm thickness, respectively. For the cathode diameter, they are 2.4 mm and 6 mm, 
respectively, for small and bigger one. Therefore, the planar VAT applied 1 mm thickness insulator 
and the cathode thickness is 3 mm. 

Feeding mechanism of the planar VAT design comprises a rear Aluminium plate and 
housings. On one side of the Aluminium plate which is connected to spring and cathode, there are 
two cylinder parts protruded from the plate to attach springs with it. Two springs are decided to use 
instead of one because the plate is long, so it is difficult for one spring to feed the cathode 
uniformly. The other side of the plate also has an extended cylinder part to connect wire with the 
circuit. The VAT and the Aluminium plate are fit with the housings which are produced as two 
separate pieces, making it easier to be assembled and disassembled. In the front of the lower 
housing, there are two segments on each side of the housings to block the cathode when the springs 
are feeding. 

 

 

 

 

 

 

 

 

Figure 4.10 Planar VAT with housing 
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5. Experimental Setup 

 After finishing the design and manufacturing processes, the experiments were setup to test 
all VATs and the experimental apparatus were divided into two main parts. The first section (Figure 
5.1) was the circuit which is outside the vacuum chamber. The second segment (Figure 5.2) was 
inside the vacuum chamber where the VAT is. Two parts were connected to each other via wire at 
vacuum chamber as can be seen from Figure 5.3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Circuit part outside vacuum chamber 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 VAT part inside vacuum chamber 
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Figure 5.3 Outside and inside vacuum chamber connector 

 Focusing on the circuit part, the applied circuit was depicted in Figure 5.4. This circuit 
included both capacitor to store currents and inductor to increase voltages. The capacitance and 
inductance’s value are 1800 μF and 2200 μH, respectively. 

 

 

 

  

 

 

Figure 5.4 Circuit schematic 

The tested VAT was installed inside the vacuum chamber (Figure 5.5) after coating the 
carbon on the insulator surface and cleaning it. Two wires needed; one was for attaching cathode to 
the output wire outside the vacuum chamber and the other one was for attaching anode to the 
input wire outside the vacuum chamber. Checking that the continuity between VAT and wires 
outside every time was necessary by using multimeter. 
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Figure 5.5 Installing VAT inside vacuum chamber 

Turning on the vacuum chamber and waiting until pressure in the vacuum chamber went 
lower than 10-5 bar, then the experiment began. The DC power supply was utilized to provide 
voltages that was fixed at 30 V. Also, the function generator created waveform to circuit by setting 
the width of each pulse to be 8 μs and no delay. The first experiment was conducted on those three 
VATs to ensure that they could operate under the desired environment. For this experiment, the 
selected mode in function generator was ‘Single Shot’ which gives a non-continuous wave or single 
discharge of VAT. 

 When the first experiment was accomplished, the second experiment which is an erosion 
rate or lifetime testing was conducted. The weight of cathode had to be measured before the test. 
The setup mode of function generator was ‘Burst’ to give multiple shot or autonomous discharge for 
the input number of time. Then, the VAT was taken out of the chamber and measured the weight 
again. 
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6. Results 

 The results of discharge tests and continuous discharge test analyses for samples associated 
with Conventional VAT, Ring Geometry VAT, and Plate VAT are presented in table 1 and table 2 
respectively, providing the ability of discharge, the different pulse periods, and the number of 
generated pulses. All experiments using same electrical circuit, input voltage, and equipment. 

No. of test Conventional VAT Ring VAT Plate VAT 
1       
2       
3       

 

Table 6.1 Discharge Test 

 As the result, only Ring VAT failed to discharge in the first attempt while others successfully 
discharge in all test. 

No. of test Input Hz Expect No. of pulse Actual No. of pulse 
1 0.5 20 20 
2 1 20 <10 

 

Table 6.2 Continuous Discharge Test for Conventional VAT 

 By changing the input period from 0.5 second per pulse to 1 second per pulse, the VAT failed 
to discharge continuously and cannot reach the expect no. of pulse. 

No. of test Input Hz Expect No. of pulses Actual No. of pulses 
1 0.5 20 20 
2 1 20 20 
3 1 1200 ~200 

  

Table 6.3 Continuous Discharge Test for Ring VAT 

Ring Vat successfully discharge for 20 pulses in both 1 pulse per 2 second and 1 pulse per 1 
second. However, it failed to operate to reach 1200 pulses. 

No. of test Input Hz Expect No. of pulses Actual No. of pulses 
1 0.5 20 20 
2 1 20 20 
3 1 1200 1200 
4 2 1200 1200 
5 4 1200 ~10 

 

Table 6.4 Continuous Discharge Test for Plate VAT 

 Plate VAT successfully discharge continuously to reach 1200 pulses per 1 cycle. However, 
when increased the frequency to 4 Hz, the VAT failed to operate.  

 While the inductor discharging high current and voltage to the VAT, it caused an arc 
generative region between cathode and anode. Moreover, the plasma plume is produced in this 
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region, the figure of discharging of each VAT type are shown in the figure below (Figure 6.1, 6.2, and 
6.3) 

 

 

Figure 6.1 Small VAT discharging picture 

 

 

Figure 6.2 Ring VAT discharging picture 

 

 

Figure 6.3 Plate VAT discharging picture 
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7. Discussion 

7.1 Carbon Layer 

Carbon layer is one of the most necessary part of the VAT, in this project, it is implemented on the 
insulator surface by pencil lead which is installed between cathode and anode as shown in the Figure 
7.1. Under the vacuum environment, when the carbon layer receives energy, it will be vaporized by 
Ohmic heating or Joule heating [10]. The carbon ion has an ability to provide a conductive path for 
electron to move from cathode to anode and decrease high dielectric strength [10]. As a 
consequence, the required voltage of VAT becomes lower and the arc can be generated easier in the 
vacuum environment. In general, part of the carbon ion will come back to the insulator surface and 
reform back to carbon layer; therefore, this makes the arc generation process turn into cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 Carbon layer on the insulator surface (a) small VAT, (b) plate VAT, and (c) ring VAT 

From our point of view, we think that there are three problems from carbon layer that could lead to 
the malfunction of the VAT after discharging for moment. The first problem is the vaporized rate and 
re-form rate are not balance, if the vaporized rate is higher than re-form rate, the carbon layer will 
slowly run out and the released voltage from inductor are no longer enough for the are generation. 
The quality of carbon layer is the second problem, the carbon layer of VAT in this project is created 
by coating the insulator surface with pencil lead, so the quality of carbon layer might not good 
enough for continuous discharge. The last problem is the carbon layer is finished, even the carbon 
ion can form back to carbon layer but it is just some portion not all of them. Hence, when the VAT is 
discharged long enough, there is a possibility of carbon layer running out; for instance, in the case of 
plate VAT, we have already discharged it for 2400 times without re-coating the carbon layer, so 

(a) 

(b) (c) 
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when we test it again, the carbon layer could be finished and make the discharge stop at around 
3000 times. 

7.2 Manufacturing imperfection 

Manufacturing imperfection is one of the significant factors that could cause the failure to the VAT 
and effect its performance. Some components of the VAT do not have precise dimension as in the 
design due to manufacture process error as shown in the Figure 7.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2 VAT component’s defect (a) insulator, (b) plate VAT cathode, and (c) Small VAT cathode 
(from customization) 

From the Figure 7.2, the insulator dimension is not as same as it should be such as tube insulator for 
small VAT, the inner diameter is 1.9 mm instead of 2 mm which makes the cathode cannot be 
assembled, so we have to reduce the size of the cathode for small VAT. Moreover, the dimension of 
plate insulator is 51 and 50 mm for width and length but in the design, it should be 50 × 50 mm. 
Nevertheless, the cathode of plate VAT should have 90 degrees angle at the edge but it has fillet 
which leads to the longer distance between cathode and anode a little. As a consequence, we have 
to customize them which obviously cannot be as precise as it should be because of lacking of 
equipment and manufacture skills. Therefore, in our opinion, we think that these might be one of 
reasons that leads to VAT failure. 

 

(c) 

(a) 

(b) 
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7.3 Gap between electrodes 

Due to an accident that made us needed to change the insulator for the plate VAT, the 
substituted insulator is thinner (0.5 mm in thickness) than the previous one that we normally used (1 
mm in thickness), as shown in Figure 7.3. The new insulator creates the gap between the upper 
anode (need to attach with the upper cover via screw) and the new insulator after assembled even 
though we tried to make it stay closer already (Figure 7.4).  

 

Figure 7.3 The comparison between the new plate VAT insulator and the old one showing 
that there is a significant difference in the thickness 

  

Figure 7.4 The front view of the plate insulator showing the gap between upper anode and upper 
insulator (green arrow) 

When we began discharging the plate VAT, it could discharge 15 times and stopped (IGBT 
broke down). According to our discussion, we predict that the reason behind the VAT’s discharge 
suspension might come from the total amount of graphite on insulator surface had been changed 
due to a decrease in thickness which leads to smaller area for graphite to coat on. Moreover, even 
the distance between the lower anode side and cathode was reduced, the upper part, however, also 
has bigger distance between the two electrodes, as a result of insulator thickness reduction. Because 
discharge spot in the VAT can occur randomly, it is possible that the discharging will occur at the 

New (thinner) Old 
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upper part, which is further in distance, although it is likely to discharge between the closest spots, 
in theoretically. When the VAT is trying to discharge at the upper part which has longer distance, it 
has higher chance that the VAT will not be able to engage the ion discharge especially after a several 
pulses. Thus, the huge current now will go to the IGBT instead and break the components inside. 

7.4 Graphite gets coated by copper 

 This phenomenon happens in every VAT but the Ring VAT has the most distinguish amount 
of copper coated over the graphite on the insulator (Figure 7.5). The graphite that being coated on 
the insulator helps decreasing the voltage required to discharge the VAT. The voltage delivered from 
the inductor in the circuit will vaporize the graphite layer on the insulator and become the carbon 
ion which will surround the discharge area of the VAT and results in ease of VAT discharge.  

 

Figure 7.5 The brownish color on the black graphite layer (red arrow) indicates that there are copper 
powders coated on the graphite after discharges. 

After a period of time, some parts of copper that got ionized might cover the graphite layer 
on the insulator. These powders may prevent the graphite layer under them from being ionized and 
result in insufficient carbon ion to decrease the voltage. This can lead to the failure of discharging 
the cathode thus the current will consequently go to the IGBT and break it down, as a result. The 
reason that the Ring VAT shows significant copper powders on the graphite layer because the 
geometry and configuration of the VAT itself that surrounding the discharge area and confine the 
plasma plume to be inside it. In addition, the Ring VAT has not installed the magnet at the frontal 
section because of the long delivery time and time limitation. Hence, we decided to not use the 
magnet to accelerate the plasma plume. The possible solution for this problem might be installing 
the magnet to induce the plasma plume forward which may result in a reduction of copper powders 
and might increase the performance of the Ring VAT, which need to be determined in the future 
work. 

  

7.5 Anode contaminated 

 After discharge for several times, the anode shows a sign of other particles that have 
brownish color and black powder over its surface. These particles are the ionized cathode and 
graphite of the VAT. When these adulterants cover the discharge area of the anode, it is possible 
that these impurities can contaminate the discharge ability of the VAT due to the change in the 
electron exchange process and results in a discharge disability. When the discharge cannot be 
succeeded, the consequence is the overload current flow into the IGBT and break it down. 

Before discharge After discharge 
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Appendix A: Small VAT Design Summary 
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Appendix B: Ring VAT and its Feeding Mechanism Design Summary 
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Appendix C: Plate VAT and its Feeding Mechanism Design Summary 
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Appendix D: Gantt Chart  
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