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To achieve higher performance of pulsed plasma thruster (PPT), laboratory model of 

breech-fed type, which has high energy transfer efficiency, has been designed and built. In 

addition, in order to understand key factors to increase performance, effects of electrode 

geometries, electrode’s width and gap, on impulse bit, specific impulse, thrust efficiency 

were investigated.  As a result, it was clarified that the electrode geometry strongly affected 

on not only impulse bit, specific impulse, and thrust efficiency but also discharge waveform 

which affects impulse bit, capacitor temperature and its lifetime. 27 % of thrust efficiency, 

which was highest in this study, was achieved with 50 J of input energy. 

Nomenclature 

A = propellant ablation area 

C = capacitance 

m = mass shot 

E = stored energy in capacitor 

Eloss = energy loss in capacitor 

g = gravity acceleration 

h = electrode gap 

Ibit = impulse bit 

ISP = specific impulse 

J = current 

L = inductance 

LC = equivalent series inductance in capacitor  

LL = transmission channel inductance 

LP = plasma inductance 

mi = propellant mass before experiment 

mf = propellant mass after experiment 

N = total shot number of an experiment 

RC = equivalent series resistance of capacitor 

RL = transmission channel resistance 

RP = plasma resistance 

Rtot = total circuit resistance 

t = electrode thickness 

vEM = mean current sheet velocity 

vET = mean neutral particle velocity 

w = electrode width 

x = direction of thrust axis 

ZPPT = Thruster head impedance 
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I. Introduction 

ECENTLY, micro satellites have been attractive attention from the aspects of low development costs and short 

development time. As a result, the number of the micro-satellites on orbit has been increased. Generally, micro 

satellites do not have any propulsion systems; thus, they have difficulty in changing satellite’s orbit attributed from 

atmospheric drag and escaping from orbital debris. As a result, their lifetimes are limited because of no propulsion 

system. To improve mission duration of micro satellites, small size of propulsion system will be needed, and pulsed 

plasma thruster (PPT) could be a great propulsion system candidate because they have good reliability and are 

suitable to control satellite’s attitude and orbit maneuver. PPT is one type of electric propulsion system and has 

simple structure because it uses solid propellant; thus, there are no propellant valves and tanks. In addition, PPT can 

operate at relatively low power consumption, less than 10 W, in comparison with other types of electric propulsion 

system. However, thrust efficiency of PPT, which is generally 10 %, is lower than other electric propulsion system. 

 In our previous study, several types of PPTs have been developed in Tokyo Metropolitan University (TMU). In 

previous models, 13 % of thrust efficiency was highest at a coaxial type PPT with 50 J of input energy. The 

relatively low thrust efficiency compared with other electric propulsion system was caused by several factors, for 

example, late time ablation, low energy transfer efficiency, and not-optimized electrode geometries. 

 In order to improve thruster performance, effects of energy transfer efficiency and electrode geometry are 

investigated in this study. The thruster performance means impulse bit, specific impulse, and thrust efficiency in this 

paper. To improve energy transfer efficiency, new breech-fed type rectangular PPT, which was modified on 

capacitor bank and transmission channel, has been designed and built, and these thruster performance between 

previous and current models are compared, discussed in section II and IV.A. Effect of electrode geometries, its 

width and gap, on thrust efficiency was experimentally evaluated, discussed in section IV.B. Moreover, electrode 

geometry affects discharge waveform; it is one of factors of capacitor lifetime and maximum operational frequency. 

These are described in section IV.C. 

II. New Breech-fed PPT Laboratory Model  

 In order to improve thruster performance, stored 

energy in capacitor should be transferred into thruster 

head effectively. Generally, PPT system is regarded as 

series LCR circuit as shown in Fig. 1. In this model, all 

of stored energy in capacitor is consumed in resistance 

as joule heating and variable inductance as kinetic 

energy of current sheet.
4,5

 Energy ratio input into 

thruster head over stored in capacitor is called energy 

transfer efficiency trans. The energy transfer efficiency 

is defined as below 
6
. 

 

PPTLC

PPT

tot

PPT
trans

ZRR

Z

R

Z
η


  (1) 

Rtot, RC and RL are total circuit resistance, equivalent 

series resistance in capacitor and transmission channel 

resistance. ZPPT is impedance of thruster head and it is combination of plasma resistance and back electro motive 

force (EMF). ZPPT is described as below.  
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 As shown in Eq. 1, trans is described with resistance and thruster head impedance. Hence, in order to improve 

trans, resistance in external circuit needs to be smaller than ZPPT. 

 Previous and new models, which had been developed in our laboratory, are described from the point of view of 

energy transfer efficiency, in following subsections. 

 

A) Previous Model 

 Previous PPTs, which were developed in our laboratory, have either single core or coaxial cables for 

transmission channel. Because the flexibility of cable allows to connect between the capacitor bank and thruster 

head easily; and to design PPT which contained a driving part in discharge electrode.
7-9

 However, these cables had 
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Figure 1. Equivalent series LCR circuit. 
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about 20 m of ohmic resistance; thus, it is not negligible value in comparison with total system resistance, which 

was about 60 m. The capacitor bank in this model consisted of 250 capacitors; thus a lot of lead terminals have 

been used for connecting them. It could be assumed that equivalent series resistance of capacitor bank was high. 

Therefore, these resistance decline energy transfer efficiency, and it caused low thruster performance. 

 

B) New Laboratory Model 

 New laboratory model was designed and built for the purpose of increasing energy transfer efficiency by 

reducing resistance in transmission channel and capacitor bank, as shown in Fig. 2. It consists of capacitor bank, 

transmission channel, electrodes, propellant and igniter. The capacitor bank consists of four 10 mF oil impregnated 

film capacitors. In this study, input energy was set to 50 J, and the bank was charged up at 1,620 V and 0.75 Hz of 

operational frequency by main power supply. The operational frequency was limited by current limitation of the 

main power supply. 

 
Figure 2. Schematic of new PPT. 

 

 In transmission channel, reduction of resistance and inductance were achieved by using large copper plate for 

transmission channel. By using copper plate, transmission channel resistance was reduced from 20 m to less than 

1m. Due to refine the capacitor bank and the transmission channel, 30 m of total circuit resistance was achieved. 

 Thruster head electrodes, anode and cathode, are made of copper. Figure 3 shows schematic of thruster head. 

Thickness of electrode was kept 3 mm throughout this study. Basic size of electrode’s width w and gap h are 20 mm 

and 40 mm, respectively. In order to investigate effect of electrode’s width and gap on thruster performance, several 

discharge electrode geometries were employed, summarized in Table 1. It must be noted that 20 mm of width and 

gap was not employed in this study because peak discharge current exceeds maximum current limitation of the 

capacitor bank attributed from lower impedance. 

 

    
 

 

 Solid propellant is made of polytetrafluoroethylene (PTFE). Its width was 1mm wider than electrode width w to 

prevent creeping discharge on side surface of propellant. Propellant ablation area A is defined as follows. 

   2cm,1.0 whA  (3) 

 Igniter is consists of semiconductor plug, it is attached on cathode. Spark discharge which initiate discharge 

between anode and cathode is caused by applying pulse voltage to the plug from a pulse power supply. The spark 

discharge energy is fixed at 49 mJ. 

Capacitor

Transmission

channel

Propellant

Anode

w

h

3 mm

40 mm

Electrode width, w Electrode gap, h 

10 20, 30, 40, 50 

15 20, 30, 40, 50 

20 30, 40, 50 

 

Cathode 

Figure 3. Schematic of thruster head. 

Table 1. Experimental conditions of  

electrode geometry. 
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III. Experimental Apparatus and Evaluation Criteria 

 Figure 4 shows a schematic of experimental configuration.  All experiments had been conducted in a vacuum 

chamber, and its diameter and length were 1.0 m and 1.8 m respectively. Backpressure in the vacuum chamber was 

kept at 4×10
-3

 Pa. Target pendulum was used for thrust measurement system. Swing of the pendulum was measured 

by using laser displacement meter, and impulse bit was calculated from the displacement. Discharge current and 

voltage were measured by rogowski coil and high voltage probe.  

 

 
Figure 4. Experimental configuration. 

 

 In order to evaluate thruster performance, mass shot m, specific impulse ISP and thrust efficiency  were 

defined as below. 
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Where mi and mf is propellant mass before and after experiment respectively, E is input energy, and N is discharge 

number which was fixed at 5,000 shot in each experiment. Ibit in Eq. (5) and (6) is measured value. 

IV. Result and Discussion 

A) Comparison of thruster performance of previous and new PPT 

Table 2 shows the thruster performances between previous and new PPT at same energy and electrode 

geometry.
9
 Structural differences of these PPTs are transmission channel and capacitor bank. It means that these 

PPTs have different energy transfer efficiency. Thus, the performance improvement, as shown in Table 2, was 

caused by improving of the energy transfer efficiency. 

 

Table 2. Thruster performances comparison with previous and new PPT. 

 Previous TMU PPT New TMU PPT 

Input energy, J 50 50 

Electrode geometry (w × h), mm 20 × 40 20 × 40 

Impulse Bit, mNs 0.40 1.02 

Specific Impulse, s 1,100 1,930 

Thruster Efficiency, % 4.3 19.4 

PPT

Integration
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B) Effect of Electrode Geometry on Thruster Performance 
 Figure 5 shows measured impulse bit as functions of electrode 

gap and width. From this result, electrode gap affect impulse bit 

significantly. However, the width did not affect impulse bit. This 

result will be discussed by using theoretical equation and obtained 

value as following. Theoretical impulse bit of PPT is written as 

below. 

 

ETbit mvdtJ
dx

dL
I  

2

2

1
 (7) 

On right hand side, first term is electromagnetic force, and second 

term is electrothermal force. At first, electromagnetic force in 

impulse bit is discussed below. If discharge electrode of the PPT is 

parallel rectangular shape as shown in Fig. 3, the inductance 

gradient is approximated as below. 

Generally, the electromagnetic force is dominant with breech fed 

type PPT. Thus, from Eq. (7) and (8), it is assumed that impulse bit 

is increased with increasing electrode gap and narrowing width. 

However, measured impulse bit did not be affected by the width. 

This trend was caused by changes in discharge current and mass 

shot. ∫J
 2
dt is written as below 

where, ZPPT is written with inductance gradient and mean current 

sheet velocity vEM 

Equations (9) and (10) indicate that reducing inductance gradient 

by widening the width leads to reduction of thruster head 

impedance, and it raise ∫J
 2

dt. Figure 6 shows measured ∫J
 2

dt as 

functions of electrode geometries. These results were accorded 

with Eq. (9) and (10). Therefore, the increment of ∫J
 2

dt by 

widening the electrode width prevented to reduction of 

electromagnetic force.  

 On the other hand, in electrothermal force, it depends on mass 

shot and neutral particle velocity. In this study, the velocity could 

not be measured. Measured mass shot of each electrode 

geometries are shown in Fig. 7. Mass shot was increased linearly 

with propellant area. Therefore it can be assumed that mass shot 

depend on strongly not energy density and aspect ratio but 

propellant area with these geometries. However the liner 

approximated value of mass shot is not 0 at propellant ablation 

area is 0. Thus the linear relation probably will not formed when 

use smaller propellant. From this result, wider electrode width and 

larger electrode gap generate more mass shot, thus it increase 

electrothermal force. Because of these result, electrode width did 

not affect impulse bit significantly. 
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Figure 5. Measured Impulse bit as functions 

of electrode geometries. 

Figure 6. Measured ∫J 2dt as functions of 

 electrode geometries. 
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 Inductance gradient could be approximated as ideal parallel 

rectangular plate’s one which is proportional to aspect ratio h/w.
10

 

Therefore impulse bit (or thrust) is evaluated as a function of 

aspect ratio. From this result, however, different impulse bit were 

obtained with same aspect ratio (in this study, w=10, h=20 and 

w=20, h=40 mm) thus, aspect ratio is not effective parameter to 

determine the geometry. 

 Figure 8 shows effect of electrode geometry on specific 

impulse. In order to evaluate correlation between electrode 

geometry and specific impulse, energy density E/A is used. In 

breech-fed type, the correlation is reported as following.
11
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On the other hand, the result of this experiment is 
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Results of this study are higher in low energy density region and 

lower in high energy density region in comparison with the results 

in Ref. 8. This difference may be caused by difference of energy 

transfer efficiency. For example, even same E/A, different specific 

impulses were obtained summarized in table 2.  

 Thrust efficiency strongly depended on electrode width as 

shown in Fig. 9. Because widening electrode width did not 

decrease impulse bit, however it increased mass shot linearly. On 

the other hand, in the impedance point of view, narrow width 

electrode has high thruster head impedance. This higher 

impedance probably increases energy transfer efficiency; thus, 

thrust efficiency depends on the width strongly.  

C) Effect of electrode geometry on capacitor 

From the results discussed above, electrode width did not 

affect impulse bit significantly. Therefore if PPT system is 

allowed to equip enough amount of propellant bar, lower specific 

impulse, caused by wide width electrode, will be covered. In this 

case, electrode width has little importance to thruster performance. 

However, in the point of view of capacitor, the width has great 

importance for its temperature and lifetime. 

Energy loss in capacitor per discharge Eloss is 

 

 dtJRE Closs
2

  (12) 

This energy is consumed as joule heating it raises capacitor 

temperature. Capacitor is weak against heat, generally up to 85 °C 

or 105 °C, therefore one of factor limits maximum operational 

frequency is capacitor temperature.
12

 To reduce joule heating in 

capacitor without decline thruster performance, narrow electrode 

width should be chosen. As shown in Fig. 6, Eq. (9) and (10), 

higher aspect ratio electrode has higher impedance. Hence it 

reduces ∫J
 2
dt with little (or without) performance degradation. For 

example at h=40 mm, w=10 and 20 mm electrode generate nearly 

same impulse bit, however the ∫J
 2
dt of w=10 mm is 67 % of w=20 

mm. 
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Figure 10. Voltage reversal ratio as functions 

of electrode geometry. 
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Moreover, the impedance affects voltage reversal of capacitor during discharge as shown in Fig. 10. In thruster 

head, the reversal causes current sheet restrike, it decreases thruster performance.
1
 On the other hand in capacitor, 

the reversal electric field damage to capacitor dielectric, thus, it increases RC and shorten capacitor life.
4
 To 

withstand higher voltage reversal, thicker dielectric should be needed. However, it increases capacitor size and cost. 

 Thus high voltage reversal ratio decreases performance and increases capacitor size and cost by increasing its 

working voltage. Adjusting electrode geometry also partially solves these problems.  

 

Considering from these result, combination of w=10 mm and h=40 mm is best geometry in this study. By using 

this electrode, 1 mNs of impulse bit, 2,700 s of specific impulse and 27 % of thrust efficiency were achieved with 50 

J of input energy. 

V. Conclusion 

In order to obtain high thruster performance, new PPT, which is modified energy transfer efficiency, was built. 

This PPT achieved high performance compared with previous PPT with same electrode geometry; the effect of 

improvement transfer efficiency was confirmed. 

Effects of electrode geometry were investigated by changing its width 10-20 and gap 20-50 mm with input 

energy 50 J. Impulse bit increased with increasing electrode gap, on the other hand, electrode width did not affect 

significantly because of changes of mass shot and thruster head impedance. The mass shot was increased linearly 

with propellant ablation surface area. The impedance was reduced by widening the width and narrowing the gap. 

Because of this effect, impulse bit did not be reduced with wider width electrode in this study. Specific impulse was 

increased with decreasing propellant ablation surface area; it is same tendency of other studies. Specific impulses 

obtained in this study were higher in low energy density region and lower in high energy density region compared 

with reported value. Thrust efficiency strongly depended on electrode width. It is because electrode width did not 

affect to impulse bit, on the other hand, it affect mass shot significantly. Moreover, from the point of view of energy 

balance, electrode width affect energy transfer efficiency due to impedance changes, thus the width affected thrust 

efficiency significantly. 

Impedance variation by changing electrode geometry also affects on discharge waveform. High impedance 

which is generated high aspect ratio electrode reduces joule heating in capacitor and reversal percentage of voltage. 

It removes thermal and electrical stress in capacitor partially. 

As a best performance in this study, 1 mNs of impulse bit, 2,700 s of specific impulse and 27 % of thrust 

efficiency were achieved with 10 mm of width and 40 mm of gap electrode geometry. 
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