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Introduction 

At the Institut für Raumfahrtsysteme 

(IRS), University of Stuttgart, Germany, an 

instationary pulsed magnetoplasmadynamic 

thruster (I-MPD) is being devised. These 

thrusters are also referred to as pulsed 

plasma thrusters (PPT).  

The development of these thrusters was 

initiated when the IRS decided in 2002 to 

successively launch four satellite missions 

from 2006/2007 onwards: 1- FlyingLaptop, a 

micro satellite for earth observation [1], 2-

CERMIT, a re-entry mission [2], 3- a mis-

sion to test the electric thrusters developed 

and 4- BW-1, an all-electrical lunar mission 

[3].  The I-MPD thruster described herein is 

called SIMP-LEX (Stuttgart Instationary 

Magnetoplasmadynamic Thruster for Lunar 

Exploration) and is being designed for the 

last mission, BW-1. 

The lunar mission is scheduled for 

launch by the end of this decade. The cube of 

1 m
3
 will be propelled by an arcjet also de-

veloped at IRS [4] and a cluster of I-MPDs. 

It is intended to use the arcjet during phases 

requiring higher thrust levels of around 

100 mN. However, the prevailing thruster 

used during the journey is SIMP-LEX. BW-1 

will carry several cameras and other instru-

mentation for the scientific part of the lunar 

mission.  

In principle, a parallel plate I-MPD con-

sists of two parallel electrode plates between 

which a solid propellant (Polytetrafluore-

thylen, PTFE) block is placed, see Fig.1. The 

capacitor is charged externally and discharges 

across the surface of the PTFE, forming 

PTFE-plasma once the igniter is fired.  
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Fig.1 Working Principle of an ablative I-MPD 

An electrical circuit with current IPl and its 

own magnetic field B is formed. Consequently 

the thrust forms when the plasma is acceler-

ated outwards along the electrodes according 

to the Lorentz law.  
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I-MPDs combine several advantages, 

specifically regarding small satellites [5]. 

The most important advantage, particularly 

for small satellites results from the pulsed 

energy release. This allows for low average 

power and the use of broad power ranges 

without loss of performance. Power is usu-

ally one of the tightest constraints on board 

small satellites. 

First rough estimates require SIMP-LEX to 

perform about 26 million pulses at an aver-

age of 1.5 mN providing a Dv of ~5 m/s. In 

order to reach this ambitious goal, investiga-

tions at IRS include characterisation as well 

as life expectancy of the thruster in up to 

three different test facilities.  

Current Setup of Facility and Equipment  

In its final stage the test facility will be 

comprised of three vacuum chambers. One 

contains the thrust balance, one for life expec-

tancy tests and one for measuring other pa-

rameters e.g. through spectroscopy. Currently, 

the first chamber is already in use and the life 

expectancy chamber is being setup. The vac-

uum chamber used for the tests presented here 

can be seen in figure 2.  
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Fig.2 One of Three I-MPD Test Facilities 

It is a cylindrical stainless steel chamber with 

a diameter of 0.5 m and a length of 1.6 m. 

The pump system, consisting of a rotary vane 

pump and a turbomolecular pump, reaches 

pressures of 1.5 x 10
-5

 mbar.  The chamber is 

equipped with a pressure gauge. Power supply 

for the capacitor and the igniter is provided 

from outside the chamber.  

On the thruster side, the current setup is 

devised for being highly modular in order to al-

low changes of parts and geometry. Figure 3 

shows the laboratory model SIMP-0 mounted 

on anodized aluminum channels. These serve 

as variable support of the thruster design as 

well as frame for mounting on the thrust bal-

ance. The 40 mF, 2000 V cylindrical capacitor 

can be seen at the back. A detailed view of the 

electrodes is shown in figure 4.  

 

Fig.3  Current Setup of the Modular I-MPD SIMP-0 

Two Polyethylen (PE) half-shells keep the cop-

per electrodes in place and parallel to each 

other. This design makes changes in width, 

height or length of electrodes easy. The cath-

ode, the left electrode, is threaded to hold the 

igniter. Several off-the-shelf igniters were 

tested. The igniter shown in fig.4 is a regular 

auto-spark plug. However, because of its pro-

jected nose side electrode and its exposure to 

the plasma in the channel, this spark plug was 

replaced by an auto racing spark plug. Racing 

spark plugs have a flat surface and are therefore 

more adequate for this application.  

While the PTFE plasma moves outwards 

along the electrodes, carbon – stemming from 

the PTFE plasma itself – settles on the inside of 

the half-shells. Since carbon is an electrically 

conducting material it was necessary to inter-
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rupt the circuit between the copper electrodes 

via the carbon-sheeted half shells. The cut can 

be seen in the center between the electrodes in 

figure 4.  Figure 5 shows SIMP-0 in opera-

tion. 
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Fig.4 Close-Up of I-MPD Showing Geometry 

 

Fig.5  Side View of Simp-0 during Experiment 

Variation of geometry, material and parts 

used is done in order to characterize and op-

timize the thruster for the mission. The pa-

rameters that were investigated here are the 

distance h between the electrodes, the PTFE 

type and the length L of the electrodes. Fur-

ther parameters include the width d of the 

electrodes, the capacitor type, the electrode 

material, the propellant shape and others.  

The distance h between the electrodes as 

seen in figure 4 was varied between 19 mm, 

29 mm and 39 mm. The PTFE types tested 

include pure PTFE as well as PTFE to which 

a small percentage of molybdenum sulfate 

MoS2 was added. A possible reduction in en-

ergy needed to ablate the metal-containing pro-

pellant was hoped to lead to an increase in effi-

ciency. After the optimal configuration was 

found from these two parameters, the length L 

was varied from 80 mm through 47 mm in or-

der to optimize circuit behavior. 

Measurement System 

The measurement system includes all instru-

ments and methods used to record parameters 

of the thruster during operation. These parame-

ters characterize the thruster’s performance.  

Apart from the pressure the average mass 

bit ablated per pulse and the current within the 

plasma were recorded.  

Mass bit 

The mass bit was determined by measuring the 

mass of the PTFE block prior to and after test. 

A constant value for the ablated mass per pulse 

was assumed since the pulses were fired under 

identical conditions. An electronic weight bal-

ance with an accuracy of 10 micrograms was 

used.  The accuracy is in the order of magni-

tude of the mass bit itself. To reduce error, 

measurements were taken after 150-200 pulses.  

Current  

The current was measured during pulses using 

a Pearson Electronics
TM

 current monitor. This 

monitor consists of a ring-shaped magnetic 

core around which a coil is wound. This tech-

nology makes use of the fact that the magnetic 

field generated by a current is proportional to 

the current itself. The output voltage for the 

used model can range from 0–60 V and corre-

sponds to the current by a factor of 1000. The 

monitor is mounted between the cathode and 

the capacitor as seen in figure 7.  

The data from the current monitor was read out 

by a GageSDK
TM

 Compuscope PC card at a 

rate of 200 MHz. 
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Fig. 7 Integration of the Pearson Current Monitor 

Thrust Balance 

The thrust balance that is being designed 

for the I-MPD is a vertical pendulum. It con-

sists of three main parts: the pendulum itself, 

the support on which the bearing is mounted 

and a measurement unit, detached from the 

system placed at the end of the pendulum.   
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Fig. 8 Schematic of Thrust Balance 

Figure 8 shows the working principle of 

the thrust balance schematically. When the 

thruster fires, the pendulum deflects and the 

optical measurement system detects the 

movement.  

Figure 9 through 11 show the realization 

of this method. As seen in figure 9 the pendu-

lum hangs from torsion springs inside the vac-

uum chamber. Since torsion springs were used 

the deflection can be assumed to be frictionless; 

this allows for easier calibration. The fixed part 

of the design is welded to the inner wall of the 

chamber.  The pivot bearing is mounted in or-

der to allow alignment around the z-axis as 

well as in the x-y-plane, see figure 10. The 

frame, to which the thruster is fixed is balanced 

out and screwed to the pendulum. The meas-

urement unit is positioned at the very bottom of 

the structure in order to obtain maximum de-

flection values.  

The deflection is measured by using an op-

tical position encoder. In principle, this tech-

nology uses a readhead and a self adhesive 

scale. This scale is attached to the pendulum, 

while the readhead is positioned perpendicular 

to the direction of motion 0.7 mm away from 

the scale, see figure 11. 
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Fig. 9 Thrust Balance inside Vacuum Chamber 

The readhead consists of a LED and a pho-

todiode. The scale is a measuring tape -like de-

vice, its gold coated divisions enable the pho-

todiode to detect a change in signal as the scale 

and the redhead move relative to each other. 

The readhead is mounted on a platform, which 

is welded to the vacuum chamber.  

The thrust balance will be calibrated by using a 

piezo impulse hammer mounted on a stroke 

magnet.  

Currently, all parts of the thrust balance 

have been manufactured and assembled inside 

the vacuum chamber and first data is awaited. 
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Fig. 10 Close-Up of Pivot Bearing 
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Fig.11 Close-Up of Deflection Measurement Unit 

The Slug Model 

It is possible to make a qualitative state-

ment about important thruster parameters like 

specific impulse or thrust based on the current 

and mass measurements made. For this purpose 

the slug model [6] was used. For the thruster 

geometry used it is not possible to assume a 

constant magnetic field throughout the space 

between the electrodes, a more precise model 

was deduced.  

In the following, a summary of the slug 

model implemented will be given. A more de-

tailed explanation can be found in [7]. 

The two equations below describe the slug 

model. One of them describes the acceleration 

of the plasma by the acting Lorentz force. The 

other contains the information about charge dis-

tribution within the circuit according to Kichhoff 

law. For the second equation an equivalent circuit 

diagram as seen in figure 12 is used. A capacitor 

with the capacity C discharges over the circuit 

formed by the plasma and the electrodes. The 

changing resistance of the plasma is accounted 

for by the term R(t). The circuit has an initial in-

ductance L0 and a time dependent inductance 

L(t), caused by the moving plasma sheet.  

Within this model, the plasma sheet is as-

sumed to be perpendicular to the electrodes at all 

times and the current density is assumed to be 

constant within the sheet.  

 
Fig. 12 RLC Circuit Assumed for Plasma Dynamics 

The following two equations describe the 

slug model.  
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Fig.13  Schematic of Lorentz Force accelerating  the    

 Plasma Sheet 
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The Lorentz force equation 1 is the cross prod-

uct between the current density j and the mag-

netic field B, integrated over the volume V of 

the plasma sheet. The mass bit mbit ablated per 

pulse is accelerated along the direction x of the 

channel. In the second equation the initial volt-

age V0 stored in the capacitor discharges 

through the plasma, creating a current J. The de-

rivatives with respect to time are denoted as 

Jxx &&&& ,, . L1 is the change in inductivity over the 

traveled distance x and is found to be [7,8]: 

dhK
d

h
L µ=1 .    Eq.3 

Here µ  is the magnetic permeability and h and 

d are the distance between the electrodes and 

the width of the electrodes respectively. The 

factor Kdh takes the variation of the magnetic 

field for different quotients h/d into account. For 

the values of h/d (between 0,4 and 1) consid-

ered here, Kdh is about 0.6. Hence, if the calcu-

lations had been performed assuming a constant 

magnetic field, the error would have been 

~40 %.  

Assuming the plasma sheet as seen in fig-

ure 13, the two components causing the accel-

eration of the plasma are the magnetic field in 

y-direction and the current density in z-

direction. From the Maxwell equation the mag-

netic field in y-direction can be derived: 

( )211
2

ϑϑ
π

µ
+








−=

d

x

d

J
By .  Eq.4 

The geometric values 21 ,ϑϑ  and the factor Kdh 

both originate from the same physical circum-

stance of a varying magnetic field. With equa-

tion 4 and assuming constant current density in-

side the plasma equation 1 can be simplified: 

xmJLdVBjF yzx
&&

rr
=== ∫

2

1
2

1
  

     Eq.5 

This equations eq.2 and eq.5 were fed with data 

from the current measurement, the mass bit and 

constants and was solved for the distance x the 

plasma has traveled.  

Results 

Measurements of current over time as well 

as the mass bit were conducted for the above 

mentioned parameter variations. The length of 

the electrodes is equivalent to the distance the 

plasma travels within the channel and was kept 

at 80 mm during this first batch of tests. Once 

the optimal parameter combination between the 

height and the propellant type was chosen, the 

length of the electrodes was varied in a second 

batch. Lengths tested were 80 mm, 70 mm, 

60 mm and 47 mm.  

In order to decide between configurations 

the current measurements were fed into the slug 

model described above. It is possible to derive 

a qualitative result about characteristic values 

of the thruster. However, it is important to note 

that no conclusion about the quantity of any of 

values derived from the model can be drawn. 

The results from the model are purely qualita-

tive. The results serve as criteria to determine 

the most suitable configuration for the pro-

posed lunar mission.  The propellant exhaust 

velocity, the impulse bit, i.e. the impulse cre-

ated by one pulse and the electric efficiency of 

the thruster were investigated. The impulse bit 

directly corresponds to the mean thrust. The 

exhaust velocity is a direct solution of the equa-

tion system eq.1 and eq.2. The equations for 

impulse bit Ibit and electric efficiency hel are 

given below.  

∫=

ft

bit dtJLI
0

2

1
2

1
                                 Eq.6 

∫

∫
=

f

f

t

t

el

JVdt

dtJL

0

0

2

2

1 &

η                                    Eq.7 

The electric efficiency describes the frac-

tion of the electric energy supplied to the ca-

pacitor (denominator) that is converted to en-

ergy used for acceleration of the plasma during 

the time tf. 
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Figure 14 shows a typical graph of the 

oscillating current. Time divisions are 5 ms 

and one division in y direction equals 10 kA 

for the current. Within about 8 ms the current 

reaches a peak of up to 30 kA. A photodiode 

was used to show that every oscillation causes 

a new ablation. This behavior is well de-

scribed in [6]. However, these oscillations 

diminish the efficiency of the thruster and are 

not wanted. The slug model applies only to 

the first half period. For the other periods the 

assumption of the ablated mass being the only 

mass accelerated does not hold true. The sec-

ond ablation for instance encounters residual 

plasma from the first ablation, etc.  

Current 

Photodiode

 
Fig.14  Oscilloscope Graph of Current and Photodi 

 ode over Time [5ms/div] 

Hence, only this first half period is inves-

tigated in the following. The mass bit calcu-

lated from the difference in propellant mass 

accounts for all ablations per pulse. A model 

connecting the energy within one ablation to 

the mass bit ablated was established [7]. 

However, since qualitative results remain the 

same this model will not be used here.   

Figure 15 shows the experiments con-

ducted with pure PTFE. As expected, an in-

crease in distance between the electrodes re-

duces the current peak. Equivalent results 

were found for the propellant containing 

MoS2. The metal did not cause any difference 

in behavior of the current.  
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Fig.15  Half Period Current vs. Time for Three Differ-

ent Distances Between Electrodes 
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Fig.16 Ablated Mass Bit per Pulse 

The ablated mass per pulse increases with 

the distance h between the electrodes, as seen 

in figure 16. This is explicable, since the abla-

tion area increases. However, this means that 

even at a distance of 39 mm the initial energy 

density between the electrodes is sufficient to 

cause ablation. 

From these values for current and mass bit 

the exhaust velocity, the impulse bit and the ef-

ficiency were derived qualitatively by solving 

the slug model and using equations 6 and 7. 

The exhaust velocity reduces with increase 

in h, figure 17. This is due to the fact that less 

energy per mass is available for acceleration. 

However, the other parameters, the impulse bit 

as well as the efficiency increase with h, as 

seen in figures 18 and 19.   
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Fig. 17  Exhaust Velocity Decreases with Increasing  

 Distance between Electrodes 

In order to explain this, a closer look 

needs to be taken at the derivation of these 

quantities. Two parameters influence the im-

pulse bit: L1 and ∫
2J . These two parameters 

affect Ibit in opposite ways. While L1 increases 

with the distance h, the integral ∫
2J reduces.  

0.5

0.6

0.6

0.7

0.7

0.8

0.8

0.9

10 15 20 25 30 35 40 45

Distance h (mm)

Im
p

u
ls

e
 B

it
 (

m
N

s
)

Pure PTFE

PTFE - MoS2 

Linear Fit

 
Fig.18 Impulse Bit per Pulse for two Types of PTFE 

This results in an almost linear increase of the 

impulse bit, figure 18. Regarding the impulse 

there is no significant difference between the 

two propellants investigated. 

The main parameters influencing the ef-

ficiency shown in figure 19 are the two ratios 

R

L&
and 

0L

L∆
 [6]. The resistance R is the mean 

resistance over the first half period calculated 

from the current data obtained [6,9]. L&  is the 

change in inductivity with respect to time and 

can be written as: 

xLL &&
1=                                                         Eq. 8 
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Fig. 19  Electric Efficiency over Distance between Elec-

trodes 

L∆  is the change in inductivity due to the 

plasma position. This means it is L0 at the be-

ginning of the discharge and Lend at the point 

xf along the channel where the plasma is no 

longer accelerated, which is the end of the first 

half period.  

fend xLLLL 10 =−=∆                                 Eq. 9 

Both parameters 
R

L&
and 

0L

L∆
 increase with the 

distance h [7]. Further analysis of these ratios 

shows that the only factor increasing with h is 

the inductance per unit length L1. In fact, both 

denominators R and L0 increase. Nevertheless, 

the increase in L1 is sufficient to let L∆  and L&  

follow. 

Both the exhaust velocity and the effi-

ciency show that using pure PTFE is clearly fa-

vorable over PTFE to which MoS2 was added. 

The increase in efficiency that was hoped for 

when using the PTFE alternative could not be 

confirmed.  

As to the distance h between the electrodes 

the configuration with the highest exhaust ve-

locity was chosen. This is due to two facts. 

One, a high exhaust velocity plays a crucial 

role on the lunar mission because of better pay-

load to structure mass ratios. Secondly, it could 

be shown that the impulse bit as well as the ef-

ficiency increase because of L1 only. L1 on the 
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other hand increases because of higher h/d 

values inherent to the configurations with lar-

ger h. This means, there are other possibilities 

to increase L1, even when the distance h is 

kept low. For instance, the width d of the 

electrodes could be reduced. This means that 

optimally the same high exhaust velocity can 

be maintained while the efficiency and the 

impulse bit are increased.  

In a second batch of tests, a distance h of 

19 mm and pure PTFE were used. The length 

of the electrodes was gradually decreased in 

order to optimize current oscillation behavior. 

It was hoped to reduce the number of oscilla-

tions seen in figure 14. However, varying the 

length from 80 mm to 47 mm did not lead to 

any significant change in results.   

Outlook 

The next steps on the facility side include 

the completion of the life expectancy test 

stand as well as first measurements with the 

thrust balance. Measurements from the thrust 

balance can then be used to crosscheck the re-

sults obtained from current measurements in 

combination with the slug model. Further 

measurement techniques planned include a 

charged coupled device (CCD) camera, which 

will be used to investigate the movement of 

the plasma sheet at different times during the 

acceleration. On the thruster side, it is impor-

tant to optimize current oscillation behavior. 

Amongst other measures this will include re-

ducing the width of the electrodes, exploring 

different capacitor types and investigating fur-

ther reduction of electrode length.  
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