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ABSTRACT 
 

Pulsed Plasma Thrusters (PPTs) are long standing electric propulsion thrusters. One of the main issues with the 
PPT is its poor utilization of the propellant and low efficiency. Typically only 40-60% of the propellant 
contributes to the production of significant impulse and the efficiency is typically less than 15%. The cause of the 
PPT’s poor propellant utilization is the late time ablation (LTA), which has a major impact on the efficiency. 
LTA is the sublimation of propellant that takes place after the main discharge, due to the propellant, usually 
Polytetrafluoroethylene, being at a temperature above its sublimation point during the cooling, after the electric 
discharge. The LTA produces a very low speed gas and solid particles that do not contribute significantly to the 
impulse. This work presents a way of accelerating the late time ablation. A new thruster, called the two-stage 
pulsed plasma thruster (TS-PPT) was envisioned and employs an additional discharge after the main discharge, 
in a separate pair of electrodes. The TS-PPT uses a new approach for the thrust generation in the PPT, divided 
in two phases: propellant dosing and propellant acceleration. Evidences were found that a pair of electrodes 
placed downstream, further from the propellant surface is able to discharge in the late ablation portion of the 
propellant and can impart extra energy into the exhaust and improve propellant utilization. A simple analytic 
model was developed to predict trends. A prototype of a TS-PPT was designed and built. A vacuum facility was 
modified, adapted, partially designed and built. An average mass bit consumption test was carried out. Several 
current measurements were performed and the total electrical resistance, total inductance, electromagnetic 
impulse bit, specific impulse, efficiency, and other parameters were calculated based on experimental data. 
Experimental results indicated that improvements in the specific impulse and efficiency are possible by utilizing 
a two-stage PPT. Specific impulses as high as 4000s were calculated based on experimental results, indicating 
that a TS-PPT has a better propellant utilization than a regular PPT. 
 
1. Introduction and Background 
 
Ablation-fed Pulsed Plasma Thrusters – or PPTs – are electric propulsion devices that can be categorized as 
electromagnetic thrusters, although thermal expansion is also responsible for part of the thrust produced. The PPT 
utilises a solid propellant, most commonly PTFE – Polytetrafluoroethylene –, a synthetic fluoropolymer. 
 
A typical PPT operation cycle is comprised of a capacitive electric discharge initiated by electrons emitted by a spark 
plug mounted on the cathode, close to the propellant surface. During the discharge the propellant is heated and 
sublimated. The electric discharge then takes place in the generated gas that becomes ionised, forming the plasma. The 
plasma is subsequently accelerated by a combination of a self induced magnetic field (B), generated by the discharge 
current, and the current density (J). This resulting force, known as the Lorentz force, produces the thrust, jointly with 
gas dynamic forces, also known as pressure forces. Figure Figure 1 shows a schematic diagram of a PPT. 
 
After the main discharge is finished the temperature of the propellant is still above its sublimation point (~260 oC) and a 
significant portion of propellant sublimates without being electromagnetically accelerated. This portion of mass that 
ablates after the main discharge and is ejected at very low speed is known as late ablation [1] or late time ablation 
(LTA) and account for around 40% of the total ejected mass [2]. 
 
Practically since its inception the PPT has been widely known for three main characteristics: simplicity, robustness and 
low efficiency, typically less than 15% [1]. After numerous studies on how to increase the efficiency of the PPT, many 

                                                 
1 Research Fellow at the University of Southampton and Associated Researcher at the Combustion and Propulsion 
Laboratory (LCP) at the Brazilian National Institute for Space Research – INPE. 
2 Professor and Head of the Astronautics Research Group of the School of Engineering Sciences of the University of 
Southampton. 
3 Senior Researcher and Head of the Combustion and Propulsion Laboratory (LCP) of  INPE – Brazilian National 
Institute for Space Research. 



31st  International Electric Propulsion Conference, University of Michigan, USA 
September 20 – 24, 2009 

 

of them identified the late ablation as a main contributor to the low efficiency of the PPT and several subsequent works 
studied ways to minimise the production of the late ablation. 
 
In this work a new approach to the PPT thrust production was carried out. The production of the thrust in the PPT was 
divided in two phases: i) ablation and ii) acceleration. Each of these phases is carried out by two physical stages: first 
and second. The first stage is mainly responsible for dosing the total amount of propellant that will participate in the 
pulse cycle. The second stage is responsible for accelerating the propellant. Both stages’ main role are non-exclusive, as 
the first stage also accelerates the propellant and radiation from the second stage could contribute to a very small 
increase in ablation. This new thruster was given the name of two-stage pulsed plasma thruster –TS-PPT. 
 

 
Figure 1: Schematic diagram of the PPT. 

 
 
2. The Two-Stage Pulsed Plasma Thruster (TS-PPT) 
 
The TS-PPT has been investigated previously in a derivate configuration, called the high frequency burst PPT (HFB-
PPT) [3] and its regimens of operation were analysed [4]. The TS-PPT is the general concept of using two stages in a 
PPT to accelerate the LTA. A prototype presented in this work is a Double Discharge Pulsed Plasma Thruster (DD-
PPT), also a derivate of the TS-PPT, but is simpler and more robust than the HFB-PPT and therefore is closer to the 
original PPT philosophy than the HFB-PPT. Another DD-PPT is also being developed at the University of 
Southampton and at the Brazilian National Institute for Space Research – INPE - to fly on the UniSat-5 satellite [5].  
Nevertheless, the HFB-PPT is still a valid line of investigation for increasing the PPT efficiency.  
 
The TS-PPT presents two pairs of electrodes, while a regular PPT employs one pair. In the TS-PPT, the first pair is in 
contact with the propellant, like in a conventional PPT, and the second pair is placed downstream, relatively far from 
the propellant surface. 
 
The DD-PPT employs a single secondary discharge - while the HFB-PPT employs several high-frequency discharges -  
and is modulated by the first discharge and by the late ablation. The secondary discharge current is dynamically 
modulated by the electrical impedance of the products of the first discharge when they reach the secondary electrodes 
and are influenced by varying the initial voltage of the secondary discharge capacitor and its capacitance. In this 
particular analysis no switch is used and the secondary discharge capacitor is always connected to the secondary 
electrodes. Nevertheless, a switch can be employed on the second discharge, depending on the specific thruster details. 
During the main discharge – and therefore before the late ablation – the current flowing in the plasma due to the first 
discharge is expected to induce currents in the secondary electrodes. This is due to time variation in the magnetic field - 
in this case caused by the varying current in the first pair of electrodes - inducing an electric field. The induced electric 
field is responsible for the expected modulation of the current. Figure 2 illustrates the mentioned induction. 
 

 
Figure 2 – Schematics of a TS-PPT. 

 
The production of the thrust in the TS-PPT has been divided in two stages, corresponding to the two pairs of electrodes. 
The first stage is responsible for dosing the propellant and therefore ablating the propellant and providing it with an 
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initial acceleration. The second stage provides the main acceleration force to the propellant ablated during the first stage 
discharge and, very importantly, it provides acceleration to the late time ablation. 
 
By adding the second stage of the TS-PPT it is possible to impart further energy to the exhaust without increasing the 
total mass ablated, as ∆𝑚 does not depend on the second discharge, as observed from: 
 

∆𝑚 𝜀1,𝑇𝑃 = 𝛼1𝜀1 + 𝛽𝑇𝑃
𝜎 = 𝜏𝐸 + 𝜏𝐺  (1) 

where ∆𝑚 is the total mass lost during a single discharge cycle, 𝜀1 is the discharge energy of the primary discharge, 𝑇𝑃  
is the steady state temperature of the propellant immediately before the discharge, 𝛼1, 𝛽 and 𝜎 are constants obtained 
experimentally, 𝜏𝐸  is the mass that is accelerated electromagnetically during the discharge and 𝜏𝐺  is the mass of the gas-
dynamically accelerated propellant. 
 
The impulse bit of the first stage (or primary discharge) is: 
 

𝐼𝑏𝑖𝑡 1
 𝜀1,𝑇𝑃 =  𝐹𝑃

𝑡2

0

𝑑𝑡 =  𝐹𝑃1

𝑡1

0

𝑑𝑡 +  𝐹𝑃2

𝑡2

0

𝑑𝑡 (2) 

where 𝐼𝑏𝑖𝑡1
is the impulse bit solely due to the first discharge, 𝐹𝑃 is the total force exerted by the exhausting products of 

the first discharge, 𝑡1 is the time in which the primary capacitor, connected to the primary electrodes, is fully 
discharged, 𝑡2 is the total time during which the propellant is sublimating4, 𝐹𝑃1

 is the force due to the 
electromagnetically accelerated particles and 𝐹𝑃2

 is the force due to the gas dynamically accelerated mass, intrinsic in 
the first discharge. Part of this gas dynamically accelerated mass will come after the discharge as late ablation and part 
will be produced during the discharge as not necessarily all propellant is ionized and electromagnetically accelerated 
during the discharge. 
 
The impulse bit of the second stage (or secondary discharge) can be calculated as: 

𝐼𝑏𝑖𝑡 2
 𝜀2,∆𝑚 =  𝐹𝑆

𝑡5

𝑡3

𝑑𝑡 =  𝐹𝑆1

𝑡4

𝑡3

𝑑𝑡 +  𝐹𝑆2

𝑡5

𝑡3

𝑑𝑡 =   𝐹𝑆1
+ 𝐹𝑆2

 𝑑𝑡
𝑡5

𝑡3

 (3) 

 
Where 𝜀2 is the energy of the secondary discharge,  𝐹𝑆 is the total force due to the secondary discharge, 𝑡3 is the instant 
where the secondary discharge starts, 𝑡4 is the time where the secondary discharge ends, 𝑡5 is the time where no more 
gas dynamic forces are produced, 𝐹𝑆1

 is the thrust force due to the electromagnetically accelerated species in the 
secondary discharge and 𝐹𝑆2

 is the thrust force due to the gas dynamically accelerated particles in the secondary 
discharge. It should be noted that there is no late ablation production due to the secondary discharge. Both 
electromagnetic thrust and gas dynamic thrust are produced during the secondary discharge. 
For convenience, we can now define the total mass accelerated electromagnetically and the total mass accelerated gas- 
dynamically and electromagnetically: 
 

𝑚𝐸 = 𝜙∆𝑚 (4) 
𝑚𝐺 = (1 −𝜙)∆𝑚 (5) 

 
where  𝜙 is the portion of the mass accelerated electromagnetically. 
The thrust efficiency of the two stages of the TS-PPT can be calculated by: 
 

𝜂2𝐴 =
 𝑚𝑒𝑝 𝑖

𝑣𝑒𝑝 𝑖
2 +  𝑚𝑔𝑝 𝑗

𝑣𝑔𝑝 𝑗
2𝐺𝑃

𝑗=1
𝐸𝑃
𝑖=1 +  𝑚𝑒𝑠𝑘

𝑣𝑒𝑠𝑘
2 +  𝑚𝑔𝑠𝑜

𝑣𝑔𝑠𝑜
2𝐺𝑆

𝑜=1
𝐸𝑆
𝑘=1

2 𝜀1 + 𝜀2 
 (6) 

 
where 𝑚𝑒𝑝 𝑖

 and 𝑣𝑒𝑝 𝑖
 are the mass and velocity, respectively, of the specie 𝑖 that was electromagnetically accelerated in 

the primary discharge and 𝑚𝑔𝑝 𝑗
 and 𝑣𝑔𝑝 𝑗

 are the mass and velocity, respectively, of the particle 𝑗 that was gas 
dynamically accelerated in the first discharge and 𝐸𝑃 and G𝑃 are the number of electromagnetically accelerated species 
and the number of gas dynamically accelerated particles, respectively, in the primary discharge. 𝑚𝑒𝑠𝑘

 and 𝑣𝑒𝑠 𝑘  are the 
mass and velocity, respectively, of the specie 𝑘 that was electromagnetically accelerated in the secondary discharge and  
𝑚𝑔𝑠 𝑜

 and 𝑣𝑔𝑝 𝑜
 are the mass and velocity of the particle 𝑜 that was gas dynamically accelerated in the secondary 

discharge and 𝐸𝑆 and 𝐺𝑆 are the number of electromagnetically accelerated species  and the number of gas dynamically 
accelerated particles, respectively, in the secondary discharge and 𝜀1 and 𝜀2 are the energies of the primary and 
secondary discharges, respectively. 
Also, from the principle of conservation of mass, in a pulse: 
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 𝑚𝑒𝑝 𝑖
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+  𝑚𝑔𝑝 𝑗

𝐺𝑃

𝑗=1

=  𝑚𝑒𝑠𝑘

𝐸𝑆

𝑘=1

+  𝑚𝑔𝑠𝑜

𝐺𝑆

𝑜=1

= 𝑚𝐸 + 𝑚𝐺 = 𝜙∆𝑚 +  1 −𝜙 ∆𝑚 = ∆𝑚 (7) 

 
It is then possible to define the specific impulse for the TS-PPT: 
 

𝐼𝑠 𝑇𝑆 =
𝐼𝑏𝑖𝑡 1

+ 𝐼𝑏𝑖𝑡 2

𝑔0  𝑚 
𝑡5

0
𝑑𝑡

 (8) 

As the source of propellant is only due to the first discharge,  𝑚 
𝑡5

0
𝑑𝑡 =  𝑚 

𝑡2

0
𝑑𝑡, since 𝑚  𝑡 = 0 for 𝑡 > 𝑡2 in a single 

discharge cycle. It is important to note that, although the times described are sequentially numbered, 𝑡1, 𝑡2, 𝑡3 , etc, 
they do overlap. For example, 𝑡2 is greater than 𝑡3. This nomenclature was chosen to simplify the notation. Figure 3 
shows a time diagram of the discharge cycle of the TS-PPT. This diagrams shows a generic case where 𝑡5 > 𝑡4. Ideally 
𝑡5 = 𝑡4 = 𝑡2 and therefore the secondary discharge accelerates all the sublimating propellant. 

 
Figure 3: Time diagram of a discharge cycle of the two-stage PPT. 

 
It is then possible to write the specific impulse for the TS-PPT as: 
 

𝐼𝑠𝑇𝑆 =
𝐼𝑏𝑖𝑡 1

+ 𝐼𝑏𝑖𝑡 2

𝑔0  𝑚 
𝑡2

0
𝑑𝑡

 (9) 

 
But as  𝑚 

𝑡2

0
𝑑𝑡 ≝ ∆𝑚, then 

𝐼𝑠𝑇𝑆 =
𝐼𝑏𝑖𝑡 1

+ 𝐼𝑏𝑖𝑡 2

𝑔0∆𝑚
=

 𝐹𝑃1

𝑡1

0
𝑑𝑡 +  𝐹𝑃2

𝑡2

0
𝑑𝑡 +  𝐹𝑆1

𝑡4

𝑡3
𝑑𝑡 +  𝐹𝑆2

𝑡5

𝑡3
𝑑𝑡

𝑔0∆𝑚
 (10) 

 
And the efficiency of the TS-PPT can be written as: 
 

𝜂2𝐵 =
1

2
𝑔0𝐼𝑠 𝑇𝑆  

𝐼𝑏𝑖𝑡 1
+ 𝐼𝑏𝑖𝑡 2

𝜀1 + 𝜀2
  (11) 

 
It is also interesting to analyse to behaviour of the secondary discharge current. The current in the secondary electrodes 
should have the form of: 

𝐼𝑠 = 𝐼𝑀𝐹 𝑡 +
𝑉02

𝑅𝑃2

𝑒
−𝑡

𝑅𝑃2𝐶2
  (12) 

 
where 𝐼𝑀𝐹 𝑡  is the secondary discharge current due to the induction from the primary discharge, as mentioned above,  
𝑉02

 is the initial voltage of the secondary capacitor,  𝑅𝑃2 is the total electrical equivalent resistance between the 
electrodes of the secondary discharge, 𝐶2 is the capacitance of the secondary discharge capacitor and 𝑡 is the secondary 
discharge time. Figure 4 illustrates the expected behaviour of the Two-Stage PPT operating without a switch as a double 
discharge PPT, also called dual stage PPT or DS-PPT. The primary discharge is shown in blue and modulates the 
current on the secondary electrodes, shown in red. After the end of the first discharge the secondary discharge behaves 
similar to a capacitor discharging circuit. The time scales and current magnitudes shown serve as an example only, but 
are consistent with the experiments observed in this work. Despite of the fact that the secondary discharge induction on 
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the first set of electrodes is not being analysed in the present work, it shall be object of future investigation, as in some 
regimens of operation indications of mutual induction were observed. 
 

 
Figure 4: Expected discharge currents when using Double Discharge Method.  

 
3. Experimental Results 
Tests with a laboratory DD-PPT were carried out at the Astronautics Research Group at the University of Southampton 
[6]. This laboratory DD-PPT was built at the Combustion and Propulsion Laboratory (LCP) of the Brazilian National 
Institute for Space Research (INPE). To make it possible to visualize the plume between the two pairs of electrodes this 
thruster had glass walls. Figure 5 shows the DD-PPT during tests. It is convenient to note that this thruster was used as a 
prototype of a HFB-PPT before. 
 

 
Figure 5: Laboratory DD-PPT plume. 

 
The electromagnetic impulse bit was calculated using electric current measurements made with a Rogowski coil PEM 
CWT300, 0.1mV/A, 16MHz bandwidth. The accuracy of this equipment is ±1.05%. A total uncertainty of ±5% was 
used for the values calculated from the current measurements and comprises the uncertainty of the Rogowsky coil, 
oscilloscope, voltmeters and power supplies metering. Figures 6-8 shows the results of the current measurements for 
three different conditions, with primary discharge energy at 1kV(55J), 1.5kV(123J) and 2kV (220J) and secondary 
discharge at 300V (211J). In these graphs it is possible to see that the secondary discharge is indeed modulated by the 
primary discharge and subsequently behaves similarly to a capacitor discharging circuit. 
 
In order to have an overview of the behaviour of the DD-PPT, it is convenient to calculate the total resistance and total 
inductance for the first stage and for the second stage for 39 electric current discharges measurements, with varying 
primary and secondary discharge voltages. Figures 9-11 show these results. 
 
The discharge currents of the TS-PPT give us a great indication on the performance of the thruster.  The impulse bit of 
the first discharge due to the electromagnetic acceleration of the propellant in a TS-PPT can be estimated as: 

𝐼𝐸𝑀1
=

1

2
𝐿1′  𝐼1

2𝑑𝑡 =
1

2
𝐿1′

𝜀1

𝑅𝑡𝑜𝑡𝑎𝑙 1

 (13) 

where 𝐼𝐸𝑀1
 is the impulse due to electromagnetic acceleration in the first stage, 𝐿1′ is the inductance gradient in the first 

stage (in µH/m), 𝐼1 is the electric discharge current of the first stage, 𝜀1 is the total initial energy stored in the primary 
discharge capacitor and 𝑅𝑡𝑜𝑡𝑎𝑙 1

 is the equivalent total resistance of the primary discharge circuit. 
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Assuming a similar behaviour for the secondary discharge, its electromagnetic impulse can be then written as: 

𝐼𝐸𝑀2
=

1

2
𝐿2′  𝐼2

2𝑑𝑡 =
1

2
𝐿2′

𝜀2

𝑅𝑡𝑜𝑡𝑎𝑙 2

 (14) 

where 𝐼𝐸𝑀 2
 is the impulse due to electromagnetic acceleration in the second stage, 𝐿2′ is the inductance gradient in the 

second stage (in µH/m), 𝐼2 is the electric discharge current of the second stage, 𝜀2 is the total initial energy stored in the 
secondary capacitor and 𝑅𝑡𝑜𝑡𝑎𝑙 2

 is the equivalent total resistance of the secondary discharge circuit. For this DD-PPT 
prototype, 𝐿1

′ = 𝐿2
′ = 𝐿′ = 0.485 

𝜇𝐻

𝑚
. Figures 12-14 show the results of the calculated electromagnetic impulse bit. 

 
Also of interest is the specific impulse due to the electromagnetic acceleration, 𝐼𝑠𝑝 𝑀𝐴𝐺 . In this calculation it was used 
the electromagnetic impulse bit, here called 𝐼𝑏𝑖𝑡  𝑀𝐴𝐺 , and the total mass lost during a discharge, ∆𝑚: 

𝐼𝑠𝑝 𝑀𝐴𝐺 =
𝐼𝑏𝑖𝑡  𝑀𝐴𝐺 

𝑔0∆𝑚
 (15) 

The calculated specific impulse is shown in Figures 15-17. 
The efficiency of the DD-PPT for the electromagnetic impulse can be calculated as: 
 

𝜂(𝑀𝐴𝐺 ) =
1

2
𝑔0𝐼𝑠𝑝 (𝑀𝐴𝐺 )  

𝐼𝑏𝑖𝑡  𝑀𝐴𝐺 

𝜀1 + 𝜀2

  (16) 

 
Figures 18-20 show the efficiency 𝜂(𝑀𝐴𝐺 ) for 39 tested cases. 

 
 

4. Discussion and Conclusion 
In this work a new approach to the PPT thrust production was carried out. The production of the thrust in the PPT was 
divided in two phases: i) ablation and ii) acceleration. Each of these phases is carried out by two physical stages: first 
and second. The first stage is mainly responsible to dosing the total amount of propellant that will participate in the 
pulse cycle. The second stage is responsible for accelerating the propellant. Both stages’ main role are non-exclusive, as 
the first stage also accelerates the propellant and radiation from the second stage could contribute to a very small 
increase in ablation. This new thruster was given the name of two-stage pulsed plasma thruster –TS-PPT. 
A simple analytic model was developed to show the advantages of adding a second stage to the conventional PPT. 
A DD-PPT was introduced as a particular case of the TS-PPT, where a single secondary discharge is used. A prototype 
of a DD-PPT was designed and built. The DD-PPT prototype built had a rectangular geometry and four electrodes and a 
spark plug. The first two electrodes were placed in contact with the propellant surface and were mainly responsible for 
the ablation process. To allow the discharge initiation, a spark plug was placed in the cathode of the first stage. The 
second two electrodes were placed downstream to avoid generating more late ablation. Glass walls ware used to enable 
visualization of the discharges. The DD-PPT was controlled by a computer attached to a power system that used 
Insulated Gate bipolar Transistors (IGBT) as a high voltage, high current, high speed switch. The DD-PPT had a 110𝜇𝐹 
capacitor for the primary discharge and a 4700𝜇𝐹 capacitor for the secondary discharge, operating at a maximum of 
2kV and 300V, respectively. 
The average mass ablated in one pulse, ∆𝑚, was measured and found to be 0.32

𝜇𝑔

𝐽
, a relatively low value when 

compared to other PPTs, and attributed to an unexpectedly higher propellant area discharge due to discharges on the 
side of the propellant and also to the long duration of the primary discharge. However, for the goals of this research this 
was not considered a problem. 
Simple time-of-flight measurements for the first stage, using the second stage as probe, indicated that the fastest portion 
of the plasma that was able to break down the secondary discharge was travelling at approximately 14.28

𝑘𝑚

𝑠
± 4.65

𝑘𝑚

𝑠
. 

Several measurements of current were taken for both the first and the second stage, while the primary discharge energy 
and the secondary discharge energy was varying. These measurements allowed insights on the electromagnetic impulse 
of the DD-PPT for both the first stage and the second stage. Based on the current discharges it was possible to calculate 
the equivalent total resistance and total inductance of the primary and secondary circuits for all cases measured. 
It was not observed a significant change in the total resistance and in the total inductance of the primary discharge when 
the secondary discharge energy was increased, indicating a good decoupling of the two stages. This relative decoupling 
of the first stage, at this point, is seen as a positive aspect, as the first stage can be treated as an isolated regular PPT. 
Analysis of the impulse bit indicated that it is possible to increase the total impulse bit when adding the second stage, as 
expected. 
The electromagnetic specific impulse bit of the second stage was rather lower than expected, and this low performance 
was attributed to a non-optimised design and to the utilisation of low voltages for the second discharge - due to 
limitations of our power supplies – yielding lower currents that yield lower impulse bits. For the demonstration of the 
mechanism this was not considered a problem, but a good indicator for future implementations. 
One of the main objectives was to increase the specific impulse of the PPT. Based on the calculations the specific 
impulse was greatly improved by adding the second stage, especially when the energy of the second stage was higher 
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than the energy of the first stage. At 55J primary discharge and 50J secondary discharge (total 105J) a specific impulse 
of around 2000s was calculated based on the current discharges, while the first stage alone had a specific impulse of 
around 1500s. Specific impulses as high as 4000s were obtained. 
Calculations of the efficiency were also carried out and indicated that it was possible to increase the efficiency of the 
PPT by adding the second stage. Increases of efficiency as high as 60% over the single stage were obtained, but even 
higher values are expected when the second stage operates at higher voltages and with an optimised design. Similar to 
findings of the specific impulse, higher efficiencies were found for 𝜀2 > 𝜀1. 
These evidences found indicate that it is possible to accelerate the late ablation, increase the specific impulse and 
potentially increase the efficiency of the PPT by using the two-stage technology. 
 

 
Figure 6: TS-PPT discharge 1kV (55J) Primary Discharge and 300V (211J) Secondary Discharge. 

 
Figure 7: TS-PPT discharge 1.5kV (123J) Primary Discharge and 300V (211J) Secondary Discharge. 

 
 

 
Figure 8: TS-PPT discharge 2kV (220J) Primary Discharge and 300V (211J) Secondary Discharge. 
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Figure 9: Total inductance and total electric resistance as a function of the secondary discharge energy for 1kV, 55J primary discharge. 

 
Figure 10: Total inductance and total electric resistance as a function of the secondary discharge energy for 1.5kV, 123J primary Discharge. 

 
 
 
 

 
Figure 11: Total inductance and total electric resistance as a function of the secondary discharge energy for 2kV, 220J primary Discharge. 

 
 
 
 

0.03

0.035

0.04

0.045

0.05

0.055

0.06

0.065

1.90E-06

2.10E-06

2.30E-06

2.50E-06

2.70E-06

2.90E-06

3.10E-06

3.30E-06

3.50E-06

3.70E-06

0 50 100 150 200

Total Inductance Total Resistance

To
ta

l I
n

d
u

ct
an

ce
 (

H
)

Secondary Discharge Energy (J)

To
ta

l R
es

is
ta

n
ce

 (
Ω

)

0.03

0.032

0.034

0.036

0.038

0.04

0.042

0.044

0.046

1.90E-06

2.00E-06

2.10E-06

2.20E-06

2.30E-06

2.40E-06

2.50E-06

2.60E-06

2.70E-06

0 50 100 150 200

Total Inductance Total Resistance

To
ta

l I
n

d
u

ct
an

ce
 (

H
)

Secondary Discharge Energy (J)
To

ta
l R

es
is

ta
n

ce
 (
Ω

)

0.03

0.032

0.034

0.036

0.038

0.04

0.042

0.044

1.70E-06

1.80E-06

1.90E-06

2.00E-06

2.10E-06

2.20E-06

2.30E-06

2.40E-06

2.50E-06

2.60E-06

0 50 100 150 200

Total Inductance Total Resistance

To
ta

l I
n

d
u

ct
an

ce
 (

H
)

Secondary Discharge Energy (J)

To
ta

l R
es

is
ta

n
ce

 (
Ω

)



31st  International Electric Propulsion Conference, University of Michigan, USA 
September 20 – 24, 2009 

 

 
Figure 12: Electromagnetic impulse bit of stage one, stage two and the total electromagnetic impulse bit as a function of the secondary 

discharge energy for 1kV, 55J primary discharge. 
 

 
Figure 13: Electromagnetic Impulse Bit of stage one, stage two and the total electromagnetic impulse bit as a function of the secondary 

discharge energy for 1.5kV, 123J primary discharge. 
 
 

 
Figure 14: Electromagnetic Impulse Bit of stage one, stage two and the total electromagnetic impulse bit as a function of the secondary 

discharge energy for 2kV, 220J primary discharge. 
 
 

0.00E+00

1.00E-04

2.00E-04

3.00E-04

4.00E-04

5.00E-04

6.00E-04

7.00E-04

8.00E-04

0 50 100 150 200

Impulse Stage 1 Impulse Stage 2 Total Impulse

Im
p

u
ls

e 
b

it
 (

N
s)

Secondary Discharge Energy (J)

0.00E+00

2.00E-04

4.00E-04

6.00E-04

8.00E-04

1.00E-03

1.20E-03

1.40E-03

0 50 100 150 200

Impulse Stage 1 Impulse Stage 2 Total Impulse

Im
p

u
ls

e 
b

it
 (

N
s)

Secondary Discharge Energy (J)

0.00E+00

5.00E-04

1.00E-03

1.50E-03

2.00E-03

2.50E-03

0 50 100 150 200

Impulse Stage 1 Impulse Stage 2 Total Impulse

Im
p

u
ls

e 
b

it
 (

N
s)

Secondary Discharge Energy (J)



31st  International Electric Propulsion Conference, University of Michigan, USA 
September 20 – 24, 2009 

 

 
Figure 15: Specific Impulse for the electromagnetic impulse bits of the first stage alone and for both stages as a function of the secondary 

discharge energy for 1kV 55J primary discharge. 
 
 
 

 
Figure 16: Specific Impulse for the electromagnetic impulse bits of the first stage alone and for both stages as a function of the secondary 

discharge energy for 1.5kV 123J primary discharge. 
 

 
Figure 17: Specific Impulse for the electromagnetic impulse bits of the first stage alone and for both stages as a function of the secondary 

discharge energy for 2kV 220J primary discharge. 
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Figure 18: Efficiency of the stage one and the total efficiency as a function of the secondary discharge energy for 1kV 55J primary discharge. 
 

 
Figure 19: Efficiency of the stage one and the total efficiency as a function of the secondary discharge energy for 1.5kV 123J primary 

discharge. 
 

 
Figure 20: Efficiency of the stage one and the total efficiency as a function of the secondary discharge energy for 2kV 220J primary 

discharge. 
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