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Abstract: Pulsed plasma thrusters are structurally simple forms of electric propulsion
and were the first form of electric propulsion to be tested in space. They generally consist of
only an energy storage capacitor, propellant, electrodes, and a spark plug. However, while
they are structurally simple, the physics behind their operation involves many complicated
interrelated phenomena. Understandably, these thrusters have therefore been under
investigation for many decades. Nevertheless, their structural simplicity lends itself well
towards scalability and makes them ideally suitable for use in micropropulsion for small
satellites that can weigh only several kg. On such small satellites, thereis currently a critical
need for propulsion systems to serve as either main propulsion systems or orbital control
systems. At present, the propellant used in pulsed plasma thrusters is typically solid
polytetrafluoroethylene (PTFE). Unfortunately, at lower discharge energy levels such those
necessitated by the power limitations of micro/nano-satellites, PTFE has a tendency to exhibit
carbon deposition, which can ultimately lead to thruster failure. In this new era of small
satellites, it isimportant to consider alternative propellantsin the miniaturization of pulsed
plasma thrusters. While the use of PTFE has become almost standard in the last several
decades, there is also some promise in re-investigating previously considered propellantsin
the context of application in micropropulsion. Some of these propellants were discarded in
favor of PTFE due to performance factors such as a lower impulse bit, but for certain
applicationsin micropropulsion, thismay result in a higher specificimpulsethat may actually
be preferablein certain missions.

I. Introduction

he miniaturization of technology has enabled theettmment of devices such as smartphones that ach m

smaller than their predecessors but with signifiyamore computing capabilities. In recent yednss advantage
has also been extended to satellite systems. Whilgentional satellites such as weather satellites those that
make up the Global Positioning System (GPS) carghvesieveral thousand kilograms, the miniaturizatidn
technology has enabled the development of smadllisas that can weigh as little as 1 kg. Of thake, CubeSat
architecture is a common miniaturized satellitehaecture where 1 unit (1U) corresponds to dimemsiof 10 x 10
x 10 cmt The typical weight of a 1U CubeSat is around 2 kg and multiple units can be combined togethdotm
progressively larger systems such as 2U, 3U, GtJ, et

It has been estimated in the SpaceWorks 2019 Nhc'satellite Market Forecast that around 2002800
micro/nano-satellites (1 to 50 kg) will require it over 5 years. There has also been a signifioanéase in
commercial adoption, with the most popular weigimge being 4 to 6 kg. Such satellites are usegplications such
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as downstream data analytics and communicationsy @he also being used in satellite constellatiarid) many
satellites acting together to deliver a service.

Currently, most of these satellites are delivetedorbit with no propulsion systems. Within Earttbit, a
micropropulsion system can be used to enable spEtém maneuver, extend their orbital lifetimesrform orbital
changes, and to deorbit at the end of their lifetitHowever, while it has been possible to miniaeirélectronic
systems to create these small satellites, it hawepr much more challenging to develop suitablecieffit
micropropulsion systems. Typical electric thrustemsh as Hall thrusters and ion thrusters thatuaesl for larger
satellites either do not function or exhibit extedynlow efficiencies when scaled down in sfze.

One promising micropropulsion system for theselksadellites is the pulsed plasma thruster (PPBPTs are
a simple form of space propulsion that have beedieti since the dawn of the space age and havese¢soactual
use in space. They were the first form of elegirmpulsion to fly in space (on the Zond-2) and hsigaificant flight
her-itage due to their structural simplicttyThis structural simplicity also makes them ideaBiyited for
miniaturization. More recently, several PPTs haserbdeveloped around the world specifically foringgubeSat§:
8 Companies such as Busek Company, Inc., Clyde Spaceand Mars Space L#&t° have also developed PPT
CubeSat modules. However, all of these thrustérsist a typical solid fluoropolymer called polft&fluoroethylene
(PTFE) as propellant. While the vast majority offBRn research and development currently use PgBEgous,
liquid, and solid propellants have all been studietthe past, and further research is still ongolitere, we will briefly
discuss the propulsion needs in micropropulsioriegpns such as on CubeSats. We will also coumief history
of propellant types that are suitable for micropisipn applications.

[l1. The Pulsed Plasma Thruster
A. History

The first PPT spaceflight was on the Soviet ZondvBere it was used as the actuators of the altitmaerol
systen® While the mission itself was intended to perforiiyay of Mars, communication was eventually losthw
the spacecraft. Nevertheless, the PPTs were stioltesssted and operated in space before thedbd®e spacecratft.
In the US, the first PPT flight was achieved ontliS-6 satellite, where solid PTFE propellant wasdiinstead of
gas®>!! This was because the initially conceived gas-fed Besign failed due to the mechanical meteringevallost
modern PPT systems today have many things in conwitbrthe thrusters used on the Zond-2 and LESa@egraft.
However, due to the need for further miniaturizatend to improve the thruster efficiency, researth other
propellants is currently still ongoing.

B. Operation

Capacitor

= |
Figure 1. Schematic of a typical PPT with parallel-plate electrodes. A circuit diagram for the spark plug is
omitted for ssimplicity. Figure adapted from ref. 12.

A typical PPT is structurally simple, and typicatlgnsists of electrodes, a main capacitor, propelénd a spark
plug to initiate the main discharge process. A swdi& of a typical PPT with parallel-plate electesds shown in
Fig. 1. Energy is stored within the main capaciteith typical charging times being in the orderlof and the
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corresponding pulse cycle in the order of 1 Hz. Tiexharge time of the capacitor is typically ire tbrder of
microseconds, resulting in an instantaneous powethé order of MW, much higher than the average grow
consumption level in the order of W.

The PPT discharge is initiated by a spark plughlie spark completing the circuit between thetatees. A
discharge arc then forms between the electrodesblades and ionizes the propellant to producenmas\ self-
induced magnetic field results from the dischangeent passing through the plasma, producing antaiferce acting
in the downstream direction that accelerates tlermpa to produce thrust. Figure 2(a) shows a sigle-time-
integrated broadband image of a single PPT disehavgh the discharge arc and plasma plume cleasiple. A
front-view of the plasma is shown in Fig. 2(b).

Cathode

Cathode

Propellant

Figure?2. (a) Side-view and (b) front-view time-integrated broadband emission from a single PPT discharge.
The plasma plume is accelerated in the direction of thearrow in (a) and out of the pagein (b). Figure adapted
from ref. 12.

PPTs can generally be divided into two configunagi based on their electrode geometry: coaxialpamdllel-
plate electrode%.In general, the parallel-plate configuration shoimnFig. 1 and Fig. 2 will have a greater
electromagnetic thrust contribution while the cadxionfiguration will be dominated by electrothetiaust as it is
better able to confine and expand heated neutsalAgathe discharge energy of the thruster decse#fse proportion
of electrothermal thrust from a PPT will increaseggesting that coaxial configurations may be rnsaitable in low-
power low-energy systems such as in micropropulajgplications.

[11. Requirementsin Micropropulsion

Micropropulsion systems can be used for spacearigfhtation as well as main propulsion. Thrustbas are used
only for orientation or station-keeping can haviewer thrust and a lower totalv capability. Conversely, a main
propulsion system may be required to perform sigaift orbital changes, requiring a larger tatal which can be
up to several 100 m/s. In order to escape Earih arbapability in excess of 1 km/s is then regdjrand interplanetary
transfers would require several km/s. Compared sfigtion-keeping, these applications will requirgignificantly
larger propellant mass, which will then increasentass that has to be reserved for the propulg&ters.

Small satellites such as CubeSats are severdtgdiim mass and power, with typical power budgetisig in the
order of W. This can severely limit the propulsaptions available. While temporary increases irkgaaver can be
achieved using onboard batteries, this will furtbigain the mass limitations of CubeSats. If wetareonsider the
performance of a micropropulsion system, we neatsider the balance between the specific impsethe thrust
or impulse bit of the system. Generally, an inceeas thrust will decrease the time required to qerf orbital
maneuvers, but will result in decreased performaraE a lower specific impulse. In order to deligegiven total
thrust orAv, more propellant will then be needed due to higiiepellant mass inefficiencies. Conversely, € time
required for a maneuver can be increased, a systdmower thrust and higher specific impulse chart be used,
reducing the total propellant mass required.

If we consider the severe mass limitations of satallites, it may be more beneficial to have d@esyswith a
higher specific impulse at the expense of thrusthWPTs, this can be achieved by either optimizimg system
towards a certain configuration, or by using prégrgb other than PTFE, the latter of which willdiscussed here.
Different propellants will produce different specifmpulse vs. impulse bit behaviors, and the igealpellant can
then be selected based on the specific missionreagents.
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V. Pulsed Plasma Thruster Propellants
A. Polytetrafluor oethylene

As mentioned previously, the most common propellanse today is solid PTFE. As such, it can besetqd that
there has been significant research done regaitdP§FE is attractive due to its performance iTBRease of storage,
and the lack of a need for valves, injectors, lreattc. Conversely, the primary drawbacks of PaFé&Ethe need for
a mechanical propellant feeding system (which magoime significantly complex for larger propellanhsses),
carbon deposition on the propellant surface leatbntipruster failure, and late-time ablation reisgltin particulate
emission and a decrease in the propellant utibmagificiency.

For the PPT on the LES-6 satellite, qualificatiesting of the thruster included accelerated lifdeyesting at an
operation rate of up to 4 Hz for the flight modedtotypel! The number of pulses demonstrated was which was
the order of magnitude required by the satellitaission.

At the University of Stuttgart in Germany, the A@IMP-LEX electromagnetic PPT was stress-tested RitRE
propellant!®* The carbon in PTFE propellant was observed to haeadency to build up in structured surface layer
that deposits on both the propellant surface aedetectrodes. On the electrodes, they will redbheeédffective
electrode surface area available for discharge.m#ss bit was also found to increase with thrusperation, with
the highest measured mass bit surpassing predidbipmlmost 50%. Unusual carbon deposition wasraebdeand
was concluded to be due to insufficient PTFE prapélbar alignment, leading to thermal deformatainthe
propellant tip. This demonstrates a mechanicakéititin to the use of solid propellants.

For lower discharge energy levels, tests on theap-8AT Il (50 kg) at the Tokyo Metropolitan Instiduof
Technology showed that there was a sensitivitthefdarbon deposition process with the pulse enér@yperation
below 3.6 J resulted in the PTFE propellant feedipgtem being susceptible to instability, causing-oniform
ablation of the propellant. Carbon deposition wasnfl to affect sustained thruster operation atgexonditions.
The tendency of PTFE propellant to result in theusgailure due to carbon deposition was also detnatesl with
testing on the Air Force Research Laboratory coaMieroPPT by Keidar et af Here, carbon deposition was
observed to develop over time, especially duringration at lower discharge energies. This is eafigairucial for
applications in micro/nano-satellites where thelaisée power is severely limited. The cause ofdhson deposition
was suspected to be carbon flux returned from thsnma rather than the incomplete decompositiorhefRTFE
propellant. It is believed that at higher dischaegergies, there is a higher PTFE surface temperatod higher
ablation rate, resulting in the prevention of cartboild-up. However, as micro/nano-satellites gpcally limited
by available power, this suggests that carbon deéposvith PTFE will become a more serious problesnPPTs are
scaled down in size.

It is important to note that the developmentaldrigbf PTFE as a PPT propellant is largely basedppiications
in larger satellites with more available power. Egample, the LES satellite series had a massoohar150 to 200
kg, and the measured weight of the PPT system mwasd 7 kg. The discharge energy of the LES 8¢hflthrusters
was around 20 J, and the thrusters were firedSatd01 Hz, suggesting an operating power requirérmef0 to 40
W. Another example would be the PPT on the 600 ®glEsatellite, which had a discharge energy arduice that
of the LES PPT and weighed around 5k@hese values are around an order of magnitudeehthhan what is needed
for micro/nano-satellites and CubeSats. NevertBelabnost all modern PPTs for CubeSats still usEBP&s a
propellant by default due to its research matuhitghe current era of miniaturized satellitess important to reassess
its viability and to consider alternative propet&n

B. Ethylenetetrafluoroethylene

Palumbo and Guman examined other thermoplastigsoasible alternatives to PTFE very early during th
development of PPT$.However, most of these were found to exhibit digant carbon formation during thruster
operation, resulting in a noticeable decrease @ ithpulse bit as a function of the operation tirker some
thermoplastics, the exposed surface was complbtetk after approximately 1000 discharges. The mostising
alternative was ethylene tetrafluoroethylene (ETR#ich was found to have a specific impulse arodd&h higher
than that of PTFE. The reason for this is possilbiy to the replacement of two fluorine atoms by kwdrogen atoms
when compared with PTFE. However, none of the desléernatives produced a thrust-to-power ratid thias
comparable with that of PTFE. Nevertheless, dependin the specific mission requirements of microfnaatellites,

a higher specific impulse may be preferable taghdri thrust to power ratio. As ETFE is a solid miggmt similar to
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PTFE, it is simple to implement in existing PPT igas. However, it is likely to exhibit different stiharge
characteristics and plasma parameters, thus regdirither investigation in the future.

Figure 3. Time-integrated discharge images of a PPT with (a) PTFE and (b) ETFE propellant. The discharge
energy is15 J for both propellants.

Side-views of the discharge plasma profiles foFBTand ETFE can be seen in Fig. 3. These propsliaete
tested on an identical PPT, with the images showisgharge energies of 15 J. While the profilescaralitatively
similar, the discharge arc for ETFE extends notdbtyher than that of PTFE, even reaching pastetkie of the
thruster at the greatest extent.

C. Non-volatileliquid perfluoropolyether

Liquid propellants have long been studied forindePTs. These can be divided into liquid metalg.(enercury,
gallium, lithium, etc.) and other liquids (e.g.,tem methanol, etc.) Unfortunately, these genenatyuire complex
propellant storage and feeding systems that rutraignto micropropulsion requirements. More recghibwever,
non-volatile liquids have received some attentis@d@PT propellant. The volatility of a liquid nefdo its tendency
to vaporize from a liquid to a gaseous state av@ngbackground pressure. A useful quantificatibthe volatility is
the vapor pressure of a liquid. This is the presguoduced by a vapor in thermal equilibrium withsolid or liquid
state at a given temperature inside a closed systésirelated to the tendency of particles toagecfrom the liquid
or solid, i.e., its evaporation rate. All liquidsiMpoil when the background pressure is equahgirtvapor pressure.

The pressure levels in experimental vacuum chasner typically in the order of tto 10° Pa. Furthermore,
the background pressure in deep space is even,laithithe local environment around the Rosettaspiaft having
a pressure in the order of 1@a during cruise and £@Pa during thruster operatiéhNon-volatile liquid propellants
are propellants that can be considered to be ntaiteoeven under vacuum pressure conditions. Tlcaesehave
extremely low pressures ranging from“Pa to negligible values.

One type of non-volatile liquid propellant for P®Rare liquids from the perfluoropolyether (PFPEhifg. They
were first studied as part of the Liquid Micro RadsPlasma Thruster FP7 project in EurébEigure 4 shows an
image of liquid PFPE in a beaker in comparison wilid PTFE. PFPEs are non-hazardous, have extetliemical
stability, are stable over a wide temperature raagd have almost negligible evaporation in vacatitemperatures
of up to 100 to 150 °C. They are available in vasigrades, with some having a vapor pressure sretdn lower
than that of the environment around a spacecralegp space. Due to this, there is no need fosprieation and
propellant storage and delivery are dramaticahypdified when compared with other liquid propellsint

Figure4. (a) Liquid PFPE propellant in a beaker with a solid porous ceramic block, and (b) solid PTFE
propellant. (From ref. 12).
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To simplify the propellant delivery system, a passive flow method using a porous ceramic has been investigated
for PFPEs.'22?° This method further simplifies propellant delivery as the propellant is automatically replenished by
capillary forces. An experimental thruster with PFPE was operated at The University of Tokyo with energy levels of
5 to 45 J. The carbon deposition resistance of PFPE was studied over several thousand discharges, with liquid PFPE
exhibiting no carbon deposition at all (Figure 5). This confirms that one of the major failure mechanisms of PPTs is
completely absent when using liquid PFPE as a propellant.

- Ablation area

Sidé face

o) : § S0 20N | () Gl
Figure 5. (a) Orientation of the propellant block with respect to the electrodes. PFPE-impregnated ceramic
after (b) 0, (c) 1000, and (d) 4000 shots, and PTFE after (e) 0, (f), 1000, and (g), 4000 shots at a discharge
energy of 7.5 J. (From ref. 12).

D. Electric solid propellant

Electric solid propellants (ESPs) are an emerginga of research with potentially major implicatoim
propulsion. The application of electric power toEBP results in the solid propellant being igndad exothermically
decomposed. This continues until the power is readoWhe continued development of ESPs for rockapydsion
applications resulted in the production of a forantlat achieves a higher specific impulse and cotihdty compared
with earlier formulations. This is referred to alPHP, or higher-performance electric propellants la hydroxyl-
ammonium-nitrate (HAN)-based energetic materiak plasma plume of a PPT using HIPEP as the propellas
recently studied>?? The impulse bit was found to vary significantlprin pulse to pulse and thruster to thruster.
Variations of up to 40% over the thruster lifetinad 60% from thruster to thruster were observeth the main
suspected cause being inconsistencies in the gaopproduction process. The plume was found tadekly ionized
gas consisting of high-temperature electrons in lelative temperature ions and neutrals, indicatimgt the
acceleration mechanism is dominated by electrotabemergy. Thermal inefficiency was identified tala to PTFE
PPT plasma plumes, despite a stored energy oftdétJds in the upper range of PPT operation. Thggssts that
most of the thermal energy from the discharge podited into the thruster components instead opthpellant and
plasma. In summary, HIPEP behaves similar to PEwith a larger mass bit, with the mass bit ggaton area
being more than an order of magnitude above tyf@als (~790 pg/chivs. 1 to 50 pg/ch). However, the electron
temperature, electron density, and ionization foacare lower when compared to PTFE.

V. Discussion

The last several decades have seen the use of propellants in PPTs ranging across the entire physical spectrum of
gases, solids, and liquids. While initial experiments were performed using gas-fed PPTs, these were eventually limited
technologically by the lack of suitable fast-acting valves with reaction times suitable for the extremely short PPT
discharge times. In the context of micropropulsion, the requirement for these additional components increases the
challenges in miniaturization. Eventually, focused shifted to the use of solid propellant, of which PTFE was found to
be the most promising due to its higher thrust-to-power ratio. Since then, PTFE was and is still considered to be the
“gold standard” propellant for PPTs, and almost all designs and flight models have used some form of PTFE as the
propellant.

However, while PTFE better resists carbon deposition and charring compared to other solid propellants, it is still
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prone to the problem, especially at the lower disgl energies at which micropropulsion systems opestate. This
is one of the major limitations in the ultimateetime of a PPT. Larger propellant masses also mregui increasingly
complex feeding system due to the solid nature@propellant. Due to these drawbacks, researclalsasonducted
using liquid propellants. However, the issue ofrte&bility in vacuum and leakage issues had menbresolved until
the very recent introduction of non-volatile ligyidopellants. These potentially have the capaliityeplace solid
PTFE in certain PPT applications in the near future

With respect to micropropulsion, the fundamenégjuirement for any system is simplicity and thdighio be
miniaturized. When considering this, solid propeiaare the most suitable due to their lack ofedrfer secondary
propellant systems. Non-volatile liquid propellamigh passive feeding systems also exhibit simidvantages.
However, the use of gaseous or volatile liquid ptlamts will necessitate secondary systems suphessurized tanks
and feeding valves, increasing system complexitytae number of challenges associated with miniztion. The
most suitable propellant for a micropropulsion P&Etem will depend on the mission requirements.|&Vindn-
volatile liquid PFPE shows promise, compared withidspropellant designs, it is still earlier in tdevelopment
phase, with further study required to identify feal use-case scenarios and implementation pro@é#s solid
propellants, several alternatives to PTFE such BSEEand electric solid propellants are availableeSe have
different advantages and disadvantages, and arealss well studied as PTFE.

ETFE exhibits a higher specific impulse but a lowlerust-to-power ratio when compared with PTFE. As
mentioned in the introduction, this trade-off maydrvantageous in certain applications since nsasgiemium on
micro/nano-satellites. For missions with high&v requirements, the propellant mass fraction magobe a
significant part of the propulsion system. In theiseations, a higher specific impulse may therolbez more desirable
as it will reduce the amount of propellant requite@deliver a giverv. For applications such as spacecraft orientation
or station-keeping, the propellant mass fractioth vé significantly smaller, meaning that specifigpulse may not
then be a primary concern.

Chemical propellants such as electric solid plapé&d are also attractive in that they combinecti@mical release
of thermal energy with a coaxial configuration tpplement electrothermal thrust. However, as withalternatives
to PTFE, they are also earlier in the developméasp and have exhibited significant variation betwpropellant
samples and higher thermal inefficiencies comparigld PTFE. Further studies are required to propeligracterize
their performance and ideal use-cases.

As PTFE has been the “gold standard” PPT propeitargeveral decades, it has been studied in muek detail
than other alternatives. However, with the adventicro/nano-satellites, it has become necessargotwsider
alternatives in the miniaturization of the PRTthe future, it will be necessary to understdmablation process and
plasma parameters of these new propellants in ¢odeest utilize them.

V1. Concluding Remarks

The miniaturization of electronics has enabled diegelopment of micro/nano-satellites weighing itk las
several kg, and the cost of development and adoeszace has decreased by several orders of mdgniiith the
development of suitable micropropulsion systems,ddpabilities of these micro/nano-satellites causignificantly
extended, possibly even putting interplanetary imisswithin reach. The long history of PPT develeptrand their
inherent simplicity make them ideally suitable @srapropulsion systems. Current research in alter@@aropellants
further open the door to PPTs that can be tailaigpieed for specific mission requirements. With spcbpellants
available, it will then be possible to develop d&range of micropropulsion systems based on RPMsét particular
mission requirements, ranging from a high spedaifipulse to a high thrust-to-power ratio.

It is apparent that micro/nano-satellites havdedint propulsion requirements compared with cotivaal
satellites. However, the PPT has been developedseweral decades with the primary focus being @mgntation
in larger satellites. With the advent of small Haés in the kg weight level, it has become neaggdo revisit the
adoption of PTFE as the propellant of choice iniaturized PPT systems.

Acknowledgments

This work was partially supported by the Nationaltddal Science Foundation of China [No. 1180202#%] the
Beijing Institute of Technology Research Fund Paogifor Young Scholars.

References
1Crusan, J. and Galica, C., “NASA’'s CubeSat Laumdtiative: Enabling broad access to spadeta Astronauticavol. 157,
2019, pp. 51-60.
7

The 36th International Electric Propulsion ConfecenUniversity of Vienna, Austria
September 15-20, 2019



2Schonherr, T., “Plasma Acceleration in Ablativegeal Plasma Thrustersgheyclopedia of Plasma Technologylited by J.
Shohet, Taylor & Francis, New York, 2016, Vol. p. 1452-1461.

SBurton, R. L., and Turchi, P. J., “Pulsed Plasmau$ter,” Journal of Propulsion and PoweYol. 14, No. 5, 1998, pp. 716-
735.

4Zhang, Z., Ling, W. Y. L., Tang, H., Cao, J., LKi, Wang, N., “A review of the characterization asgtimization of ablative
pulsed plasma thrustergleviews of Modern Plasma Physigsl. 3, No. 1, 5.

SKazeev, M. N., Kozubskiy K. N., Popov G. A., “Vict&hrabrov — Pioneer of the First Space Electriog@ision System
Development and Space TestBfoc. 31st International Electric Propulsion Condecce IEPC-2009-235, The Electric Rocket
Propulsion Society, Michigan, USA, 2009.

5Pottinger, S., Krejci, D., Scharlemann, C., “Deyetent of a uPPT for CubeSat Application$4th AIAA/ASME/SAE/ASEE
Joint Propulsion Conference and ExhjMAA-2008-4532, American Institute of Aeronaut@sd Astronautics, Reston, Virginia,
2008.

“Coletti, M., Guarducci, F., Gabriel, S. B., “A micPPT for Cubesat application: Design and prelimyiexperimental results,”
Acta AstronauticaVol. 69, No. 3-4, 2011, pp. 200-208.

8Krejci, D., Seifert, B., Scharlemann, C., “Enduranesting of a pulsed plasma thruster for nanditase? Acta Astronautica
Vol. 91, 2013, pp. 187-193.

°Ciaralli, S., Coletti, M., Gabriel, S. B., “Perfoamce and lifetime testing of a pulsed plasma terdst Cubesat applications,”
Aerospace Science and Technologgl. 47, 2015, pp. 291-298.

Ciaralli, S., Coletti, M., Gabriel, S. B., “Resulté the qualification test campaign of a Pulseds®ia Thruster for Cubesat
Propulsion (PPTCUP) Acta AstronauticaVol. 121, 2016, pp. 314-322.

UGuman, W. J. and Nathanson, D. M., “Pulsed plasriwothruster propulsion system for synchronous toshatellite,”
Journal of Spacecraft and Rocke#®l. 7, No. 4, 1970, pp. 409-415.

Ling, W. Y. L., Schonherr, T., and Koizumi, H., “@tacteristics of a non-volatile liquid propellantliquid-fed ablative
pulsed plasma thrustersldurnal of Applied Physi¢&/ol. 121, 2017, 073301.

¥ au, M. and Herdrich, G., “Pulsed Plasma ThrusteduEance Operation Stress Testing at IRSgc. 33rd International
Electric Propulsion ConferencéEPC-2013-255, The Electric Rocket Propulsioni&y¢cWashington, D. C., 2013.

Hgarashi, M., Kumagai, N., Sato, K., Tamura, K.kdgahara, H., Okamoto, H., et al., “Performancertmpment of Pulsed
Plasma Thruster for Micro SatellitePtoc. 27th International Electric Propulsion Conéeice IEPC-01-152, The Electric Rocket
Propulsion Society, Pasadena, CA, USA, 2001.

%Keidar, M., Boyd, 1., Antonsen, E. L., GulczinsKi F. S., Spanjers, G. G., “Propellant Charrin@iised Plasma Thrusters,”
Journal of Propulsion and PowgYol. 20, No. 6, 2004, pp. 978-984.

16Zakrzwski, C., Benson, S., Sanneman, P., Hoskins,"@n-Orbit Testing of the EO-1 Pulsed Plasma Ftey” 38th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference Bruibit, AIAA-2002-3973, American Institute of Aeronautiesd
Astronautics, Reston, Virginia, 2002.

YPalumbo, D. J. and Guman, W. J., “Effects of Prapeland Electrode Geometry on Pulsed Ablative iéaJhruster
Performance,Journal of Spacecraft and Rocke#ol. 13, No. 3, 1976, pp. 163-167.

183chlappi, B., Altwegg, K., Balsiger, H., Hassig,,Mackel, A., Wurz, P., et al., “Influence of spaedt outgassing on the
exploration of tenuous atmospheres with in situsrsectrometry,Journal of Geophysical Research: Space Physics 115,
2010, A12313.

195zelecka, A., Kurzyna, J., Danitko, D., Barral, ‘Biguid micro pulsed plasma thrusteijukleonika Vol. 60, No. 2, 2015,
pp. 257-261.

2%Ling, W. Y. L., Schénherr, T., and Koizumi, H., “Giharge characteristics of an ablative pulsed @asmuster with non-
volatile liquid propellant,’Applied Physics Letter§/ol. 111, No. 1, 2017, 014101.

2IGlascock, M. S., Rovey, J. L., Williams, S., ThmashJ., “Plume Characterization of Electric Solitbffellant Pulsed
Microthrusters,"Journal of Propulsion and PowgYol. 33, No. 4, 2017, pp. 870-880.

2%Glascock, M. S., Rovey, J. L., Polzin, K. A., “Eiec Solid Propellant Ablation in an Arc Discharyépurnal of Propulsion
and Power Vol. 35, No. 5, 2019, pp. 984-993.

8

The 36th International Electric Propulsion ConfecenUniversity of Vienna, Austria
September 15-20, 2019



