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GWU program in Micropropulsion
Michael Keidar
George Washington University, 800 22nd Street, Northwest Washington, DC 20052 USA
E‐mail: keidar@gwu.edu
The
George
Washington
µCAT Thruster
University
(GWU)
has
developed a CubeSat‐class
thruster called the Micro‐
Cathode Arc Thruster (μCAT).
The μCAT is a high Isp (2000‐
3500s), solid metal fueled, low
average power (0.1 W‐5 W)
Canyval-X
BRICSat-P
micro‐thruster of small cross
(NASA/KARI)
GW Sat
(US Naval Academy CubeSat)
NASA CubeSat
section (5 mm), with a mass of
(Scheduled Jan 10, 2018)
(Launched May 2015)
Initiative, 2019
less than 200g, and no
pressurant
tanks.
Electric
current forms a plasma discharge between a concentric cathode‐anode configuration. Thrust is
produced through arc discharge, eroding some of the cathode material in uniform manner, to exit
at high velocity, during which it is accelerated out the nozzle by a Lorentz force. Thrust can be
controlled by varying the frequency of pulses, with a demonstrated range to date of 1‐50 Hz, (1 µN
– 0.05 mN). The μCAT design achieves uniform electrode erosion, and has demonstrated over two
months of continuous operation during trials. The system operates at low voltage, accepting
unregulated DC power from the spacecraft bus. The corresponding exhaust plume is 99% percent
ionized, with near zero backflux. Current efforts are focused on high thrust to power
microthrusters based on two‐stage μCAT.

The basic system has been previously flown on the United States’ Naval Academy BRICSat P
mission, scheduled to be launched aboard BRICSat‐D in 2018. The system will be used for
detumbling purposes only. Thruster subsystem was developed for the BRICSat‐P which was
launched in May of 2015. Some data has been downloaded from the satellite, and it shows that the
satellite has successfully operated the propulsion system. The propulsion system was able to
reduce initial tumbling from an estimated 30 º/s to within 1.5 º/s after 48 hours. The micro‐
Cathode Arc Thruster’s attitude control system (µCAT) is currently in TRL‐6 and is scheduled to fly
on CANYVAL‐X mission in January 2018. This mission, comprised of two satellites called Tom and
Jerry, is intended to test a virtual space telescope designed to study the sun. To align the optical
system, one of the satellites is equipped with both reaction wheels and four µCAT thrusters, which
will provide propulsive attitude control and desaturation of the reaction wheels.
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Busek Micropropulsion Technologies
Dan Courtney, Mike Tsay, Nate Demmons
Busek Co., 11 Tech Circle, Natick MA, 1760.

Busek is actively developing micropropulsion systems intended to support numerous mission
concepts. These include electrospray thrusters designed for precision attitude and position control
along with primary ΔV thrusters tailored to differing power and spacecraft size requirements. A
brief overview of these systems will be presented including: the BET‐300‐P modular electrospray
thrusters, the BIT‐3 RF Ion thruster, the AMAC green monopropellant thruster and the BMP‐220
pulsed plasma thruster.

Figure 1: (left to right) Busek’s BET‐300‐P electrospray thruster, BIT‐3 RF Ion Thruster AMAC green
monopropellant thruster and BMP‐220 mPPT thruster.
The BET‐300‐P is a passively fed electrospray thruster which integrates sufficient propellant to
provide up to 130Ns of impulse along with all associated feeding hardware within a <5cm x 5cm x
5cm package. The thruster provides up to 150μN at <2.6W of thruster power and can be precisely
throttled down to a few μN at 100’s of nN resolution. An overview of the thruster will be provided
along with a description of in‐situ mass flow rate measurements and recent pulsed operation tests.
The BIT‐3 is an iodine RF ion thruster system which includes a PPU, 1.5kg of solid propellant, a
gimble mounted thruster and small RF neutralizer within a 1.6U package. Busek has systematically
addressed challenges associated with maturing these subcomponents towards flight status. The
BIT‐3 thrust output can be ramped from ~0.7mN to 1.2mN, requiring 55 to 80W of total system
power. The corresponding specific impulse ranges from ~1400s to 2100s; enabling up to 31000Ns
of total impulse.
Busek’s AMAC green monopropellant thruster system includes a 0.5N thruster, propellant tank
with 565Ns of impulse capacity and a rad‐tolerant PPU within a 1U package. Propellant is
pressurized in‐flight using Busek’s Post‐Launch‐Pressurization‐System (PLPS), improving suitability
of AMAC aboard secondary payload CubeSats.
Finally, the BMP‐220 is a PPT thruster system which includes twelve coaxial PPT sticks and all
associated command, control and power circuitry within a compact package. The axially aligned
sticks are fired in turn at up to 2Hz in a definable pattern controlled by the on‐board processor.
The simple system is designed to provide up to 170Ns from solid, inert, PTFE propellant.
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Micropropulsion Research at Nanyang Technological
University, NIE, Singapore
J. W. M. Lim, I. Levchenko, L. Xu, S. Y. Huang, Y. F. Sun, G. C. Potrivitu, R. Z. W. Sim,
J. S. Yee, X. D. Wen, J. Gao, S. Xu
Nanyang Technological University, NIE, Singapore

The rapid advancement in the space industry has catalyzed exponential reduction in funds required to
launch satellites of various payload sizes into space for an array of diverse applications. With the decrease in
costs for satellite manufacturing, and the ease to secure launches for in‐orbit deployment, what role does
micropropulsion have to play in becoming a significantly attractive peripheral for the space industry? While
it is commonly agreed that propulsion primarily allows for a general increase in orbit lifetime for satellites in
space, an up and coming agenda which is of greater interest to numerous agencies would be the increased
operational capabilities that can be enabled through technological advancements in micropropulsion
thrusters. The Space and Propulsion Centre – Singapore (SPC‐S) was established in 2016. In the few years
since inauguration, SPC‐S has successfully commissioned a flagship space environment simulation facility
with integrated diagnostic capabilities for test and performance evaluation of various thrusters and compo‐
nents for space. Other scaled environment simulators have been designed and engineered to complement
goals involving lifetime testing of critical propulsion modules in space. On top of the developed space envi‐
ronment facilities, SPC‐S has also designed, engineered and successfully demonstrated propulsion systems
of various scales, ranging from those which operate in the regime of a few tens of watts, to others which
operate effectively in the order of hundreds of watts. A gradually expanded rotamak‐like thruster has also
been proposed, where experimental works in the preliminary phases are currently in the final phases of
conclusion. In this talk, an overview of the research work pertaining to micropropulsion in Singapore would
be presented in greater detail. This would include a rough overview of the developmental process from
ground up of the design and construction of the infrastructure and capabilities available at SPC‐S today. The
talk would also conclude with notes on the projected impact of the research directives being pursued by
SPC‐S including commercial potential, enhanced in‐orbit demonstration with integration of sub‐system pe‐
ripherals, as well as a roadmap to incorporate and establish a centre of excellence for modular satellite sub‐
system engineering and fabrication in the region.
[1] J. W. M. Lim, S. Y. Huang, L. Xu, J. S. Yee, R. Z. Sim, Z. L. Zhang, I. Levchenko, S. Xu, Аutomated Integrated robotic systems for
diagnostics and test of electric and μ‐propulsion thrusters. IEEE Trans. Plasma Sci. 46, 345‐353 (2018).
[3] O. Baranov, S. Xu, L. Xu, S. Huang, J. W. M. Lim, U. Cvelbar, I. Levchenko and K. Bazaka. Miniaturized plasma sources: can
technological solutions help electric micro‐propulsion? IEEE Trans. Plasma Sci. 46, 230‐238 (2018).
[4] I. Levchenko, K. Bazaka, T. Belmonte, M. Keidar and S. Xu, Advanced Materials for Next Generation Spacecraft. Adv. Mater. 30,
1802201 (2018, in press)
[5] I. Levchenko, K. Bazaka, Y. Ding, Y. Raitses, S. Mazouffre, T. Henning, P. J. Klar, S. Shinohara, J. Schein, L. Garrigues, M. Kim, D.
Lev, F. Taccogna, R. W. Boswell, C. Charles, H. Koizumi, S. Yan, M. Keidar, S. Xu. Space micropropulsion systems for Cubesats and
small satellites: from proximate targets to furthermost frontiers (Focused Review). Appl. Phys. Rev. 5, 011104 (2018).
[6] Levchenko, I., Xu, S., Teel, G., Mariotti, D., Walker, M.L.R. and Keidar, M., Recent progress and perspectives of space electric pro‐
pulsion systems based on smart nanomaterials. Nature Communications 9, 879 (2018).
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Cubesat and other electric propulsion activities at Mars
Space and the University of Southampton
Stephen Gabriel
University of Southampton and Mars Space Ltd
The talk will present an overview of the research activities on Electric Propulsion(EP) and other low
temperature plasma technologies at both the university of Southampton and Mars Space Ltd, fo‐
cusing on some of the key challenges.
The university has been active in EP for nearly 30 years, while Mars Space was spawned as a spin‐
off around 10 years ago. How the two organizations have collaborated as partners will be de‐
scribed with an attempt to bring out some of the successes but also some of the potential prob‐
lems.
Historically, EP research at the university has included gridded ion engines(GIEs), hollow cath‐
odes(HCs) and hollow cathode thrusters(HCTs), pulsed plasma thrusters(PPTs) and microcolloid
thrusters. Current activities are centred around heaterless hollow cathodes, alternative propellants
for GIEs, liquid PPTs and LaB6 low current cathodes. Some of the terrestrial applications of low
temperature plasmas where there is some synergy with EP are plasma antennas and triggered vac‐
uum arcs.
At Mars Space, the main research areas are broadly similar but more of a developmental nature
and in close collaboration with industry. Key areas include the development of a ring cusp(RC) GIE
with QinetiQ and a GIE hollow cathode neutralizer with Ariane Group but work is also ongoing on a
high temperature resistojet and novel diamond based dry cathodes.

NASA Glenn SmallSat/CubeSat Activities and Capabilities
Eric Pencil
NASA Glenn Research Center, Cleveland, Ohio
This presentation provides an overview of recent activities at NASA Glenn Research Center (GRC) in
the development and performance test characterization of electric propulsion subsystems intend‐
ed for small satellite (SmallSat) and Cubesat missions. The status and recent progress of several on‐
going development activities related to Smallsat/Cubesat missions at GRC will be discussed. These
projects and activities include Sub‐Kilowatt Electric Propulsion (SKEP), iodine compatibility testing
of Hall thruster components, performance testing of a cold gas propulsion system for BioSentinel,
and performance testing of the Massachusetts Institute of Technology electrospray propulsion
units. The functions and capabilities of GRC’s Electric Propulsion Systems Branch will be covered.
These capabilities are available to provide propulsion subsystem manufacturers independent,
third‐party assessments of their technologies for use on future NASA missions. A plan to generate
standards for the development of Smallsat/Cubesat propulsion systems for Class D missions has
been initiated and will be outlined in this presentation.
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Vector Dedicated Low‐Cost Micro Satellite Launch Vehicles
Randy Sakowitz
North America Business Development, Growth and Strategy
Vector Launch, Inc.
100 Century Center Court, Suite 400
San Jose, CA 95112‐4512
202.257.7131
randy.sakowitz@vector‐launch.com
www.vectorspacesystems.com

Vector is a disruptive innovator that connects space startups and innovators as well as gov‐
ernment agencies with affordable and reliable space access. Vector has a BIG vision to reshape
the multi‐billion launch market and combines dedicated low‐cost micro satellite launch vehi‐
cles to dramatically increase access and speed to desired orbit. Micro‐propulsion, especially
electric, provides the potential for our customers to reach higher orbits or disperse constella‐
tions along an orbit.
The Vector launch vehicle family consists of the Vector R (Rapid) and the Vector H (Heavy)
launchers. The Vector R places up to 66 kg into orbit and is our basic first use capability that
also leverages a transporter/erector/launcher enabling multiple launches a day from an unim‐
proved site. The Vector‐H places 150 kg into orbit and is a block upgrade to the Vector‐R. The
two launch vehicles share common technology and launch facilities including pressure fed ab‐
lative engines, carbon fiber fuselage, LOX/Propylene fuels and mobile launch capability. This is
the only launch system dedicated to micro spacecraft and will allow launching a customer’s
satellite to their schedule and from a location of their choosing.
The Vector launch vehicle family derives historically from the Garvey Spacecraft NLV‐20 launch
vehicle that has been under development for a number of years. The Vector‐R is a larger ver‐
sion of the NLV‐20 using three first stage engines and a larger second stage for more orbital
insertion capability. The Vector‐H is a stretched version of the Vector‐R and uses a five engine
first stage with longer tanks and a full diameter second stage. Both vehicles share common
avionics and engines.
In this presentation Vector will provide an update on the launch vehicle manufacturing and
availability as well as review test activities to date and preparations for the Vector‐R orbital at‐
tempt in 2018.
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IWMC‐2018‐St01

3In‐Orbit results and capabilities of the IFM Nano FEEP
Thruster
David Krejci
Enpulsion GmbH, Wiener Neustadt, 2700, Austria
E‐mail: krejci@enpulsion.com
The IFM Nano Thruster is a liquid metal Field Emission Electric Propulsion (FEEP) thruster,
producing thrust by electrostatically accelerating previously extracted and ionized propellant to
high exhaust velocity. The core element of this propulsion technology is a passively fed, porous ion
emitter consisting of 28 sharp emitter tips assembled in a crown shape. This emitter technology
has been developed and qualified over decades at FOTEC and the Austrian Institute of Technology,
and has recently been adapted for the use as main propulsion system in Nano‐ and Small‐satellites.
The resulting IFM Nano Thruster can be operated between 10 and 40W, resulting in thrust of up to
0.35mN and fits into less than a standard Cubesat unit. By varying extraction potentials, the
thruster can be operated at specific impulse levels between 2000s and 6000s, adapting to mission
needs as well as power availability, allowing for significant throttling capability between a couple of
µN and 0.5mN. Due to the high specific impulse and high propellant density, the thruster can
produce total impulses between 5000Ns and beyond 12000Ns when operated at specific impulses
at 2000s and 5000s respectively. The first IFM Nano Thruster has been successfully integrated into
a commercial 3U CubeSat in 2017 after undergoing environmental testing, and was launched in
January 2018 for a first in‐orbit demonstration (IOD). This IOD represents the first instance of a
liquid metal FEEP thruster to be operated in space as a primary propulsion system. This paper will
present the acceptance and first in‐orbit test results and will discuss thruster capabilities based on
orbital simulations of selected sample missions.
IWMC‐2018‐St02

Low‐Thrust Trajectory Design Near Asteroid 4769 Castalia
for Small Satellite
Taeyoung Lee
E‐mail: tylee@email.gwu.edu
We present a computational approach for the design of continuous low thrust transfers around an
asteroid. These transfers are computed through the use of a reachability set generated on a lower
dimensional Poincar ́e surface. Complex, long duration transfer trajectories are highly sensitive to
the initial guess and generally have a small region of convergence. Computation of the reachable
set alleviates the need to generate an accurate initial guess for optimization. From the reachable
set, we chose a trajectory which minimizes a distance metric towards the desired target.
Successive computation of the reachable set allows for the design of general transfer trajectories
which iteratively approach the target. We demonstrate this method by determining a transfer
trajectory about the asteroid 4769 Castalia utilizing an electric propulsion system for a small
satellite.
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IWMC‐2018‐Ht01

Influence of Thermally‐Induced Cracking
on Hall Thruster Wall Erosion
Nathan P. Brown and Mitchell L. R. Walker
Georgia Institute of Technology, Atlanta, Georgia, 30332
E‐mail: nbrown44@gatech.edu; mitchell.walker@ae.gatech.edu;
Erosion of the Hall thruster discharge chamber wall and subsequent exposure of the magnetic circuit to
plasma results in severe performance degradation and the eventual end of thruster life [1, 2]. Accelerated
channel erosion caused by increased power deposition presents a challenge to the design of miniaturized
high‐power Hall thrusters. Accurate modeling of the erosion process is required for the development of
these devices. However, the well‐documented observation of unexpected surface features, such as
anomalous erosion ridges, during lifetime tests of multiple Hall thrusters suggests an understanding of the
erosion process is incomplete [3‐5].
The previous investigation of erosion features of the U.S. Air Force Research Laboratory/University of
Michigan P5 Hall thruster after 2000 hours of xenon propellant operation at powers ranging between 1.5
and 5 kW found significant microcracking on the surface of the M26 grade borosil discharge chamber wall.
The authors of the prior study posited that cracking was likely not a result of ion sputtering or implantation
and was instead largely caused by thermomechanical stresses produced by thermal cycling during thruster
throttling, but no experimental evidence was provided to support this claim [6]. The purpose of the present
study, therefore, is to investigate the influence thermal cycling has on the microcrack generation process in
M26 and to quantify the effect of pre‐existing wall cracks on plasma erosion.
M26 samples are repeatedly heated to temperatures of 900 °C in a tube furnace and cooled in room
temperature air to produce stress by thermal shock. Laser confocal microscopy and scanning electron
microscopy are used to detect microcracks, and software employing a flood‐fill algorithm provides detailed
microcrack statistics. The samples are exposed to argon plasma in an ion assisted deposition chamber and
the resulting erosion is characterized by surface profilometry and microscopy. Comparison of erosion
features between thermally‐cracked samples and samples left uncracked reveals the impact of thermally‐
induced channel cracking on the plasma erosion process in Hall thrusters.
[1] Clauss, C., Day, M., Kim, V., Kondakov, Y., and Randolph, T., "Preliminary study of possibility to ensure large enough
lifetime of SPT operating under increased powers," 33rd Joint Propulsion Conference and Exhibit, American Institute of
Aeronautics and Astronautics, AIAA Paper 1997‐2789, Seattle, WA, 1997. doi: 10.2514/6.1997‐2789
[2] Goebel, D. M., and Katz, I., Fundamentals of Electric Propulsion: Ion and Hall Thrusters, John Wiley & Sons,
Hoboken, New Jersey, 2008, pp. 379‐383.
[3] de Grys, K., Mathers, A., Welander, B., and Khayms, V., "Demonstration of 10,400 Hours of Operation on 4.5 kW
Qualification Model Hall Thruster," 46th AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, American
Institute of Aeronautics and Astronautics, AIAA Paper 2010‐6698, Nashville, TN, 2010. doi: 10.2514/6.2010‐6698
[4] Zurbach, S., Duchemin, O. B., Vial, V., Marchandise, F., Cornu, N., and Arcis, N., "Qualification of the PPS‐1350 Hall
plasma thruster at 2.5 kW," 49th AIAA/ASME/SAE/ASEE Joint Propulsion Conference, American Institute of Aeronautics
and Astronautics, AIAA Paper 2013‐4113, San Jose, CA, 2013. doi: 10.2514/6.2013‐4113
[5] Garner, C., Brophy, J., Polk, J., and Pless, L., "A 5,730‐hr cyclic endurance test of the SPT‐100," 31st Joint Propulsion
Conference and Exhibit, American Institute of Aeronautics and Astronautics, AIAA Paper 1995‐2667, San Diego, CA,
1995.
[6] Burton, T., Schinder, A. M., Capuano, G., Rimoli, J. J., Walker, M. L. R., and Thompson, G. B., "Plasma‐Induced
Erosion on Ceramic Wall Structures in Hall‐Effect Thrusters," J. Propul. Power 30, 2014, 690‐695.
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IWMC‐2018‐Ht02

Low Power Cylindrical Hall Thruster
Yevgeny Raitses
Princeton Plasma Physics Laboratory, USA
E‐mail: yraitses@pppl.gov
In this talk, I will discuss how driving spoke and breathing oscillations can affect the thruster
operation and thruster performance. In experiments, the driving is implemented by modulating of
the discharge voltage applied to either the whole anode (for breathing mode) or segmented anode
(for spoke mode). Modeling of the driven breathing mode will be presented too.

IWMC‐2018‐Ht03

Research Progress of the 100W Hall Thruster in Harbin
Institute of Technology
Yongjie Ding, Boyang Jia, Dong Ma, Daren Yu
Plasma Propulsion Lab, Harbin Institute of Technology, Harbin, 150001, People’s Republic of China
E‐mail: dingyongjie@hit.edu.cn
Harbin Institute of Technology designed and tested 50‐300W Hall Thruster(HEP‐200PM) with permanent
magnets. Similar with the Magnetically Shielded Hall Thruster, the maximum magnetic field intensity of
HEP‐200PM is located in the plume region, the differences are that the magnetic force line of HEP‐200PM
intersects the wall surface and the wall is straight. Figure 1 is is the plumes with different powers.

Figure 1. Plumes with different powers of HEP‐200PM.
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The performance of HEP‐200PM was tested. The discharge powers was mainly measured at 50 to 300W
with discharge voltage ranging from 150 to 400V. Table 1 shows the thrust, anode specific impulse and
anode efficiency.
Table 1 Performance with different Powers

The experimental results indicate that HEP‐200PM can discharge stable with high efficiency. The sputtering
zone of the wall is short and sputtering zone is in front of the magnetic pole, which maybe mean that the
lifetime of HEP‐200PM is long, we will test the lifetime of HEP‐200PM with the power of 100‐200W in the
future.

IWMC‐2018‐It01

3.5 cm RIT: Long Term Performance and Suitability
for Microsatellites
Jochen Schein1, M. Smirnova2, P. Smirnov1
1

Bundeswehr University Munich, Germany
2
Transmit GmbH, Giessen, Germany
E‐mail: js@unibw.de

The RIT is a well known propulsion
concept which has been shown to work
and function reliably. Ion Production
takes place through self‐sustaining RF
discharge. Ion extraction / acceleration
is achieved through an electrical field
applied by a grid system. In a
radiofrequency ion thrus‐ter, the ion
production and the ion acceleration are
two independent processes, which
allows to optimize both independently.
This is especi‐ally of great value for
Figure 1. Principle of RIT Thruster.
miniaturi‐zation. The neutralizer can be
treated as a separate component as
well. This allows redundancy and a high system reliability, as the neutralizer of another thruster
can be used without compromising the nominal functioning.
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A 3.5 cm RIT was developed and tested for use as a micropropulsion device. The system should
allow a broad variation of the thrust from low μN to 2 mN, it also is supposed to enable
independent control of the specific impulse in the full thrust range. In order to verify theses claims
this presentation will report about various tests that have been performed at the facilities at the
Bundeswehr University. These include tests to demonstrate repeated start‐up, thrust on, stand‐by
modes.
The 4‐Grid μNRIT‐3.5was exposed to a functional test and performance characterization to
measure thrust range, specific impulse, thruster power vs. thrust, RFG power vs. thrust for
predicted thruster parameters. In order to evaluate the reliability of the system an extended firing
test of 500 hours was made including ion optics erosion measurements and comparison with
numerical simulations.
The system performed very well. Based on these results the suitability for µ propulsion applications will be
discussed.

IWMC‐2018‐Va01

Optimization of Micro‐Cathode Arc Thruster Lifetime
Denis B. Zolotukhin1,2 and Michael Keidar1
1

George Washington University, 800 22nd Street, Northwest Washington, DC 20052 USA

2

Tomsk State University of Control Systems and Radioelectronics, 40 Lenina Ave., Tomsk, 634050 Russia

E‐mail: keidar@gwu.edu
The ignition and optimization of the pulsed micro‐cathode triggerless vacuum arc thruster model
are analyzed. To this end a simplified model of the thruster consisting of two rectangular
electrodes on an alumina ceramic plate with a variable inter‐electrode gap covered by a conductive
film of carbon paint is considered. It is shown that after optimizing the inter‐electrode gap, the
electrical power and the value of the magnetic field parallel to the film surface, such an ‘idealized’
thruster model can provide up to 1.2–1.3 million pulses with a high degree of stability of ignition
and a large amplitude of arc current (around 15 days of continuous work at a pulse repetition rate
of about 1Hz). These findings may be used in designing longlife and durable low‐power micro‐
cathode thrusters with rigidly fixed, unmovable electrodes. Since real space missions for CubeSats
with such a type of thrusters may require a significantly longer lifetime (say, several months), we
propose the concept of a modular thruster consisting of separate elementary thin, light‐weight
consumable thrusters with rigidly fixed electrodes — the modular thruster lifetime increases with
the number of these elementary thrusters.
Based on the presented results one can conclude that special attention should be given to
insulator selection and cathodic jet interaction with the insulator surface. Further development of
the modular thruster concept requires additional research on finding the optimal ‘gap/magnetic
field/electrode’ configuration and materials for the case of coaxial geometries.
________________________________
* Work supported by a Vector Space Systems and NASA DC Space Grant Consortium
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IWMC‐2018‐Cs01

Propulsion Wish List: Desired Capabilities and Applications
of CubeSat Propulsion from the End User’s Perspective
Jin S. Kang
Aerospace Engineering Department, United States Naval Academy
590 Holloway Rd., MS 11B, Annapolis, MD 21402
E‐mail: kang@usna.edu
With miniaturization of the propulsion units and advancement of CubeSat‐class satellite
technology, CubeSats utilizing and requiring propulsive capability is becoming more common. Most
of the current commercially available units are cold gas type thrusters with limited chemical rocket
choices. A few propulsion solution companies are producing CubeSat‐scale electric propulsion, as
these options become more attractive to the CubeSats with longer mission life and higher delta‐V
requirements. Research labs are also developing miniaturized propulsion capabilities, but
sometimes there can be a disconnect between the cutting‐edge technology development and end‐
user needs. This presentation will attempt to identify and describe the characteristics that the end
users may be looking for from the perspective of the education‐based CubeSat development lab.
The U.S. Naval Academy (USNA) has been developing various space payloads since the first satellite
delivered to orbit in 2001. Eleven satellites and payloads have been launched as of 2017, and four
more CubeSats are manifested on launches in 2018 and 2019. The lab has developed seven
CubeSats, including two 1.5U CubeSats with the George Washington University’s MicroCathode Arc
Thrusters onboard. The presentation will share the design and development considerations details
in propulsion capable CubeSats in orbit, and describe the desired capabilities and applications of
the propulsion units from the end user’s perspective.
IWMC‐2018‐Cs02

Putting it all Together: Integration Considerations for
CubeSat Propulsion
Amelia Greig
California Polytechnic State University, USA
When putting it all together and integrating a propulsion system into a CubeSat mission, the key
thing to remember is thrust and impulse are not the only important things to consider. Interactions
between the propulsion system and the satellite must be considered, as must interactions
between the satellite and the launch vehicle. This presentation will explore these points as
relevant to the development of micro‐propulsion systems for CubeSat missions.
The more obvious considerations for integrating propulsion systems into CubeSat missions are
volume, mass, and power requirements. Other considerations perhaps considered less often, are
thermal dissipation, electrical interference issues, and material choices. Launch providers may also
impose additional restrictions on pressurized vessels, explosive class materials, and operations.
Before any CubeSat mission involving propulsion can be successful, each of these points must be
considered and managed appropriately.
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Mass Spectroscopy of Microtube‐Electrospray Multi‐Mode
Micropropulsion
Joshua L. Rovey
University of Illinois Urbana‐Champaign, USA
Multi‐mode spacecraft propulsion is
the combination of chemical and
electric propulsion in a single system
with at minimum shared propellant
between the two modes, and ideally
shared hardware, namely tanks, valves
and other feed system components.
Use of a shared propellant allows for
propellant budget to be allocated
between modes synergistically as
mission needs arise whether on‐orbit
or during satellite development,
significantly enhancing the flexibility
and capability of the spacecraft.
University of Illinois has developed a
propulsion system capable of both
chemical and electric propulsion with
a single propellant, tank, feed system,
and thruster [1]. The system is
equivalent in mass and volume to
state‐of‐the‐art single mode chemical
or electric systems, but can be
operated in either mode at any given
time. The thruster uses a single ionic
liquid propellant based on a binary
mixture of hydroxylammonium nitrate
and
1‐ethyl‐3‐methylimidazolium
ethyl sulfate ([Emim] [EtSO4]‐HAN)
capable of exothermic decomposition
in a monopropellant mode [2,3] as
well as provide an efficient source of
ions in an electrospray mode [4,5].
Chemical mode calculations show the
thruster capable of high‐thrust (> 500
mN) at a specific impulse of 180
seconds [6,7] and electrospray
experiments show the thruster

Figure 1. Microtube‐Electrospray multi‐mode micropropulsion: a
single microtube/emitter is operated as either a catalytic chemical
thruster or an electrospray electric thruster.

Figure 2. Electrospray mass spectrum of [Emim][EtSO4]‐HAN
propellant at 5 pL/s.
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capable of specific impulse in excess of 1000 seconds [4].
This presentation reports experimental mass spectrum results for the [Emim][EtSO4]‐HAN liquid
when electrosprayed in a 50 μm capillary emitter. Mass spectra from 0‐600 amu were obtained
over a variety of angles and flow rates from 2 pL/sec to 3 nL/sec in both cation and anion
extraction mode. Effects of flow rate and angular orientation on the spectra agree well with
literature. Results show at least three of the four monomer species are emitted, along with
numerous other species, some of which have been identified. Results also show, for the first time,
emission of both proton‐transferred covalent species paired with both ionic species for HAN. Also,
because the liquid is a mixture, swapping of anions and cations between constituents is observed.
This swapping is most evident in anion mode, where numerous forms of HAN ([HNO3], 2[HNO3],
2[HA‐H], and [HAN]) appear in the spectra attached with [EtSO4]‐. Numerous peaks in the spectra
are due to fragments of the [Emim][EtSO4].
Additionally this presentation reports on experiments with a pressurized fixed volume reactor used
to determine the linear burn rate of the propellant. Benchmark experiments use a 13‐molar
mixture of hydroxylammonium nitrate and water and show agreement to within 5% of literature
data. The multi‐mode monopropellant is a double‐salt ionic liquid consisting of 41% 1‐ethyl‐3‐
methylimidazolium ethyl sulfate and 59% hydroxylammonium nitrate by mass. At the design
pressure of 1.5 MPa the linear burn rate of this propellant is 26.4 ± 2.5 mm/s. Based on this result,
the minimum flow rate required for a microtube with a 0.1 mm inner diameter within the pressure
range tested is between 0.12 and 0.35 mg/s.
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Berg, S. P., Rovey, J. L., "Assessment of Multi‐Mode Spacecraft Micropropulsion Systems," J. Spacecraft Rockets 54,
592‐601, 2017.
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Microfabricated Electrospray Propulsion for Small Satellites
Paulo Lozano
Space Propulsion Laboratory, Massachusetts Institute of Technology
E‐mail: plozano@mit.edu
Electrospray propulsion systems have the potential to cover the mobility requirements of a variety of
space missions, including small satellites. Their main attractiveness relies on their small size and mass,
and potential for high efficiency operation. The lack of ionization volumes and the ability to supply
propellant using capillary forces alone, enable truly compact electrospray propulsion devices. These
characteristics favor the use of microfabrication techniques to design and manufacture thrusters. While
there is vast heritage in the development of such techniques in the field of microelectronic and
mechanic devices (MEMS), several considerations are peculiar to electrospray thrusters. For example,
very few MEMS devices need to accommodate, simultaneously, requirements such as high voltages (up
to 2 kV), transport of conductive liquids, resilience to radiation and vacuum environments and
exposure to launch conditions, while ensuring prolonged operation with no maintenance. These
requirements make the design of MEMS propulsion devices challenging. The Space Propulsion
Laboratory (SPL) at MIT has developed microfabricated electrospray propulsion systems and has tested
and evaluated them in a number of controlled experiments. In this talk, we describe the fundamental
design principles of the ion Electrospray Propulsion System (iEPS), a variety that operates in the pure
ion regime for maximum efficiency and specific impulse. We summarize the microfabrication steps
involved in the manufacturing of these devices and show some testing results at the system level. We
also discuss the scaling laws of electrified menisci operating in the pure ionic mode and the conditions
for stable operation using steady‐state electrohydrodynamic models. The objective is for these models
to inform the design of electrospray emitters to optimize operational performance.

IWMC‐2018‐Th03

CubeSat‐scale Microwave Electrothermal Thrusters using
Green Propellants
Sven G. Bilén1 and Michael M. Micci2
1

The Pennsylvania State University, 213 Hammond Building, University Park, PA 16802, USA.
Email: sbilen@psu.edu
2
The Pennsylvania State University, 229 Hammond Building, University Park, PA 16802, USA.
Email: micci@psu.edu
We describe the progress to date on a CubeSat‐scale microwave electrothermal thruster that can use
“green” propellants such as water and ammonia. Microwave electrothermal thrusters are electric‐
propulsion systems that use microwave energy to heat gaseous propellants to plasma temperatures
followed by a nozzle expansion, thus generating thrust. Microwave electrothermal thrusters produce
higher specific impulses than chemical thrusters, which make them attractive for in‐space propulsion.
Our research investigates the feasibility and performance of a low‐power microwave electrothermal
thruster fit into the CubeSat form factor, and related systems issues for implementing the thruster at
that scale. We present measurements of hot‐fire‐versus‐cold‐flow‐stagnation‐pressure ratio and
calculate specific impulse during the hot‐fire test as a function of input power and mass flow rate.
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Incoherent Thomson scattering investigations for low‐
power propulsion plasmas
S. Tsikata, B. Vincent, S. Mazouffre
CNRS, ICARE, EP team, Orléans, France
Hall thrusters (HTs) are propulsion devices based on the use of a crossed magnetic and electric
field configuration for the ionization and acceleration of a propellant gas. These devices produce a
large thrust‐to‐power ratio (60 mN/kW) and a large thrust density (30 N/m2), with a specific im‐
pulse (1500‐2000 s) high enough to guarantee substantial propellant mass savings. Thrust efficien‐
cy is about 50 % for low and moderate power HTs (< 1 kW), but is in excess of 60 % for high‐power
devices. These thrusters are well‐suited to various types of maneuvers, such as orbit transfer to
GEO, drag compensation, orbit maintenance and attitude control.
Though Hall thrusters are relatively simple from a technological standpoint, physical processes that
govern the magnetized discharge properties, and in fine thruster performance, are complex and
still poorly‐understood. As a consequence, optimization of existing devices and development of
new architectures remains empirical, and consequently, a lengthy and expensive undertaking. A
better understanding of phenomena such as electron cross‐field transport and plasma‐wall interac‐
tion in Hall thrusters requires the combination of theoretical work, numerical simulations and ex‐
periments on atom, ion and electron properties and dynamics.
Laser‐Induced Fluorescence (LIF) spectroscopy allows the local measurement of the atom and ion
velocity distribution in the discharge and plume of HTs, see e.g. [1,2] and references therein. Elec‐
tron parameters and plasma potential have so far been determined by means of electrostatic
probes such as Langmuir probes and emissive probes. However, insertion of a probe inside the
channel of a Hall thruster strongly affects the discharge behavior, as demonstrated in recent work
[3]. As a consequence, extracted data reflects only properties of a perturbed discharge, and are not
sufficiently accurate for validation of HT physical models and computer simulations. In contrast,
Incoherent Thomson Scattering (ITS), i.e. scattering of electromagnetic radiation by free electrons,
provides direct access to the local electron energy distribution function (EEDF) without disturbing
the discharge.
A compact and highly‐sensitive laser ITS bench dedicated to study of low‐pressure plasma dis‐
charges has recently been developed, built and tested in our group [4]. This diagnostic has success‐
fully been implemented for cathode plasma measurements, and very recently, some thruster
measurements. A number of these results will be described in this contribution.
[1] Laser‐induced fluorescence diagnostics of the cross‐field discharge of Hall thrusters. S. Mazouffre, Plasma Sources
Sci. Technol. 22, 013001 (2013).
[2] Laser‐induced fluorescence spectroscopy applied to electric thrusters. S. Mazouffre, Von Karman Institute, STO‐AVT‐
VKI Lecture series 263, Electric propulsion systems, Edited by T. Magin, p. 10‐1..26 (2016).
[3] Perturbations induced by electrostatic probe in the discharge of Hall thrusters. L. Grimaud, A. Pétin, J. Vaudolon, S.
Mazouffre, Rev. Sci. Instrum. 87, 043506 (2016).
[4] A compact new incoherent Thomson scattering diagnostic for low‐temperature plasma studies. B. Vincent, S Tsikata,
S. Mazouffre, T. Minea, J. Fils, Plasma Sources Sci. Technol. 27, 055002 (2018).
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Simulation study of ExB electron drift instability
in Hall thruster
Francesco Taccogna
CNR‐Nanotec‐PLasMI lab, via Amendola 122/D, 70126‐Bari, Italy
E‐mail: francesco.taccogna@nanotec.cnr.it
The properties of ExB drift mode in Hall thruster were investigated through particle‐based simulation.
Two different two‐dimensional models coupling the ExB drift azimuthal direction with the axial
accelerating field and radial magnetic field directions, respectively, were implemented assuming
cartesian slab geometry. While the azimuthal‐axial model is self‐sustaining throught the closure of the
anode‐cathode circuit, the radial‐azimuthal one assumes a fixed ion number reinjection scheme with a
secondary electron emission module for electron‐wall interaction.
Results identify the linear growth and non‐linear saturation mechanisms consisting of electron heating
along azimuthal and radial directions and finally by ion‐wave trapping. The latter gives an enhanced
electron‐ion friction which manifests itself through the ion rotation along the azimuthal direction and
leads to the increased axial current across the magnetic field lines. Important correlations at
macroscopic level between the azimuthal modulation of the azimuthal electric field and the axial
modulation of the accelerating field are proof of the complexity of the electron transport in Hall
thruster.
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An Overview of Plume Simulations
for Micropropulsion Devices
Iain D. Boyd
Department of Aerospace Engineering
University of Michigan, Ann Arbor, MI 48109
Micro‐propulsion devices are becoming sufficiently mature, and their application to space flight
more common, that it is necessary to address their effective integration onto spacecraft. One of
the primary integration challenges for regular space propulsion systems is the assessment of nega‐
tive effects that the plumes of thrusters can have on the host spacecraft. Such plume‐spacecraft
interactions include turning moments induced on the spacecraft, deposition of plume effluent on
sensitive surfaces such as solar arrays and optical instruments, and sputtering of spacecraft mate‐
rials. Overall, such effects can limit the functionality and lifetime of a spacecraft. The nature of the
plume effects is governed by the physical characteristics of the propulsion system. In particular,
there can be important differences between propulsion systems that create neutral gas and plas‐
ma plumes. In this presentation, the physical processes relevant to accurate description of neutral
and plasma plumes are considered. Existing numerical modeling approaches for the analysis of
these plumes are reviewed for micro‐propulsion devices. Neutral gas plumes are modeled using
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the direct simulation Monte Carlo (DSMC) method. DSMC is a particle method for analysis of rare‐
fied, neutral gas flows. Example results are provided from its application to a solid propellant based
micro‐propulsion device, the Monofilament Vaporization Propulsion (MVP) system. Plasma plumes
are modeled using a combination of DSMC and the Particle‐In‐Cell (PIC) method along with a fluid
description of the electrons. These so‐called hybrid DSMC‐PIC simulations have been developed for
a range of plasma propulsion systems. Illustrative results are provided for the plume of a micro
pulsed plasma thruster (PPT).

Figure 1: (a) DSMC results for the neutral plume of the MVP thruster;
(b) DSMC‐PIC results for the plasma plume of a micro‐PPT.

IWMC‐2018‐Si03

Progress of Harbin Institute of Technology (HIT)
Y. Ding at al.
Plasma Propulsion Lab, Harbin Institute of Technology, Harbin, 150001, People’s Republic of China
E‐mail: dingyongjie@hit.edu.cn
HIT began studying the ATON type Hall thruster in 2002. After
over ten years of research, HIT has designed 10 W‐10 kW Hall
thrusters, in which the 1.35‐kW HEP‐100MF, developed in coop‐
eration with the Beijing Institute of Control Engineering, was
launched on the Long March 5 rocket for the first time to go
through flight verification on the Shijian‐17 satellite on November
3, 2016. Figure 1 shows a picture of the HEP‐100MF thruster; in
addition, the 5‐kW multi‐mode Hall thruster, developed in coop‐
eration with the Beijing Institute of Control Engineering, was
launched on the Long March 5 rocket for the second time to un‐
dergo flight verification on the Shijian‐18 satellite in July 2017.
However, it failed to undergo orbit injection verification due to
the failure in rocket launch.
Figure 1. HEP‐100MF
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Figure 2. 10‐W Hall thruster

In recent years, HIT has contributed significantly on the
permanent‐magnet Hall thruster and presented a corre‐
sponding design method of a permanent‐magnet magnet‐
ic circuit and thermal protection of the permanent mag‐
net. Thus, it has realized a high‐performance discharge of
10‐W, 100‐W, 200‐W, 600‐W, 1350‐W, and 5000‐W per‐
manent‐magnet Hall thruster, in which the maximum effi‐
ciency of the 5000‐W Hall thruster reached 65%, with its
highest specific impulse reaching 3000 s. It can be in stable operation for over three consecutive
hours to reach the thermal equilibrium state. In a Hall thruster with small power, technologies such
as a large ratio of channel width to mean channel diameter (the ratio of channel width to mean
channel diameter can reach 0.4 for a 10‐W thruster, as shown in Figure 2), and an Aft‐Magnetic
Field are adopted to reduce the interaction between the plasma and wall surface, thus the maxi‐
mum efficiency of a 200‐W Hall thruster can reach 43.5%1,2, and the maximum thrust can reach
14.4 mN.
In recent years, research progress has been made mainly in the following technical aspects:
Permanent‐magnet Aft‐Magnetic field technology
Relying on permanent‐magnet excitation, the design3,4 of the Aft‐Magnetic field has been made in
which the minimum ratio of magnetic field intensity at the channel exit and maximum magnetic
field intensity (Brexit/Brmax) can reach 70%. The typical magnetic field type and intensity distribu‐
tion within the channel are as shown in Figure 3.
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Figure3. Type of Aft‐Magnetic field and distribution of magnetic field intensity
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Compared to the magnetic shielding technique, the bending curvature of the magnetic line is small
and the magnetic line of force still intersects with the wall surface5, which is beneficial to improv‐
ing propellant utilization so the propellant utilization of the Hall thruster at 200 W can reach above
75%. Meanwhile, due to the relatively low ratio of Brexit/Brmax, the starting position of the sput‐
tering zone on the ceramic wall surface is located in front of the internal and external magnetic
pole, hence ceramics can protect the magnetic pole from corrosion, giving it a long life span6. In
addition, it realizes non‐corrosion electrical discharge on the wall surface of the straight channel,
and a picture of the thruster after discharge is shown in Figure 4. To use Ti, SiC, Al2O3 and graphite
as a wall surface material exerts little influence on the discharge characteristics7, the verification of
the lifespan will be made in work to follow.

a) 200‐W Hall thruster

b) BN channel

Figure 4 200‐W Hall thruster and BN channel
U‐type anode assisted ionization technique
The magnetic field generated by permanent‐magnet ring excitation features a large gradient. After
the Aft‐Magnetic field technique is integrated, it leads to a short distance between the zero mag‐
netic field and the channel exit, the ratio of the ionization mean‐free path to the channel charac‐
teristic length is reduced, causing insufficient neutral gas ionization. HIT presented the hollow U‐
type anode to realize assisted ionization.8,9,10 The research findings indicate that, compared to a
conventional direct plate anode, the U‐type anode can sufficiently homogenize neutral gas and
make use of the first peak value of a double‐peak mag‐
netic field to realize pre‐ionization within the hollow U‐
type anode. It also has a relatively high propellant utili‐
zation; when the front end of the U‐type anode is situ‐
ated at the central position between the internal mag‐
netic separatrix and external magnetic separatrix, the
thruster is of a suitable wall‐surface energy loss and a
good degree of ionization. Comprehensive performance
is optimal at this time; when the front end of the U‐
type anode is internally shrunk, it may improve the
density of the neutral gas in the ionization area within
the channel. The ionization rate is improved according‐
ly, thus further improving the performance of the thruster.
Figure 5. U‐type anode
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Ionization technology with high specific impulse
The mode in which the azimuthal diversion rail (ADR) is used to increase the density of the neutral
gas is presented to improve the ionization rate in the high‐specific impulse mode.11 The structure
of the ADR is shown in Figure 6. It can be seen from the pressure measured within the channel, in
Figure 6b), that using the ADR can increase the pressure within the channel, that is, it improves the
density of neutral gas within the channel. The experimental result shows that the ADR exerts al‐
most no impact on the ionization rate of the propellant with the normal anode mass flow rate.
However, when the anode flow rate is lower than the normal anode mass flow rate, the ADR can
significantly increase the ionization rate. Take the HEP100 thruster for example, when the anode
flow reaches 30% of the normal anode mass flow rate, using the azimuthal diversion rail can im‐
prove the ionization rate by 7%, therefore improving its efficiency by 7%（absolute value). As a
result, use of the azimuthal diversion rail is beneficial to expanding the work scope of the Hall
thruster and improve the performance in the high‐specific impulse mode. At present, research on
the performance of electrical discharge is focused on the influence of the position of the azimuthal
diversion rail, the direction of gas rotation, and the direction of electron drift.
2.5
Exit of ADR

2
Pressure (Pa)

ADR
Normal

Exit of channel
1.5
1
0.5
0
0

0.5

1

1.5

2

2.5

z/L

a) azimuthal diversion rail
pressure within the channel

b) Influence of azimuthal diversion rail on the distribution of

Figure 6. Schematic diagram of azimuthal diversion rail.
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