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Abstract: The High Power Electrodeless Plasma Thruster was tested at low power in
Princeton University’s Electric Propulsion and Plasma Dynamics Laboratory. These tests
were oriented in order to obtain a greater understanding of the wave plasma coupling in this
thruster. Total microwave input power ranged from 30 W to 1500 W. Measurements have
been obtained for mass flow rate varied from 0.2 mg/s to 10 mg/s of various propellant
including Argon, Helium, Air and Nitrogen. A high-sensitivity horizontal thrust stand
designed for high-resolution thrust measurements of pulsed plasma thrusters has been
slightly reconfigured to allow accurate steady state thrust measurement. The diagnostic
package also includes spectroscopic measurement, thermal imaging and microwave forward
and reflected power measurements. From this set of measurements it is established that the
Electrodeless Plasma Thruster has the ability to operate efficiently over widely-varying
power levels. Furthermore, at a given total power, thruster efficiency does not suffer during
lower-specific-impulse/higher-thrust operation, demonstrating the effectiveness of the ECR
ionization stage.

Nomenclature

A = Surface area of the thruster exit

Olerr = mass flow rate measurement uncertainty

Plim = maximum facility pressure level for accurate testing
R = ideal gas constant

Vin = thermal velocity

dm/dt = mass flow rate

M = molar mass of propellant

T = temperature

I. Introduction

FFICIENT operation under a wide range of conditions is infrequently observed in most electric propulsion

devices. Indeed efficiency is commonly quite low except for a few highly-optimized set of operating conditions.
One of the key capabilities of the electrodeless plasma thruster is high performance operation over broadly-different
operating regimes. This possibility stems from the double-staged nature of this technology, allowing each function,
ionization and acceleration, to be independently optimized. At a given total power, the ability to maintain a high
overall efficiency while the thrust is increased and the specific impulse is decreased is limited by the efficiency of
the ionization function.
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In the electrodeless plasma thruster, the propellant is ionized by electron cyclotron resonance (ECR) in an
original structure by applying a standing wave pattern to the plasma in a magnetic bottle topology. ECR by itself has
been reported to be an extremely efficient ionization process with very low ion pair production costs. The magnetic
bottle topology, inter alia, improves confinement of energized electrons hence further increasing the ionization rate
for a given mass flow rate and ionization power input. These factors combine to form an ionization stage capable of
efficient operation over a broad range of mass flow rates and ionization powers.

A highly-sensitive thrust measurement system, developed by Dr. Kurt Polzin, is used to gather accurate thrust
data. This thrust stand, featuring a horizontal pendulum, has been optimized for high-resolution measurement of
pulsed plasma thruster impulse bits. However, the thrust stand is readily modified such that it can use part of the
thruster weight as a restoring force, thereby enabling the acquisition of steady state thrust. Thus configured, the
thrust stand provides the additional advantage of adjustable thrust sensitivity.

Lastly, the microwave circuit providing power to the two thruster stages is designed and built using waveguides
to provide power handling capability and choke flanges for contact-less power transmission. This microwave circuit
is tunable and instrumented with directional coupler to establish coupling parameters. Thrust measurements and
experimental scaling laws are presented and discussed.

Il. High-Power Electrodeless Plasma Thruster Experimental Set-Up at Princeton University
EPPDyL

The High Power electrodeless plasma thruster has been set-up in the Electric Propulsion and Plasma Dynamic
Laboratory of Princeton University. The set-up comprised the Large Dielectric Pulsed Propulsion (LDPP) vacuum
facility itself and associated controls, a variable sensitivity thrust stand and calibration apparatus, an infrared thermal
imager along with the controls of the microwave power system and propellant flow control system. This set-up and
all of these parts are described in the following sections.

A. The High-Power Electrodeless Plasma Thruster

The Electrodeless Plasma Thruster prototype is separated physically and functionally in two stages. An efficient
ECR ionization stage provide a dense and cold plasma to the acceleration stage which increase the speed of the flow
by applying a magnetized ponderomotive force(Fig. 1). This design is fully electrodeless and can accommodate a
wide range of power and propellant, including dusty or chemically aggressive ones.
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. . . Figure 2. The High Power Electrodeless Plasma
Figure 1. Overview of the basic structure of the Thruster on test bench at ONERA. Each

electrodeless thruster. The magnetic structure
creates an axial magnetic field featuring a
magnetic bottle and a diverging field suitable for
ponderomotive force acceleration.

resonator (golden cylinders) is attached to one of
the microwave tuning element (black rectangles in
front). The thruster is producing a plasma beam in
the small glass vacuum vessel at the right.
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In this specific thruster the same frequency, in the S-band, is used on both stages, thus simplifying greatly the power
supply design. The magnetic field is created by a complex permanent magnet assembly. The permanent magnet
assembly do not require any electrical power for magnetic and does not create any resistive heat load, it is also much
lighter and have a much reduce fringing field than an equivalent assembly using coils or electromagnets.

The microwave is created by two complex resonators which are fitted with tuning elements. These tuning
elements provide each stage with four degree of freedom, allowing for fine adjustment of the microwave circuit.
The structure of this thruster provides the non-uniform static magnetic field and high frequency electromagnetic
field required for both the ECR ionization stage and the ponderomotive acceleration stage. These stages are
separated by a local maximum in the magnetic field intensity, which hence take the topology of a magnetic bottle
around the ionization stage hence increasing its efficiency.

This thruster has previously been operated on a bench set-up at ONERA, where it was exhausting into a small
vacuum test section while the body of the thruster was surrounded by atmospheric air (Fig. 2). During these tests,
thrust was measured by a target pendulum and qualitatively seems much larger than the thrust produced by the cold
gas at the same mass flow rate.

One of the goals of the present set up is to accurately measure the performance (thrust and specific impulse) of this
thruster under a wide range of operating conditions and propellants.

B. EPPDyL Large Dielectric Pulsed Propulsion facility configuration for steady state testing

The Large Dielectric Pulsed Propulsion (LDPP) facility has been set-up in its current state in 1998 by the efforts
of Dr. K. Polzin and Dr. T. Markusic. It comprises a large fiberglass vacuum chamber, a pumping system and a
thrust stand along with associated control systems.

The spacious vacuum chamber is cylindrical approximately 7.5 m long and 2.5 m diameter, it is made of
fiberglass and is fitted with about two dozens openings for optical access and feed-through. It is attached to the
pumping system through a 1.2 m diameter, 90° elbow which also contain a system of baffles. These baffles, which
can be cooled by liquid nitrogen from a cryo-stat, are designed to reduce the back-streaming of diffusion pump oil
into the vacuum chamber; a major source of mass bit uncertainty for pulsed plasma thrusters. However, the effect of
diffusion pump oil on a steady state device is very temporary (time for the plasma to vaporize and decompose the oil
film) and does not affect the measured thrust after so they were not used for the test of the High Power Electrodeless

Plasma Thruster. 25

The pumping system is composed of two Stokes "
mechanical pumps, a Roots blower and a 20 kW 20
Consolidated Vacuum Corporation diffusion pump. The :
pressure is monitored by four separated gauges : a set of two 15 ¥ X
thermocouple gauges for pressure above 10 mTorr, and two
cold cathode gauges for higher vacuum. 10

The use of a diffusion pump allows continuous testing
over extended period of time unlike the periodic downtime 5 s
of cryopumped system required to regenerate the cryogenic
heads.
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Without using the liquid nitrogen cooled baffles the best 0123 456 78910
base pressure obtained during this short testing campaign Figure 3. Steady state pressure in SSLP at
was approximately 3.5 x 10 Torr. Tests were performed to various mass flow rate. The pressure is displayed
evaluate the steady state pressure levels obtained while in 10° Torr unit and the mass flow rate in mg/s Red
continuously injecting propellant to feed the thruster. and black mark display the small but measurable
Following the accepted practice we used the Equation 1 to difference between the pressure at the end of the
confirm these vacuum levels are compatible with high vacuum chamber and at the pump inlet.
accuracy testing.
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Precisely it allowed verifying that on all the useful range of the mass flow meter controlling gas injection in the
thruster, the expected flux of residual gas into the thruster would remain less than 5 % of the injected gas flow (Fig.
3). Hence this facility effect would be comparable to the error in the mass flow rate measurements, which in our

tests was about 6.5%.

The LDPP provides vaccum level allowing testing of the High Power electrodeless plasma thruster over the
whole range of mass flow rate delivered by the mass flow controller, for all three gases used : Helium, Argon and

Air.

C. Diagnostic set up

Figure 4. LDPP thrust stand. The horizontal arm
rotate around the vertical axis on the left side of the
picture. The motor at the lower left corner and on
the right side of the picture allow adjusting the
orientation of the thrust stand axis. Behind the
armthe vertical support of the thrust calibration
system is visible

The diagnostic package consisted of the thrust stand, an
infrared thermal imager and a spectrometer.

The LDPP thrust stand has been designed to measure
impulse created by pulsed plasma thruster. It is characterized
by a high and adjustable sensitivity and is able to carry a
thruster of large mass, up to 50 kg. It consists of a horizontal
pendulum arm freely rotating around flexural pivot, with a
counterweight to compensate the vertical bending. The
position of the arm is measured without contact by a Linear
Voltage Differential Transducer. The position signal is used
to drive a negative feedback loop which apply small magnetic
field to a magnetic core in order to dampen the oscillation.
Impulse bit are measured by analyzing the damped sinusoidal
signal. The thrust stand is calibrated by the use of a small
hammer which allows measuring directly the applied force
through a piezoelectric detector.

This set-up needed to be modified to be able to measure
stea

dy state thrust. If used in this set-up a steady state thrust,
irrespectively of its intensity, would result in an ever
increasing deflection angle, until the limit angle of the
flexural pivot are reached, and would not allow measuring
the value of the thrust. Previous test using the LLDP to
measure steady state thrust, solved this problem by adding
some elements introducing controlled stiffness coefficient
when flexed. However it was decided to try and modify the
thrust stand without adding any elements that would also
bring inevitable friction.

The solution found was to slightly tilt the axis of
rotation of the thrust stand away from vertical. In this way
the circle described by the thrust stand extremity is no
longer horizontal but present a lower point, which when
set-up correctly correspond to the position of the thrust
stand when the thruster does not produce any thrust. As the
thrust stand rotate around its axis, a fraction of the thruster
weight acts as a restoring force. This force increase as the
thruster is pushed away from the lowest point of its
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Figure 5. Cold thrust measurements at various
argon mass flow rate. The thrust measured by the
thrust stand is represented by the red data points
along with their uncertainty. The blue line
represents the cold thrust calculated from theory.
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trajectory, just as a regular vertical pendulum. The fraction of the weight serving as restoring force is controlled by
the axis angle with vertical, enabling a high and controllable sensitivity measurement. A higher angle of inclination
creates in a larger restoring force for a given angular rotation.

2155 Similarly, the thrust calibration procedure had to be
changed. An in-situ thrust calibration apparatus was installed
- and attached to the thrust stand. This apparatus simply
{/ consist of a small electric motor which permit to pull the
- thrust stand with a controlled force by suspending small
calibrated lead weight on a string attached to the thrust stand
via a pulley to redirect the force in the horizontal plane.
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Using very small angle, the thrust stand has demonstrated
. the ability to attain a resolution of 170 mV/mN. The noise
- ‘ ‘ ‘ ‘ ‘ level being usually 40 mV, it results that the thrust stand can
0 20 a0 eo so w0 200 10 resolve thrust level larger than 2 mN. All these figures where

Power (W) measured when the thruster weight was 19 kg. This very

Figure 6. Microwave generators frequency high accuracy allowed distinct measurement of the cold

variation requested power output. The frequency thrust produced by argon mass flow (Fig. 5).
accuracy of the generators are excellent for a given
power output. However, the spectrum shift and The thruster temperature was measured remotely by

reach the nominal frequency at the nominal power USing a FLIR infrared camera with a SenSitiVity of 0.2 K in

imager needs to receive thermal infrared radiation from the
thruster in order to provide temperature measurement. Glass and polycarbonate windows do not transmit the infrared
band used by the camera. So a ZnSe infrared window was installed on the side of the LDPP, granting permanent
temperature measurement of the thruster.

8

2425

Last, an optical access aligned with the vacuum vessel axis and the thruster axis allowed to measure spectrum
from the plasma created inside the thruster. It has been determined that this electronic self contained spectrometer
has an effective resolution of 2nm. However measuring spectrum emitted by the plasma with various propellant and
at various power level allowed to identify the emitting species.

Last the set of microwave diagnostic
comprise a microwave network analyzer, a
free field detector for safety and one reflected
power measurement for each microwave
power generator.

I11. Experimental results

The high power electrodeless plasma
thruster has been tested at power level
ranging from 30 W to 1500 W of 2.45GHz
using mass flow rate going from 0.2 mg/s to
8 mg/s. These tests have been performed with A
Helium, argon and air as propellant. Ny 2 v =%

We will first review the results obtained i re 6. View of the close range antennae on the thrust stand.
from the microwave measurements which Tpe clear colored close range antenna is distinguished by its deep
have important consequences on the tests, groove and circular rim. The distance between the thruster feed and

then we will quickly review the thermal and {6 antenna is comprised between 10 and 30 mm.
spectroscopic measurements.

5
The 31st International Electric Propulsion Conference, University of Michigan, USA
September 20 — 24, 2009



A. Microwave circuit results and modifications

Initially, for simplicity the thruster two stages where connected to the microwave power generator by coaxial
cable of type LMR-400. These semi-flexible cables are designed for transporting high power radio signals with low
loss.

This initial set up generated three important problems. The first problem came from the cable stiffness which
was strongly lowering the thrust stand sensitivity. Moreover the cable would heat quickly, while the temperature
increase was only about 0,3 C/min, it resulted in changes of stiffness that would amount to applied forces on the
thrust stand many time larger than the expected thrust. Last it was found that the coaxial connectors used at the feed-
through would systematically arc at power level lower than 100W. This resulted in very high reflected power, no
power transmitted to the thruster and quick destruction of the feed-through.

It was then decided to design an all waveguide circuit to feed power to the thruster. However, waveguide are
rigid so would have barred any possibility to measure thrust as the thrust stand arm would have not been able to
move anymore. So a mean to contactlessly transmit microwave power had to be designed.

Two close range antenna have been designed, based on choked flange used in very high power microwave radar.

B. Thermal measurements results

The thermal measurement made with the infrared camera showed no sign of definite heating on the thruster. We
observed a very slow warming of the waveguides components when the circuit was tuned for low reflected power.
At high reflected power the heating rate was somewhat increased but still remained very slow, less than 20 C in over
three hours at average power of 600 W. It nonetheless happened that when parasitic discharge took place in the
waveguides, due to high background pressure, then the temperature of the waveguide increased quickly
approximately 2-4 C over ten minutes.

C. Spectroscopic measurements

The spectrum measured where coherent with operating parameters. The lines observed were always only the one
of the propellant used. We did not observe any line from Aluminum, alumina, silicium oxide or silicium. This was
especially clear in testing performed with Helium.

It seems that the overall measured light intensity varied linearly with absorbed power. More specifically it seems
that at a given forward power level, the light intensity decreased when the measured reflected power increased.

1V. Conclusion

All these observations coalesce to indicate that the microwave tuning is the single most important parameter.
These experimental observation also seems to confirm that the thruster operate with very limited power transferred
from the plasma to the thruster structure either in form of heat or of erosion.

We also discovered that a power as low as 30W was enough to obtain plasma formation in the thruster and
validated the possibility to transmit microwave power at close range without contact and without significant losses.
Similarly the thruster has already successfully demonstrated the capability to be started without any specific
initiation device or procedure. The thruster also has exhibited a great stability with regard to operating conditions,
the same conditions producing reliably the same behavior.

Last it was shown that with minimum procedural modification LDPP thrust stand was able to measure steady
state thrust as low as a millinewton. Similarly it was proven that this facility can operate the electrodeless plasma
thruster over an extended range of mass flow rate even without using the cryo-cooled baffles.

Acknowledgments

6
The 31st International Electric Propulsion Conference, University of Michigan, USA
September 20 — 24, 2009



The Elwing Company wishes to express its gratefulness to EPPDyL and its director Dr Choueiri for granting us
access to the LDPP which enabled us to pursue our exploration of the performance of our technology. The author
also would like to thank for their enthusiast support Ph D candidates A. K. Hallock, D. Lev, B. Jorns, and graduate
student J. Little as well as Mr. Robert Sorenson for his ever wise advices. Elwing also wish to thank the outstanding
contribution of SAIREM S.A. and Mr. Jean-Marie Jacomino who helped us design a sound microwave system and
gain faster understanding on our observations.

Last, the Elwing Company wants to thanks our investors for their ever renewed support and interest.

References

The following pages are intended to provide examples of the different reference types. You are not required to indicate the
type of reference; different types are shown here for illustrative purposes only.

Periodicals

Yvatistas, G. H., Lin, S., and Kwok, C. K., “Reverse Flow Radius in Vortex Chambers,” AIAA Journal, Vol. 24, No. 11,
1986, pp. 1872, 1873.

2Dornheim, M. A., “Planetary Flight Surge Faces Budget Realities,” Aviation Week and Space Technology, Vol. 145, No. 24,
9 Dec. 1996, pp. 44-46.

*Terster, W., “NASA Considers Switch to Delta 2,” Space News, Vol. 8, No. 2, 13-19 Jan. 1997, pp., 1, 18.

All of the preceding information is required. The journal issue number (“No. 11 in Ref. 1) is preferred, but the month (Nov.)
can be substituted if the issue number is not available. Use the complete date for daily and weekly publications. Transactions
follow the same style as other journals; if punctuation is necessary, use a colon to separate the transactions title from the journal
title.

Books

“Peyret, R., and Taylor, T. D., Computational Methods in Fluid Flow, 2" ed., Springer-Verlag, New York, 1983, Chaps. 7,
14.

SOates, G. C. (ed.), Aerothermodynamics of Gas Turbine and Rocket Propulsion, AIAA Education Series, AIAA, New York,
1984, pp. 19, 136.

8Volpe, R., “Techniques for Collision Prevention, Impact Stability, and Force Control by Space Manipulators,” Teleoperation
and Robotics in Space, edited by S. B. Skaar and C. F. Ruoff, Progress in Astronautics and Aeronautics, AIAA, Washington, DC,
1994, pp. 175-212.

Publisher, place, and date of publication are required for all books. No state or country is required for major cities: New
York, London, Moscow, etc. A differentiation must always be made between Cambridge, MA, and Cambridge, England, UK.
Note that series titles are in roman type.

Proceedings

"Thompson, C. M., “Spacecraft Thermal Control, Design, and Operation,” AIAA Guidance, Navigation, and Control
Conference, CP849, Vol. 1, AIAA, Washington, DC, 1989, pp. 103-115

8Chi, Y., (ed.), Fluid Mechanics Proceedings, SP-255, NASA, 1993.

®*Morris, J. D. “Convective Heat Transfer in Radially Rotating Ducts,” Proceedings of the Annual Heat Transfer Conference,
edited by B. Corbell, Vol. 1, Inst. Of Mechanical Engineering, New York, 1992, pp. 227-234.

At a minimum, proceedings must have the same information as other book references: paper (chapter) and volume title, name
and location of publisher, editor (if applicable), and pages or chapters cited. Do not include paper numbers in proceedings
references, and delete the conference location so that it is not confused with the publisher’s location (which is mandatory, except
for government agencies). Frequently, CP or SP numbers (Conference Proceedings or Symposium Proceedings numbers) are also
given. These elements are not necessary, but when provided, their places should be as shown in the preceding examples.

Reports, Theses, and Individual Papers

1°Chapman, G. T., and Tobak, M., “Nonlinear Problems in Flight Dynamics,” NASA TM-85940, 1984.

11Steger, J. L., Jr., Nietubicz, C. J., and Heavey, J. E., “A General Curvilinear Grid Generation Program for Projectile
Configurations,” U.S. Army Ballistic Research Lab., Rept. ARBRL-MR03142, Aberdeen Proving Ground, MD, Oct. 1981.

2Tseng, K., “Nonlinear Green’s Function Method for Transonic Potential Flow,” Ph.D. Dissertation, Aeronautics and
Astronautics Dept., Boston Univ., Cambridge, MA, 1983.

Government agency reports do not require locations. For reports such as NASA TM-85940, neither insert nor delete dashes;
leave them as provided by the author. Place of publication should be given, although it is not mandatory, for military and

7
The 31st International Electric Propulsion Conference, University of Michigan, USA
September 20 — 24, 2009



company reports. Always include a city and state for universities. Papers need only the name of the sponsor; neither the sponsor’s
location nor the conference name and location are required. Do not confuse proceedings references with conference papers.

Electronic Publications

CD-ROM publications and regularly issued, dated electronic journals are permitted as references. Archived data sets also
may be referenced as long as the material is openly accessible and the repository is committed to archiving the data indefinitely.
References to electronic data available only from personal Web sites or commercial, academic, or government ones where there
is no commitment to archiving the data are not permitted (see Private Communications and Web sites).

13Richard, J. C., and Fralick, G. C., “Use of Drag Probe in Supersonic Flow,” AIAA Meeting Papers on Disc [CD-ROM],
Vol. 1, No. 2, AIAA, Reston, VA, 1996.

Y“Atkins, C. P., and Scantelbury, J. D., “The Activity Coefficient of Sodium Chloride in a Simulated Pore Solution
Environment,” Journal of Corrosion Science and Engineering [online journal], Vol. 1, No. 1, Paper 2, URL:
http://www.cp/umist.ac.uk/JCSE/vol1l/voll.html [cited 13 April 1998].

Bvickers, A., “10-110 mm/hr Hypodermic Gravity Design A,” Rainfall Simulation Database [online database], URL:
http://www.geog.le.ac.uk/bgrg/lab.htm [cited 15 March 1998].

Always include the citation date for online references. Break Web site addresses after punctuation, and do not hyphenate at
line breaks.

Computer Software
T APP, Thermochemical and Physical Properties, Software Package, Ver. 1.0, E. S. Microware, Hamilton, OH, 1992.

Include a version number and the company name and location of software packages.

Patents

Patents appear infrequently. Be sure to include the patent number and date.

Scherrer, R., Overholster, D., and Watson, K., Lockheed Corp., Burbank, CA, U.S. Patent Application for a “Vehicle,”
Docket No. P-01-1532, filed 11 Feb. 1979.

Private Communications and Web Sites

References to private communications and personal Web site addresses are generally not permitted. Private communications
can be defined as privately held unpublished letters or notes or conversations between an author and one or more individuals.
They may be cited as references in some case studies, if absolutely necessary. Depending on the circumstances, private
communications and Web site addresses may be incorporated into the main text of a manuscript or may appear in footnotes.

Unpublished Papers and Books

Unpublished works can be used as references as long as they are being considered for publication or can be located by the
reader (such as papers that are part of an archival collection). If a journal paper or a book is being considered for publication
choose the format that reflects the status of the work (depending upon whether it has been accepted for publication):

¥Doe, J., “Title of Paper,” Name of Journal (to be published).
¥Doe, J., “Title of Chapter,” Name of Book, edited by... Publisher’s name and location (to be published).
Do, J., “Title of Work,” Name of Archive, Univ. (or organization) Name, City, State, Year (unpublished).

Unpublished works in an archive must include the name of the archive and the name and location of the university or other
organization where the archive is held. Also include any cataloging information that may be provided. Always query for an
update if a work is about to be published.

8
The 31st International Electric Propulsion Conference, University of Michigan, USA
September 20 — 24, 2009



