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The performance of a cylindrical direct inertial electrostatic confinement
(IEC) thruster with helical electrodes, contained in a quartz glass tube, and
internal gas feeding, designed and built at the University of Kentucky (UK), is
investigated with particular respect to current-voltage characteristics and
generated thrust. Two thrust measurement methods are applied: At UK, a
baffle plate setup was designed to measure the stagnation force generated by
the IEC exhaust beam. At the Air Force Institute of Technology (AFIT), a
torsion pendulum thrust stand was used. The IEC is operated with gas flows
between 25 and 60 sccm of air, argon, and nitrogen. Versions of different
discharge chamber length were tested with and without an endcap at UK.
Thrust values below one mN are observed for the applied operating
parameters.

Nomenclature

B = magnetic field strength, T

Ce = effective exhaust velocity, m/s

d = distance between calibration

e = elementary charge, 1.602 10" C

Exin,e = kinetic energy of electrons, eV

F = thrust, N

Fea = electrostatic calibration force, N

Jdo = acceleration on the Erath’s surface, 9.81 m/s?
Isp = weight specific impulse, s

m = mass flow rate, mg/s
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Ma = mass in atomic mass units, AMU

Me = electron mass, 9.109 103! kg

I'beam = Dbending radius of the electron beam, cm

MNevers = ratio of the levers to the thruster and the calibration electrodes in the thrust stand, no unit
U = voltage, V

Ve = electron velocity, km/s

l. Introduction

ECENT years have shown an increasing interest in small satellites in particular since the introduction of a

standardized modular architecture in form of CubeSats in 1999 through California Polytechnic State University
and Stanford University with major applications in low earth orbit (LEO). Long term missions, missions which require
a particular orientation, or swarm concepts which require defined positions of individual satellites to each other
demand for on-board propulsion systems. Weight and fuel restrictions call for most efficient propulsion systems,
preferably with low mass flows and high specific impulses. Amongst current propulsion systems, electric propulsion
is known to generate the highest specific impulses but, however, increases system complexity and comes with the
penalty of additional hardware and the need of electrical power. In particular small satellites will be subject to severe
power constraints given by a limited battery capacity or also limited size of solar panels. For different missions, these
requirements will vary, so an ideal propulsion system should be easily scalable. For such applications, an Inertial
Electrostatic Confinement (IEC) plasma creating an ion beam is proposed as a propulsion system operating at low
power levels.

IEC plasma devices are a highly interesting way of generating plasmas at high temperatures and have been
investigated in the past with special respect to fusion plasmas.!” Fusion related applications were also investigated
with respect to the development of electric propulsion systems®” Non-fusion systems involved the use of IEC devices
for technical applications for surface modification and as neutron or x-ray sources.®® Typical devices were operated
in DC mode with moderate to high voltages at low pressures although RF IECs have been reported, too.°

An IEC plasma is created when a Paschen breakthrough forms between two concentric electrodes at low pressure
and high voltage, and a steady discharge is formed. The electrodes consist of wire structures creating relatively
homogeneous spatial electric field distributions. Ions are accelerated towards the inner cathode, penetrating the wire
structure, collide with each other in the center, and create the high temperature plasma by converting their kinetic
energy into thermal energy. A space charge is built up by accumulating positive ions, and a potential well confines
the plasma in the center region of the inner electrode. To compensate the local space charge created and particles
accumulated in this region, one or more beams form to exit the plasma cloud at a location with the lowest electric field
strength.

The most common design is a configuration with two spherical electrodes. For fusion applications, the main goal
is to maximize the energy density in the contained plasma, resulting in the so-called “star mode” where multiple ion
beams leaving the plasma at usually random locations as shown in the first picture from the left in Fig. 1. Through
modification of the electrode geometry, operational behavior can be restricted to one single ion beam which leaves
the plasma at a defined location.

star mode 20 40 60 100 mTorr

Figure 1. 1EC plasma with conventional gridded electrodes in star mode and with spherical helix electrodes in
focused beam mode at different pressure levels.

Depending on power and pressure levels, this beam can be well focused or expanding (spray mode). The transition
from focused beam mode to spray mode is demonstrated in Fig. 1 for increasing pressure levels with otherwise
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constant operating conditions. Only very recently, increased interest has been shown in using this beam for propulsion
processes!!? and detailed knowledge about the nature of these beams is still limited.

In spray mode, a plasma beam is anticipated, recent research shows
that the focused beam mainly consists of electrons leaving the IEC
cavity'?. If the focused beam is guided through a magnetic field, it
indeed bends in the direction of negative charges as demonstrated at
the University of Kentucky. Figure 2 shows this bent beam for a
magnetic field strength of B=0.0023 T, an input power of 25 W at a
voltage 0f 2,276 V to an open IEC in air at 25 mTorr.

By equating Lorentz and centripetal forces

X V2
exVv,xB= My X Ve~ €))
'IJeam
one obtains an equation for the velocity of the electrons Figure 2. IEC exit beam at 25 mTorr
_ex B X Eeam ) air, 2,276 V, 25 W crossing a magnetic
Ve = Tm 2) " field of B=0.0032 T.

depending on the bending radius, extracted from the image, the charge and the mass of the electron and the applied
magnetic field.

For the condition shown in Fig.2 at a power level of 25 W, a velocity of about 33,000 km/s is extracted,
corresponding to an electron energy of 3.1 keV. The same experiment at 3,000 V and 56 W yields an electron velocity
of 44,000 km/s equivalent to a kinetic electron energy of Eine=5.5 keV.

A. IEC Development at the University of Kentucky

In the recent years, first steps have been undertaken at the University of Kentucky (UK) to develop low power IEC
designs with optimized geometries with respect to robust and easy manufacturing and operational behavior. !

The starting point were traditional wire grid designs with first models made of copper wire with soldered joints
which, however, proved not suitable due to frequent arcing preferably at the soldered joints. An initial cylindrical
design was made of steel wire with point welded joints which showed rather stable operation. Finally, a geometry that
does not require welding or soldering was designed by replacing the grid through a coil.

This design was very successfully tested for a range of operating conditions and was defined as the UK baseline
configuration for spherical IECs. In first designs, the exit beam chose a random location until a sufficiently large gap
was introduced at the pole to force the ion beam leaving the inner electrode at this location. All designs were run with
residual air in the vacuum chamber at pressures between 10 mTorr and 2 Torr.

After successful operation of the spherical design, the development of a cylindrical helix configuration was started.
The outer electrode was made from 2.1 mm diameter copper wire, as inner electrode, conventional steel springs were
used and cut to length. For the recent versions 1 mm stainless steel wire was used to manufacture the inner electrodes
due to the possibility of creating customized electrodes. These cylindrical designs qualitatively showed very similar
operational behavior as the spherical ones.

Figure 3. Spherical and cylindrical IEC helix electrode designs.

Traditional IEC systems draw the working gas from residual gas in the whole vacuum chamber. This would be
interesting for in-orbit application if the rest atmosphere could be used as propellant with the benefit of not carrying
propellant on-board. Unfortunately, achievable pressures and therefore particle densities in orbit seem too low to
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provide operating conditions sufficiently similar to those investigated so far. Most recently, an encapsulated plasma
generator design was developed for the cylindrical IEC to which a defined propellant flow can be provided. This
design is described in more detail in the experimental setup section.

The next step to characterize the potential of the IEC as a propulsion system was the characterization of thrust
generated by the design. Unfortunately, no resources for building a suitable thrust balance were available, so a
relatively simple baffle plate setup was designed and built to get first information on generated thrust levels. In
addition, a first measurement campaign for directly measuring thrust on a dedicated thrust balance was conducted at
the Air Force Institute of Technology (AFIT) at Wright Patterson Air Force Base in Dayton, OH. In the following, the
experimental setups at the different locations are described, followed by the thruster performance at the two locations.
Particular attention will be paid to describing the thrust measurements at AFIT and the reduction to thrust values.

Il. Experimental Setups

The experimental setups at UK are slightly different in terms of achievable background pressure and access to the
thruster. At UK, optical access to the thruster is easier but the vacuum chamber is smaller and thrust measurements
can only be performed indirectly through a baffle plate setup. At AFIT, a slightly larger vacuum chamber and a thrust
balance with high resolution of low thrust values are available, and lower background pressure levels can be reached.
Due to the high sensitivity of the thrust balance, accessing the thruster (both optically and mechanically) is more
complicated.

A. Experimental Setup at UK

The experiments were conducted in a vacuum chamber with approximately 12 inch diameter and a height of 14
inches. Vacuum was provided through a BOC Edwards XDS5 dry pump as a pre-stage and a BOC Edwards EXT255H
turbo-molecular pump for vacuum levels down to about 0.1 mTorr. The pressure was controlled through a defined gas
flow provided with a digital mass flow controller and measured with a Kurt Lesker 275i Pirani pressure gauge.
Operation with residual air and argon at pressure levels between 10 mTorr and 2 Torr have been accomplished so far.
High voltage was fed to the IEC electrodes through Lesker vacuum feed throughs with 6.35 mm diameter copper rods.
Inside the chamber, the feeding cables were clamped to these rods and electrically insulated to prevent undesired
discharges. The vacuum chamber has several observation ports from the side, one of which was equipped with a quartz
glass window for emission spectroscopy measurements, and one flint glass window on top of the chamber. Several
cameras were used to observe the IEC operation with images and video. The images presented in this paper were taken
with a Nikon D610 DSLR camera controlled by a laptop computer using a CamFi remote c'ontrol system.

= - . —- J r 4
A /:' - ’_’: -. i _|.I (=8
Figure 4. Vacuum chamber used for IEC plasma operation with DSLR and GoPro camera for observation.

This work focuses on cylindrical IEC designs in a quartz-glass housing with internal gas feeding (patent pending'4)
as shown in Fig. 5. The outer electrode with 1 winding every 10 mm is made of 1 mm diameter stainless steel wire,
has an outer diameter of 37 mm, and is contained in a quartz glass tube of 40 mm outer diameter. The inner electrode
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with one winding every 2 mm is made of 0.8 mm stainless steel with an inner diameter of 7.5 mm. The working gas
is supplied at the base of the plasma cavity close to the outer electrode. An additional gas feed at the center line is
currently being designed to feed seed material, either for diagnostic or material sciences purposes. In a final version,
the outer helix might be replaced by a metallic coating on the inside of the glass or ceramic tube which is anticipated
to yield weight benefits and potentially a higher homogeneity of the electric field distribution. The design is completed
by a ceramic lid which encloses the plasma cavity, thus increases the cavity pressure which is important for very low
ambient pressure operation, and at the same time reduces the loss of unused working gas from the cavity.

Three different geometries mainly differing in their quartz glass tube and electrode height were chosen. The largest
version provides a plasma cavity of 45 mm height, a medium and a short version with plasma cavity heights of 30 and
20 mm, respectively, were designed to avoid modes with internal discharge beam between inner and outer electrode
which was occasionally observed with the longer IEC version. At AFIT, only the two shorter versions were tested.
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Figure 5. Confined cylindrical IEC helix electrode design with dedicated gas feed and prototype in operation
with air at the UK Plasma Diagnostics Lab.

Due to missing financial resources for building a suitable thrust balance at UK, a relatively simple baffle plate
setup was designed and built to get first information on created thrust levels. The IEC is installed in horizontal
orientation, and a stainless steel baffle plate is hung in front of the exit plane. The location of this baffle plate can be
varied between 10 and 60 mm to the IEC exit. If gas impinges on the baffle plate, a stagnation force is generated and
the plate assumes a tilted position where the tilting angle is proportional to the stagnation force.

B. Experimental Setup at AFIT

Testing of the IEC took place in the Air Force Institute of Technology Geosatellite Nanopropulsion Analysis and
Testing (GNAT) lab. A 0.26 m? chamber, built by PHPK was used. This chamber is 58 ¢cm inside diameter, and 100
cm tall. The chamber uses an Adixen 2063-C2 roughing pump, and a Varian VHS-6 oil diffusion pump for fine
pumping. Typical operating pressures are around 3.5:10 Torr and can be reached in about 1-1.5 hours. It offers 36
2.75” CF flanges for placement of small optical windows, or signal and power pass-throughs, as well as a single 4”
flange on the upper bell for optical access. The chamber is mounted on a table supported by Newport Optics air
cushions to mitigate environmental vibration from other lab equipment. To measure thrust, a Busek torsional thrust
stand!® was used. This stand uses a Philtec Laser Displacement Sensor (DMS-D63) to measure movement of the
torsion beam with a precision of 0.13 pm in the wide range mode allowing a few millimeters of motion from the
torsion beam. The DMS-D63 uses the reflected power of a near-infrared laser to establish distance and can accurately
measure distance from either polished, mirror-like surfaces or diffuse surfaces.!® In this case the stand has a mirror
surface at the measurement point for highest sensitivity. When coupled with the torsional springs in the flexures, this
stand is capable of resolutions at the micro-Newton level. Calibration of the thrust stand is accomplished through an
integrated unit delivering an electrostatic force based on voltage applied and the known distance between the two
electrodes. The displacement sensor, the calibration load, and magnetic damping (both active and passive are
available), are all mounted to micrometer adjusted stages to allow fine control of all three. Figure 6 shows the AFIT
vacuum chamber and the IEC mounted on the Busek torsional thrust stand.
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Figure 6. AFIT vacuum chamber and Busek torsional thrust stand with 1EC in the chamber.

Images were captured with a Nikon D300 DSLR camera using a Sigma 105 mm lens, with autofocus compatibility
and vibration reduction, mounted to a tripod outside the chamber. Opaque mats were used to block stray light and
control reflections from the optical windows and the thruster was approximately 0.9 m from the camera in operation.

In operation, the power supplies, camera controls, and laser displacement sensor (LDS) readout computer were all
located on a cart kept from contact with the vacuum chamber bench. This was done to minimize incidental contact
and induced vibrations that could be detected by the Busek Torsional thrust stand. Even in initial setup it was noted
that any contact with the bench by operators resulted in measurement output noise well in excess of the desired
measurement levels. The expected thrust levels of the IEC thruster are in the neighborhood of 1 mN, leading to about
10 pm deflections in the thrust stand. Even light contact with the chamber or table resulted in 10°s of pm in measured
deflection, which would result in a signal to noise ratio much less than 1 during the period immediately following the
contact. This excitation would damp out in a few seconds, but measurements during that period would be useless for
characterization of the thruster purposes. Careful separation of the equipment researchers needed to touch from the
vacuum chamber was required to accurately measure the thrust.
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I11. IEC Performance Data

The IEC performance is described by its mode of operation (beam or spray mode), its current-voltage
characteristics and electrical mode of operation (rectified AC or DC), and by the thrust generated. Performance values
such as input power, equivalent effective exhaust velocity, and equivalent specific impulse are derived from these
measured values. Additional parameters are gas flow rates (air, N», and argon have been tested so far) and background
pressure in the chamber. Due to the specific pumping systems, yielding background pressures between 1.5 and more
than 100 mTorr at UK and less than ImTorr at AFIT, the IEC operational behavior was slightly different at UK and
AFIT. Due to the pumping systems, IEC operation without a lid was only possible at UK and not at AFIT. Therefore,
the performance at the two locations is described in two different sections.

A. IEC performance at UK

Testing at UK involved finding operational parameters of the different IEC geometries with and without lid,
operation with rectified AC and pure DC power, testing with argon, air, and N», and stagnation force measurements
with a baffle plate setup. Although not applicable for in-space propulsion applications, the operation without a lid
provides roughly the same static pressure in the discharge region as in the vacuum chamber and allows for an
investigation of the influences of pressure and gas flow rate on IEC operation. The characterization with lid provides
data closer to an actual propulsion system.

1. IEC performance without exit lid

During the development phase of the IEC, a rectified AC power approach was chosen at UK. A 60 Hz AC voltage,
provided by a Variac source with continuously adjustable output voltage up to 120V and maximum output power of
1.4 kVA was fed into a center-tapped 9,000 V transformer with an amplification of 75 and a maximum current rating
of 30 mA. The resulting output voltage was rectified through a custom-built high voltage diode circuit to maintain the
electrode bias with the inner electrode being the negative pole (cathode) and the outer electrode working as the anode
at ground potential. The resulting output signal oscillating with 120 Hz as illustrated in Fig. 7was supplied to the IEC.
A quasi-stationary IEC plasma fluctuating with a frequency of 120 Hz was obtained for a wide variety of pressures
and voltages. High speed camera imaging showed a continuously oscillating plasma beam, IEC operation was possible
at voltages up to 4 kV with currents up to 30 mA.

3]

1 kD)

/=120 Hz rectifiea AC
i |- B0 Hz AC

Figure 7. Electrical circuit and illustration of the 120 Hz rectified AC voltage supplied to the IEC.

Testing in a configuration without a lid was performed first to investigate influence of pressure in the discharge
region and mass flow rate on the voltage-current characteristics and the operational mode of the IEC. In this
configuration, the static pressure in the discharge region equals roughly the vacuum chamber pressure. From earlier
experiments with a completely open configuration, it was known that beam mode operation was preferably achieved
at lower pressures, and that a transition to spray mode was observed with increasing pressure.!* To investigate the
influence of mass flow rate, the vacuum chamber pressure was controlled by either fully opening the gate valve to the
vacuum pump to provide highest pumping speed and controlling the chamber pressure by varying the mass flow rate
applied at the base of the discharge cylinder or by applying a fixed mass flow rate and controlling the chamber pressure
through partly closing the gate valve to the pump, therefore reducing the pumping speed. Figure 8 shows the current-
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voltage characteristic for the IEC operated in AC mode without exit lid with an air flow rate of 60.2 sccm at different
chamber pressures. The gradient of current with increasing voltage increases with pressure. In this configuration, the
transition to spray mode happens at a pressure of about 125 mTorr. Figure 9 shows comparisons of the IEC current-
voltage characteristics for two cases where chamber pressures of 40 and 60 mTorr were achieved by applying vastly
different gas flows of 40 sccm of air with a partly closed exit valve, and 129 and 154 sccm of air, respectively, at the
highest pumping speed. Within the general reproducibility of these experiments, the resulting current-voltage
characteristics show the same behavior. Therefore, it is concluded that the discharge characteristics are mainly

controlled by the pressure in the discharge region and the mass flow rate used to maintain this pressure has only
insignificant effects.
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Figure 9. 1EC in AC configurations at 40 and 60 mTorr chamber pressures with different gas flow rates.
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Most recently, initial measurements with DC power instead of 1o

the rectified AC configuration have been conducted using a e 60.2 scom of air °
Glassman EK03R200-GW-9 Power Supply to provide current e

or voltage controlled power to the thruster. It is capable of
delivering up to 3,000 V and 200 mA and automatically limits
either current or voltage to the lower of the two control
settings. This control is ideal for the IEC, taking advantage of

~

-+ @---60.4 mTorr, rectified AC

= Q= «60.4 mTorr, DC

=3

current, mA
o

ve..

the switch from a high voltage/low current mode to a high o
current/lower voltage mode as the current limit is increased, 2 7
such that the voltage limit can be left at the beam mode setting. 1 _,o“‘o

For a limited set of gas flows of air and argon, successful o, 0'"1'"0""0’ , s .
operation with both electrical configurations was achieved. If voltage, KV

characteristics in rectified AC and pure DC mode are very characteristics in rectified AC and DC mode.

similar as shown in Fig. 10 for a pressure of 60 mTorr at an
air gas flow rate of 60.2 sccm.

2. |EC performance with exit lid

The final configuration as a propulsion unit is achieved by adding an end cap to the glass tube. In this configuration,
ignition typically establishes in beam mode and a switch to spray mode happens. In rectified AC mode, the current-
voltage characteristics are not as well behaved as in operation without an exit lid. With air, the voltage stays almost
constant with increasing current, in some case even drops down if more current is provided, and drops to lower values
with increasing gas flow as shown in Fig. 11a). With argon, all voltages very quickly collapse to values between 400
and 500 Vas shown in Fig. 11b).
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a) operation with air . .
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30 J X
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Figure 11.  IEC operation with exit lid in DC configurations with air and argon.

In DC operation, a similar behavior is seen as the discharge typically ignites in beam mode and switches to spray
mode, presumably as soon as a critical current is reached, if the voltage is increased sufficiently as shown in Fig. 12.
With the exception of this transition regime, the current-voltage characteristics are widely linear in both discharge
regimes. After switching to spray mode, the discharge is current controlled. In general, AC operation seems to enable
lower currents while still providing spray mode operation. Higher achievable thrust values are anticipated in DC
operation due to higher currents and steady state operation. Opposite to the anticipated behavior, the DC operation
gave more defined operational conditions while rectified AC operation showed more scatter in the current-voltage
characteristics as can be seen in Fig. 13.
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Figure 12.  IEC operation with exit lid in DC configurations with air and argon.
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Figure 13.  Comparison of IEC operation with exit lid in AC and DC configurations with argon.

3. Baffle plate measurements

For the baffle plate measurements, the IEC is installed in horizontal orientation, and a stainless steel baffle plate
is hung in front of the exit plane. The location of this baffle plate can be varied between 10 and 60 mm to the IEC exit.
If gas impinges on the baffle plate, a stagnation force is generated, and the plate assumes a tilted position where the
tilting angle is proportional to the stagnation force. The setup as shown in Fig. 14 is mainly made of
Polytetrafluoroethylene structures.

Figure 14. IEC mounted in the baffle plate setup, with and without IEC operation.

During testing, pictures of the baffle plate were taken with a commercial Nikon D610 DSLR camera and a Nikkor
lens system with 105 mm focal length. Tilting angles were measured through image processing after the tests were
conducted. The test procedure involved taking images without gas flow or IEC operation, images of the plate tilted
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through cold gas flow only, and images during IEC operation at different power levels and volume flows. Before
switching to a different volume flow, the IEC power was switched off and pure cold gas and zero measurements were
conducted. Air and argon were used as working gases. Although air is not an ideally suited propellant for electric
propulsion, it was investigated first since an extended data base on IEC operation with the previous designs was
available for comparison purposes. During this testing, a bias of the baffle plate angle, increasing with test time was
noticed which was corrected for through a linear interpolation with test time.

Baffle plate measurements were conducted with air and argon. Figures 15 and 16 show the current-voltage
characteristics and the cold gas forces on the baffle plate during these tests. The highest power levels of about 40 W
were reached with a gas flow rate of 40 sccm of air. The higher the gas flow, the lower the maximum power levels
reached.
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Figure 15.  Current voltage characteristics of the IEC with lid in rectified AC mode during baffle plate
measurements with air and argon.

The error bars in the diagrams that show baffle plate forces characterize the uncertainty in each data point
introduced through the only inaccurately known distance to the pivoting point of the baffle plate. Since it was not clear
whether the rotation would occur around the axis on which the wire loops holding the plate were mounted or around
the connection of the baffle plate to the wires, the evaluation of the plate angle was done for both cases. The presented
data points are the average of these two values, the error bars give the two extreme cases. Gas flows between 25 and
60 sccm were used, yielding cold gas forces between 0.3 and 0.7 mN, argon showing higher values than air.
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Figure 16.  Measured forces on the baffle plate through cold gas with air and argon.

The baffle plate setup was indeed capable of resolving the effect of IEC operation. Figure 17 shows the measured
forces on the baffle plate for different flow rates of air and argon. In each figure, the total measured force and the total
force minus the cold gas force are shown to demonstrate the effect of IEC operation. With air, the IEC effect doubled
the cold gas force in the best case at 30 sccm of air and an IEC power level of 32 W. For the higher gas flows, the [EC
effect was clearly lower than the cold gas force, at 60 sccm of air at best 1/3 of the cold gas force was added through
IEC operation. The measured forces with argon were lower than with air. Again, the lower gas flow rates yield a
higher force by the IEC operation. At best, half of the cold gas force was added by IEC operation for a flow rate of
25 sccm and an IEC power of 35 W.
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Figure 17.  Measured forces on the baffle plate during IEC operation with air and argon.

Plate angles of up to 1.5 deg were seen during IEC operation with the baffle plate placed at a distance of 12 mm
to the IEC exit. With volume flows between 25 and 60 sccm air or argon, and electrical input powers up to 35 W,
forces on the baffle plate up to 1 mN were measured in the focused beam mode. The values with air were higher than
those with argon. IEC operation resulted in about doubling the cold gas forces. So far, the best performance was seen
with 30 sccm air at an electrical input power of 32 W yielding a plate force of almost 0.8 mN and an effective exhaust
velocity about 1200 m/s. In spray mode, no significant force increase was measured which might be explained by high
profile losses in the strongly diverging flow. These results, however, are considered highly preliminary. Within a
senior design project, attempts were made to design an improved version of the baffle plate setup with reduced friction
forces for the plate and an increased sensitivity by attaching a counter weight to the baffle plate. Calibration
measurements were made by directing a defined air flow at the baffle plate and measuring the tilting angle. The same
air flow was then directed at high sensitivity lab scales to measure a stagnation force. The results obtained with this
new setup and the IEC in operation were unfortunately inconclusive and will be repeated in the near future.
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B. IEC performance at AFIT

Operation was performed with argon and N2 with the short and medium length IEC configurations. With the short
IEC version only spray mode operation was accomplished which, as already noticed during operation at UK with the
baffle plate, did not yield detectable thrust levels. During evacuation, the thrust balance showed a significant drift, in
particular after activation of the oil diffusion pumps which is attributed to a thermal effect caused by small amounts
of heat from the oil diffusion pump conducted to the vacuum chamber. After some time, it reached a stable state,
though. A similar drift was observed during IEC operation, again attributed to a thermal effect due to the thruster
exhaust heating the chamber. Even small mechanical interaction with the chamber (e.g., touching a window flange
with the cloth protecting the camera from external irradiation) caused visible ripple in the displacement signal of the
thrust balance. Due to these effects, simply reading the sensor displacement was not possible. Instead, time series of
the sensor output were recorded to extract the displacement data in post-processing. The final position of the
displacement sensor was not necessarily predictable before evacuation. As standard operation, the sensor was set to
the center of it operational range of 3 mm before evacuating the chamber. Nominally, it would return to this value
after reaching steady state. The absolute value without loads applied, however, was not used for data analysis. Instead,
differences between a state with and without load were extracted through linear operation as illustrated later. While
operating the thruster without a lid it was observed that the thrust balance actually showed a displacement appearing
as a negative thrust when voltage was applied without an ignition of the thruster. This behavior was monitored and
used to correct the recorded displacement data while the thruster was operated. The following subsections describe
the thrust calibration procedure, the extraction of displacement data, the voltage effect on measured displacement and
the actual thrust measurements.

1. Current voltage characteristics

The corresponding values for current and voltage for each recorded data point were read from the display of the
power supply and entered into a test protocol. This procedure unfortunately was not as time accurate as it would have
been desirable, in particular since the thruster did actually show not as gentle operational behavior as with higher
background pressures. This resulted in far more scatter and more diffuse trends than observed during the UK tests
with higher background pressures, in particular for the tests with 34 and 45 sccm of argon. Also, the trend lines are

shifted to lower voltages when compared to the data recorded in the UK tests.
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Figure 18.  Current-voltage characteristics of the medium length IEC with argon and nitrogen and pictures
of the IEC in operation at selected operating conditions with argon.
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2. Calibration of the thrust balance

The thrust balance provides a calibration through two disk shaped electrodes which exert an electrostatic force on
the balance if a voltage is applied. For a given voltage, this force depends on the distance of the electrodes to each
other which can be adjusted by a micrometer stage. The calibration force Fa is then calculated as:

2
Fo=1262 100 2N (12 41381502 ) x ®)
V2 iE

cal

with the applied voltage U in V, and the distance between the electrodes d in m. This calibration was conducted under
atmospheric pressure where it was easiest to keep all parameters in useful ranges and to adjust the mechanical settings,
in particular the distance between the electrodes, while taking the calibration data. An initial distance of the electrodes
of 0.9 mm was chosen for the calibration which covered a maximum thrust range between 0 and 2.1 mN by applying
voltages between 0 and 700 V. Still, a drift over time was noticed in the measured displacement data. Therefore, the
displacement was recoded continuously while a calibration force was applied for a limited time. The drifting zero
offset was interpolated by a straight line to roughly the center of the time interval the calibration force was applied
and the calibration displacement was measured as the difference to that straight line as illustrated in Fig. 19. The
measured displacement was used to correct the distance between the electrodes for every applied voltage. The force
calculated with Eq. 3 has to be multiplied with the ratio of the levers of the electrodes and the IEC center to the axis
of the torsion pendulum of revers=2.187 to yield the calibration value for the IEC thrust. The resulting calibration curve
indeed is a straight line as shown in Fig. 20.
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Figure 19.  Illustration of the interpolation procedure for the sensor displacement during calibration.
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Figure 20.  Thrust calibration function.

3. Effect of applied voltage

During a nitrogen test without lid, displacement of the sensor with applied voltage was observed although no
thruster operation was accomplished. The displacement caused an apparent negative thrust which needed to be
accounted for. In a dedicated test without gas flow, voltages up to 3 kV were applied. Additional data points were
recorded for various gas flows by dialing in a voltage without allowing for a current. No significant influence of gas
flow rate can be seen. The ensemble of all available data points was fitted by a second order polynomial function as
shown in Fig. 21, to be used for correcting actual thrust measurements. A second order polynomial was chosen instead
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of a potentially better fitting straight line since physics dictate that the influence of voltage has to approach zero if no
voltage is applied. The scatter of the available data indicates that the chosen correction function is indeed anticipated
to introduce some additional error to the thrust data, but the correction is actually on the order of measured thrust
values and therefore needed to correct the subsequent data.
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Figure 21.  Effect of applied voltage for various gas flow rates of argon and No.

4. Cold gas thrust

At various times during each measurement series, the gas flow was switched on and off to gather data on the cold
gas thrust as shown in Fig. 22. To determine the corresponding displacement value from the measured data, two
straight lines were fit left and right of the observed jump similar to the procedure of thrust calibration and interpolated
to the jump position. The cold gas thrust shows an approximately linear behavior. However, the values determined
from the jump for switching the gas flow off are typically higher by about 10% than the corresponding value for
switching on the gas flow. A reason for this behavior is still to be found. For determination of the thrust values in the
next section, the average value of all available data points for each corresponding gas flow was added to the
incremental values for each thruster condition. The value of about 300 mN for 45 sccm of argon was considered an
outlier and ignored.
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Figure 22.  Cold gas thrust for various gas flow rates of argon and No.
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5. Thrust values in operation with argon

During the first measurement campaign, no valid thrust measurements with nitrogen could be achieved.
Measurements with the short IEC version, which only worked in spray mode and did not show beam mode behavior
at all, did not lead to clear thrust values, although these measurements happened in the first tests with thruster
operation. Future tests with refined data acquisition methods and strategies based on the recent measurements might
actually yield valid thrust data.

Detectable thrust values were achieved with the medium length IEC in beam mode for gas flows of 34 and 45 sccm
of argon. Due to the low background pressure, the electron beam was not as clearly visible as with the higher
background pressures during the UK measurements, but the operational mode was clearly visible in the current-voltage
characteristics. At multiple times, a spontaneous transition from beam to spray mode was observed in both the visual
appearance of the beam and in a sudden drop in voltage from clearly beyond 1000 V to values between 500 and 650 V.
This transition was usually accompanied by a drop in displacement or thrust. The thrust values reported here were
determined from the usually drifting displacement data by fitting straight lines left and right of the event of concern
and extrapolated to the jump position, as already mentioned for the cold gas measurements. This incremental value
was the corrected by the voltage induced offset from the fitting curve shown in Fig. 21 and converted to thrust values
by the calibration function from Fig. 20 to which the corresponding cold gas thrust was added. Figure 23 shows the
resulting thrust values with the cold gas thrust added as straight lines. Values for 45 sccm were obtained in two separate
tests, the results show some offset between the two test series. In general, the cold gas thrust is raised by 20 to 80% at
power levels between 10 and 38 W, respectively.
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Figure 23.  Measured IEC thrust for gas flow rates of 34 and 45 sccm of argon.

1V. Discussion of the Results

To characterize the performance of an electric propulsion system, usually the effective exhaust velocity C. and the
weight specific impulse I, are widely used. However, the beam mode mainly consists of an electron beam (at least as
far as thrust is concerned), with electron velocities on the order of ten thousands of km/s (compare Section I).
Therefore, the formulation of an effective exhaust velocity or a specific impulse makes physically only limited sense
since it refers to the heavy particle gas flow (which apparently are not significantly accelerated). However, since Ce
and |y, are well established quantities to characterize electric propulsion in general, equivalent values have been
calculated to provide a comparison with other systems. The effective exhaust velocity is related to the generated thrust
through the mass flow of the operating gas:

F=cxm 4)

The mass flow can be calculated from the volume flow by!”:
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Isccm =7.43583 104x M, {m}
S

®)
where M, is the propellant mass in atomic mass units (AMU). M,=39.948 AMU was used to convert the volumetric
gas flows used to mass flow to calculate c. from Eq. 4. The specific impulse is obtained by dividing C. by the
gravitational acceleration on the Erath’s surface go. For the highest thrust values, a specific impulse of 91 s can be
calculated. This is significantly above the maximum achievable cold gas values for argon but seems not yet attractive
for going through the effort of installing an electric propulsion system. However, it has been shown in UK testing that
the mass flow is actually not the defining quantity for the IEC operation. Instead, the discharge characteristics are
governed by the pressure in the discharge chamber. Currently, the exit cross section of the lid has a diameter of
10.9 mm, slightly larger than the outer diameter of the inner electrode of 9.1 mm, but significantly larger than the
diameter of the electron beam which is on the order of 2 mm. As a first order approach, a lower mass flow would be
required to maintain the pressure inside the IEC if the exit cross section were smaller. If the beam characteristics
(dominating the thrust values) can be maintained when reducing the exit cross section diameter to one third of its
current value, the necessary mass flow for maintaining the current pressure values inside the IEC would decrease by
roughly a factor of 10. If the IEC thrust levels would remain the same (which is anticipated, at least roughly) the total
thrust would decrease by the reduction in cold gas thrust but maximum specific impulse values of about 450 s would
be reached which would make the IEC a valuable alternative for nano propulsion systems. Future modifications of the
current IEC design will explore this design approach.

V. Conclusions

A cylindrical IEC model with helical electrodes, contained in a quartz glass tube, and internal gas feeding was
designed and built at the University of Kentucky. Versions of different discharge chamber length were tested with and
without an endcap with argon and air as operating gases at UK. A baffle plate setup to obtain first thrust estimates was
designed and tested at UK. Thrust measurements on a torsion thrust balance were conducted at the Air Force Institute
of Technology at Wright Patterson Air Force Base in Dayton, OH with argon and nitrogen as propellants.

The results from the direct thrust measurements at AFIT confirmed the order of magnitude of the baffle plate
measurements at UK. However, differences in thrust values and operational behavior were observed which are
associated to the different background pressures during operation. Measured thrust values are on the order of one mN
and below in focused beam mode associated to the electron beam leaving the IEC. In spray mode, significantly lower
thrust values are observed. Up to half of that thrust can be assigned to the IEC operation on top of the cold gas flow.
For argon, these thrust values correspond to equivalent specific impulses slightly less than 100 s. However, the
discharge characteristics were demonstrated to depend mainly on the pressure in the discharge chamber and not on
the gas flow rate provided. A smaller exit cross section would still allow the electron beam to leave the discharge
region but would require significantly lower gas flows to maintain the discharge region pressures necessary for IEC
operation. Projected specific impulses for an exit cross section reduced to one third of the current value are on the
order of 500 s, if the electron beam properties are maintained. Corresponding experiments are in preparation.

For future experiments, a transition from hand-manufactured electrodes, which lack in reproducibility, to machined
electrodes with less geometry variations is intended to reduce variability of the results obtained with different
electrodes. Furthermore, the stainless steel electrodes (in particular the inner electrode) showed significant ablation
during extended operation, covering the inside of the glass tube with a thin ablation layer. A transition to a high
temperature resistant electrode material such as tungsten, potentially through 3D printing, is intended. A modified
version with a secondary axial gas feed has been designed to provide the ability of seeding the plasma with tracer
materials for coating or diagnostic purposes. In future experiments, this secondary gas feed line can also be used for
directly measuring the pressure in the discharge region to better control the discharge mode.
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