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A new variety of electric thruster, the Quad Confinement Thruster, has been designed
and tested during a preliminary one year development effort. This thruster utilizes an
innovative magnetic cusp topology. Eight electromagnets are used to create a convex
magnetic field structure with a center cusp, and four outlying cusps along the periphery.
The thrust produced by the device is derived from the momentum of ions accelerated
through a Hall effect static electric field. Direct thrust measurements show a specific
impulse up to 700s at powers of less than 100W. This specific impulse was achieved using
a propellant flow rate of 5sccm of Krypton, and corresponded to a thrust of approximately
2.1mN. One of the key motivations for this research is the ability of this thruster to actively
control the direction of thrust through manipulation of the magnetic field by regulating
power to the individual solenoid magnets. Preliminary experiments, which measure the
profile of the plasma density at two axial stations downstream of the channel exit, appear
to show a 14 degree thrust vectoring capability of the device.

I. Introduction

The Quad Confinement Thruster (QCT) is a new concept for plasma propulsion developed within the
Electric Propulsion Group of the Surrey Space Centre. The magnetic topology employed for this device is
unique amongst electric thrusters, and is illustrated schematically in Fig. 1 (as viewed along the axis of the
thruster). The magnetic field contains five cusps: four cusps located at the midsections of the channel walls
and a fifth cusp at the center of the channel. The layout of the magnetic field is used to weakly confine
electrons within the channel and enhance the ionization efficiency of the device. The ions, by virtue of their
higher mass to charge ratio, are virtually unaffected by the magnetic field and are accelerated by an axial
electric field imposed between the cathode and anode of the thruster. The thrust generated by the device is
derived from the momentum of ions leaving the thruster.

The original motivation for this convex magnetic confinement topology can be credited to the work of
Ioffe et al.1 related to high energy discharge experiments for fusion applications. In the current work, this
confinement topology is applied to an electric thruster using eight independently controlled electromagnets.
The topology of the magnetic field can be manipulated by regulating the power supplied to each of the
magnets. One of the key motivations behind this thruster concept is that such a change to the magnetic
field not only relocates the center of thrust, but also changes the direction of ion acceleration. Therefore,
this thruster provides a new capability that may prove useful to future spacecraft missions: the ability to
actively vector the direction of thrust without the need for moving parts. The design of this thruster has
been motivated by the success of other cusp confinement thruster concepts such as the High Efficiency Multi-
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Figure 1. (a) Schematic layout of the QCT magnets, and (b) the resulting simulated field topology.

stage Plasma (HEMP) thruster2 and the Diverging Cusped Field (DCF) thruster3, which have been found
to exhibit relatively high levels of performance even at low powers.

A prototype of the QCT device has been designed, constructed, and tested during a one year development
effort. This paper presents the experimental results gathered during this project, including direct thrust
measurements (section III) and plume diagnostics using Langmuir probes (section IV). A preliminary analysis
of the thrust vectoring capabilities of this device was conducted using cross-channel plume measurements of
the plasma density at two distances from the channel exit. These results are presented in section V.

II. Description of the QCT Laboratory Demonstrator

The QCT laboratory demonstrator is illustrated in Fig. 2, showing a solid model and cut-away view of the
design. The acceleration channel of this device is a rectangular volume with dimensions of 30mm × 30mm ×
55mm. The walls of the acceleration channel are composed of Macor ceramic, coated with a layer of Boron
Nitride. The anode of the thruster is constructed from high purity tungsten. This material was selected
for its exceptional strength at high temperatures, and excellent resilience to ion sputtering. Propellant is
injected from a feed line attached to the rear of the thruster, and enters the channel around the periphery of
the anode. The propellant selection, as in the case of the Hall Effect, HEMP, and DCF thrusters, is based
on a combination of high ionization cross section and high ion mass. Although Xenon is the natural choice
for such thrusters, Krypton propellant was selected for the preliminary characterization performed in this
study owing to its relative low cost versus high performance. The QCT device was characterized using flow
rates of 5, 10, and 15 sccm of Krypton propellant during these experiments.

The magnetic circuit is composed of eight electromagnets mounted on an aluminum base plate. The fully
wound electromagnets, mounted on the base plate, are shown in Fig. 3. The electromagnetic circuit was
used to produce a peak field strength up to 250 Gauss within the channel of the thruster. The power versus
peak magnetic field strength for the electromagnetic setup, characterized with the use of a Sypris model
5170 portable Gauss meter, is provided in Fig. 4.

Various scenarios were investigated to steer the magnetic field topology by manipulating the power
supplied to the eight solenoid magnets (four solenoid magnet pairs). The impact of this manipulation on the
magnetic field topology was assessed using a simple 2-dimensional simulation. The first scenario that was
investigated was to reduce the power of a single solenoid magnet pair, while holding the remaining magnets
constant. A schematic view of this scenario, and the results of the magnetic field analysis, are shown in
Fig. 5. This steering technique, as illustrated by the results of the 2-dimensional analysis, was found to
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Figure 2. (a) Solid model of the laboratory demonstrator, and (b) cut-away view of the laboratory demon-
strator.

Figure 3. QCT electromagnets mounted on an aluminum base plate.

Figure 4. Peak magnetic field strength versus power for the electromagnetic setup.
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be relatively ineffective at altering the magnetic field topology. The second scenario that was investigated
was to simultaneously reduce the power of two solenoid magnet pairs, while holding the remaining magnets
constant. This revised steering scenario proved to have a major impact on the field topology. A schematic
view of this scenario, and the results of the magnetic field analysis, are shown in Fig. 6. The magnetic cusp,
originally located at the center of the channel, could be relocated over the entire channel span by adjusting
the relative power of the two solenoid pairs simultaneously. For the experiments described in this paper,
three magnetic steering scenarios were investigated: (i) the symmetric case with the cusp located in the
center of the channel, (ii) the cusp fully relocated to the left hand side of the channel, and (iii) the cusp
fully relocated to the right hand side of the channel. These conditions will be subsequently referred to as
the symmetric, far left, and far right steering scenarios respectively.

Figure 5. Alteration of the magnetic field by adjusting the relative power of one solenoid magnet pair.

Figure 6. Alteration of the magnetic field by simultaneously adjusting the relative power of two solenoid
magnet pairs.

A hollow cathode is utilized by the QCT device to sustain the discharge and neutralize the outgoing
ion beam. Two types of hollow cathodes were used during this project. The first was a custom designed
low power cathode4 constructed in-house at the Surrey Space Centre. The second was a commercial hollow
cathode: Heatwave model HWPES-250. In both cases the cathode was operated with a flow rate of 5sccm
Krypton gas at a discharge power of approximately 25W.

Pictures of the experimental setup and the QCT device in operation are provided in Fig. 7. The basic
current versus voltage characteristics of this thruster are plotted in Fig. 8. These results are reported for
a single flow rate of 10sccm Krypton, but are also representative of the behavior at the 5sccm and 15sccm
flow conditions. We can observe from this plot that the magnetic field strength plays an important role in
regulating the discharge current at low voltages, but does not significantly impact the saturation current of
the device at higher voltage levels.
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Figure 7. Picture of the experimental setup (a), and QCT device in operation (b).

Figure 8. Current versus voltage characteristics of the QCT discharge at a flow rate of 10sccm Krypton.
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Further insight into the influence of the magnetic field on the operating conditions of the thruster was
gained by altering the magnetic field while maintaining a constant current to the thruster. This test was
performed for a 2 Amp discharge at a flow rate of 10sccm. The magnetic field was adjusted from 0 to
250 Gauss at 25 Gauss increments. The results of this experiment are shown in Fig. 9. We can see that
increasing the magnetic field acts to increase the discharge voltage in an almost linear fashion. In this case,
the voltage increased from 56V without a magnetic field to 67V with a 250 Gauss field.

Figure 9. Voltage versus magnetic field at a 10sccm Krypton flow rate and a 2A discharge current.

III. Thrust Measurements

A custom built high sensitivity thrust stand has been developed internally within the Surrey Space
Centre. This device achieves a measurement accuracy of approximately 0.1mN. This thrust stand is an
inverted pendulum device, which displaces slightly under an applied force. The amount of displacement
versus applied force is determined by the rigidity of the flexors used in the design. The displacement is
measured with a MicroEpsilon laser optical displacement sensor, model number ILD 1700-50. The thrust
stand has a built-in stepper motor and pulley apparatus that allows the stand to be calibrated actively
during experimental trials. This apparatus works by suspending a weight with a precisely known mass from
a pulley that transfers this force directly to the thrust stand. A schematic of the device is shown in Fig. 10.
Further details of the thrust stand can be found in the reference by Pottinger et al.4.

Figure 10. Schematic drawing of the Surrey Space Centre thrust stand.
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The following procedure was used for each experimental trial to determine the thrust force produced
by the device. Each experiment was conducted over a 80s duration. Over this period the thruster was on
for the first 40s, and turned off for the next 40s. The net thrust produced by the device was established
by averaging the laser displacement measurement over the period when the thrust was on, and comparing
to the average displacement while the thruster was off. This experimental technique was used for initial
investigation because it is fast, but admittedly not very accurate. This can be seen by the relatively wide
spread of the thrust data points to follow.

Experiments were conducted using a propellant flow rate of 5, 10, and 15sccm of Krypton. The thrust and
specific impulse versus power for each flow rate are plotted in Fig. 11 through 13 respectively. The discharge
power was varied incrementally between 20W and 60W, and a constant peak magnetic field strength of 150
Gauss was used throughout. Despite the relatively large spread of this data, we can observe from these plots a
roughly linear relationship between the discharge power and thrust. We can see that the QCT device clearly
favors lower flow rates for these low power operating conditions. The highest specific impulse during these
experiments was roughly 700s at 50W discharge power, which was obtained at the 5sccm flow conditions.
This corresponds to a measured thrust of approximately 2.1mN.

Figure 11. Thrust and specific impulse versus discharge power for a 5sccm Krypton propellant flow rate and
a magnetic field strength of 150 Gauss.

Figure 12. Thrust and specific impulse versus discharge power for a 10sccm Krypton propellant flow rate and
a magnetic field strength of 150 Gauss.
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Figure 13. Thrust and specific impulse versus discharge power for a 15sccm Krypton propellant flow rate and
a magnetic field strength of 150 Gauss.

IV. Langmuir Probe Measurements

The properties of the QCT plume were investigated experimentally with the use of a sweeping voltage
Langmuir probe in order to measure the electron density, plasma potential, and electron temperature. The
Langmuir probes used in these experiments consisted of a 3mm length of thoriated tungsten wire, with a
diameter of 0.125mm (giving a surface area of 1.19 × 10−6m2). For the experiments conducted in the QCT
plume, a probe bias voltage from zero to 70V was found to work well. A Langmuir probe trace taken within
the QCT plume is provided for reference in Fig. 14.

Figure 14. Raw Langmuir probe I-V trace obtained during a representative experimental trial in the channel
center 2cm downstream of the channel exit: 3.25W discharge, 5sccm Krypton flow, and 150 Gauss magnetic
field.

Only a very preliminary set of Langmuir probe measurements have been taken so far. The distribution
of the plasma properties across the width of the channel was measured in order to gain insight into the
structure of the plasma plume. Measurements were taken 2cm downstream of the channel exit over a range
of cross channel locations. This data was collected at a single low power operating point of the thruster:
3.25W discharge, 5sccm Krypton flow, and 150 Gauss magnetic field. The orientation of the cross channel
axis with respect to the thruster is shown in Fig. 15. The channel was approximately 40mm across, and the
measurements were taken at 5mm increments from 10mm to 35mm.

The first parameter investigated in this study was the plasma density. Figure 16 shows the measured
plasma density as a function of the cross channel location in the plume. We can see from this plot that the
average plasma density at this discharge condition is approximately 2× 1015m−3 at 2cm downstream of the
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Figure 15. Schematic representation of the cross channel axis used for the Langmuir probe experiments.

channel exit. The actual value of the plasma density at this location is of little concern, because the plasma
density will vary significantly with the applied discharge power. However, this data gives us an insight into
the structure of the plasma density across the channel. We can see from this plot that the variation of the
density resembles a Gaussian curve with a peak amplitude located at the central axis of the thruster.

Figure 16. Electron number density as a function of the cross channel location 2cm downstream of the channel
exit: 3.25W discharge, 5sccm Krypton flow, 150 Gauss magnetic field.

The second parameter that was measured in the plasma plume was the electron temperature. Figure
17 shows the electron temperature as a function of the cross channel location. Unlike the behavior of the
plasma density, the electron temperature is nearly constant across the channel at a value of 5.3eV. We can
see from this plot that the electron temperature increases slightly at the far edge of the channel towards the
right hand side of the figure, but is predominantly flat elsewhere.

The final parameter that was investigated with the use of the Langmuir probes was the plasma potential.
The distribution of the plasma potential across the channel is of great experimental interest, because it
gives us some insight into the ability of the QCT to actively vector the direction of thrust. To clarify the
connection between the plasma potential distribution and the thrust vectoring capability, we consider the
following thought experiment. If the plasma potential is perfectly uniform across the channel cross section
at each axial location, then there cannot exist an electric field that acts in any direction except along the
axis of the thruster. However, if the plasma potential does vary as a function of location across the channel,
then there must exist components of the electric field that act in a direction perpendicular to the channel
axis. It then becomes possible that by altering the topology of the plasma discharge (through manipulation
of the magnetic cusp location) we introduce cross-channel electric fields that can accelerate the ions at an
angle with respect to the channel axis.

The distribution of the plasma potential as a function of the cross channel location is shown in Fig. 18.
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Figure 17. Electron temperature as a function of the cross channel location 2cm downstream of the channel
exit: 3.25W discharge, 5sccm Krypton flow, and 150 Gauss magnetic field.

This plot suggests that the plasma potential does indeed vary slightly as a function of the cross channel loca-
tion, and shows a moderate increase at the center of the channel. Keeping in mind that these measurements
were conducted in the plume region of the thruster, it is not known at this point if this is consistent with
the behavior within the channel, and if so, to what extent the center cusp potential may vary from the mean
value at each axial location. There is a strong motivation, therefore, in follow-up experiments to measure
the plasma potential within the channel of the thruster.

Figure 18. Plasma potential as a function of the cross channel location 2cm downstream of the channel exit:
3.25W discharge, 5sccm Krypton flow, and 150 Gauss magnetic field.

V. Thrust Vector Characterization

The ability of the QCT device to actively vector the direction of thrust through manipulation of the
magnetic field was investigated though Langmuir probe measurements of the plasma plume. Two Langmuir
probes were used in these experiments. The probes were positioned 2cm and 3cm downstream of the channel
exit respectively. The Langmuir probes were translated across the width of the channel in 1mm increments.
Motivated by the results of the initial Langmuir probe observations discussed in section IV, we choose to
measure the plasma ion density across the channel. This property was selected because it exhibited the
clearest measurable change across the plume, and could also be conveniently used to determine the location
of the center of thrust at each axial station. The operating conditions of the thruster were set to the same
levels as with the previous Langmuir probe measurements: 3.25W discharge power, 5sccm Krypton flow,
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and 150 Gauss magnetic field.
An initial data set was recorded for the symmetric magnetic field condition, and was used as a reference

for subsequent thrust vectoring experiments. These results are provided in Fig. 19. The data was fit to
a Gaussian curve at each axial station using least squares analysis. A downward facing arrow shows the
calculated direction of the thrust center between the two downstream locations, which was set to a reference
zero condition for the symmetric magnetic field. Unlike the analysis conducted in section IV, the actual
value of the ion density is not needed for this experiment. Therefore, these plots show the unprocessed ion
current taken with the Langmuir probe when operating in the ion saturation regime (probe biased to the
chamber ground potential). This was an experimental convenience, because seeping voltage measurements
were not needed for these trials.

Figure 19. Ion density versus cross channel location for the symmetric magnetic field condition measured at
two downstream locations: 2cm (o) and 3cm (*).

Figure 20 and 21 show the results gathered for the far left and far right hand steering conditions respec-
tively (as defined previously in section II). Although preliminary, these results appear to provide evidence of
an angular steering of the ion beam. The angular offset of the beam from the thruster axis was symmetric,
giving +7 degrees and -7 degrees for the left and right hand case respectively.

Figure 20. Ion density versus cross channel location for the far left steering condition measured at two
downstream locations: 2cm (o) and 3cm (*).

One of the weaknesses of this experimental technique was that the inclination of the beam was only
measured along a single axis. If the beam vectoring is in the same sense as the relocation of the central
magnetic cusp, then the hypothetical axis of the beam steering should be inclined 45 degrees to the axis
of these measurements. Therefore, there is a possibility that the actual thrust vectoring capability was
underestimated and should be closer to 20 degrees (+/- 10 degrees in each direction).
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Figure 21. Ion density versus cross channel location for the far right steering condition measured at two
downstream locations: 2cm (o) and 3cm (*).

Motivated by the need to understand the 3-dimensional behavior of the QCT plume, a custom designed
3-axis motion stage5 has been designed and constructed within the Surrey Space Centre. This motion
stage, shown in Fig. 22, will be used as a Langmuir probe holder to conduct a 3-dimensional survey of
the QCT plume in terms of electron density, temperature, and potential. Both the symmetric and steered
magnetic field conditions will be investigated. These experiments will also explore a wide range of magnetic
field settings and operating conditions, with the aim of understanding and optimizing the thrust vectoring
capabilities of the device.

Figure 22. Solid model of the Surrey Space Centre 3-axis probe holder.

VI. Conclusion

The Quad Confinement Thruster has demonstrated the use of an innovative magnetic cusp confinement
topology for thrust generation during this one year development effort. Although experimental results
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are very preliminary at this stage, the device shows early promise as a new variety of electric propulsion
technology.

The key advantage of this concept is the ability to actively control the direction of thrust through
manipulation of the magnetic field topology. Preliminary experiments appear to show a thrust vectoring
capability of 14 degrees. However, these experiments were only recorded along a single measurement axis,
and at a single operating point of the thruster. Follow-up experiments are needed to properly resolve the
3-dimensional structure of the plume under a variety of discharge conditions in order to accurately determine
the thrust vectoring capabilities of this device.
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