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ABSTRACT

Cusped-field Hall thrusters (CFHT) have significant potential for use in many space missions due to their simplicity, long life
and high efficiency. CFHT-27, designed and developed at the Bogazici University Space Technologies Laboratory (BUSTLab), is
a prototype CFHT with a 27-mm diameter discharge channel. CFHT-27 utilizes samarium-cobalt (SmCo) permanent magnets.
The thrust and efficiency of a cusped-field thruster is closely related to its size and design parameters. In this study, in order to
understand the relationships between the design parameters and the thruster performance, the performance tests of the CFHT-
27 are carried out for a given magnetic field topology. The thruster was operated at discharge voltages ranging from 250 to 500V
with argon propellant with up to 3,000 s of specific impulse. The measurements show that CFHT-27 can achieve thrust values from
1 to 46 mN. Thus, this thruster can be used for a wide range of thrust values allowing throttle capabilities for different missions.
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INTRODUCTION

In recent years electric propulsion systems are increasingly being employed for the propulsive needs of satellites and spacecraft due
to their much higher specific impulse levels when compared with chemical thrusters (Lev et al. 2019; Martinez-Sanchez and Pollard
1998, Mazouflre 2016). Among various electric propulsion concepts, Hall-effect thrusters are the most used electric thrusters (Lev
et al. 2019). Hall-effect thrusters use electric and magnetic fields for both the ionization of the neutral propellant gas, hence creating
a plasma, and the acceleration of the charged atoms of this plasma to produce thrust. In Hall thrusters, the imposed magnetic field
affects both the electrons and the ions. However, due to their much larger masses, the ions move mostly unaffected by the magnetic
field and are accelerated away from the thruster by the applied axial electric field, whereas the electrons follow an azimuthal trajectory
that is perpendicular to both the applied axial electric field and the radial magnetic field (Martinez-Sanchez and Pollard 1998).

A cusped-field Hall thruster (CFHT) is a modified Hall thruster which was first studied by THALES Electron Devices in Germany
(Koch et al. 2007; Kornfeld et al. 2003; 2007). This concept is also patented by Airbus Defence and Space GmbH (Hey et al. 2019).
Based on the original design of THALES, researchers in academia have also investigated this thruster concept; at MIT (Courtney
2008; Courtney and Martinez-Sanchez 2007; Gildea et al. 2013; Matlock et al. 2010), at Stanford University (MacDonald et al.
2012), and at Harbin Institute of Technology (Liu et al. 2014a; b; Ma et al. 2015; Zhao et al. 2013). In this type of Hall thruster,
unlike a single region of radial magnetic field of a typical Hall thruster, multiple regions of radial magnetic field are created by

adopting alternating polarity permanent magnets. These radial magnetic field regions confine electrons that would normally move
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upstream to the anode. The electrons confined in the high radial magnetic field regions cause electron impact ionization of the

neutral gas that is introduced to the discharge channel at the anode region. For these thrusters, due to the presence of multiple
cusped regions, the discharge voltage can be much higher than that of a typical Hall thruster which only has a single cusped region
(Courtney 2008; Kornfeld et al. 2006). Hence, in CFHTS, a wider range of thrust values can be obtained (Kornfeld et al. 2005).
Furthermore, other researchers claimed that the cusped magnetic field in these thrusters can be effective in reducing the plasma
wall interaction resulting in an increase in the thruster life (Gildea and Matlock 2013; Harmann et al. 2007).

Different studies have been conducted in order to understand the performance characteristics of CFHTs (Fahey et al. 2017; Hu et al.
2016; Liang et al. 2019). These characteristics have been investigated depending on the magnetic field strength in the discharge channel
(Hu et al. 2016) or on key design parameters that are set to obtain maximum efficiency, thrust and I, - Four different configurations
are analyzed for the permanent magnet rings with varying outer diameters. Results show that increasing magnetic field strength has a
limiting effect on the radial cross-field electron current and it decreases the radial-width of the ionization region. Hence, the increase in
the magnetic field strength reduces the propellant utilization as well as the performance of the thruster. It is also shown that the thrust
and anode efficiency are positively affected in the case of weaker magnetic field strength in the discharge channel (Hu et al. 2016).
Furthermore, an optimization with five different performance parameters are considered which include anode voltage, anode current,
mass flow rate, magnet inner diameter and magnet outer diameter. For the anode current, an optimal value can be determined with
the contribution of maximum anode potential and maximum mass flow rate. The results illustrate that the anode current and outer
magnet radius have a significant effect on the performance. Regarding the location of the ionization regions, the differences in the
discharge characteristics between cylindrical Hall thrusters and cusped-field thrusters using PIC-MCC simulations are investigated
(Liang et al. 2019). The investigation indicates that the ionization regions of cusped-field thrusters move to the near-axis region and
it has additional ionization in the plume region. In addition to these studies, also experimental measurements have been conducted
on a divergent cusped-field thruster with a Faraday cup and a retarding potential analyzer to measure the ion current density and
the ion energy distributions of the plume of the thruster (Gildea et al. 2013). The analyses show that the higher current density areas
have more energetic and uniform ion groups. Nevertheless, it is also shown that these energetic ions are also thrown out at larger
angles and cause an increase in the plume divergence. In the further stages of the plume measurements, different cathode operating
conditions are set and it is found that the cathode and the thruster operating conditions are closely linked. Also, time dependent
anode current measurements indicate a significant difference for the high and low-current operation modes of the thruster. It is seen
that in the case of lower current operation modes, the anode current seems to be less oscillatory.

For the cylindrical Hall thruster, the ionization and acceleration regions are both near the anode and are coupled to each other
(Raitses et al. 2010). However, for the cusped field thruster, the acceleration region and the ionization region are separated from
each other. The cusped field thruster also has wider throttling ability due to lower anode electron energy deposition (Cui ef al. 2018).

Previous research show that magnetic topology plays an important role in the performance and efficiency of CFHTs (Ma et al.
2015; Hu et al. 2016; Liang et al. 2019; Ma et al. 2013). In CFHTs, electrons emitted from the cathode reach the discharge channel
and motion of the electrons are impeded by the cusped magnetic field regions. From the literature, a typical CFHT contains three
radial magnetic field regions, which could be considered as the ionization regions. The first one is located at the exit plane of the
thruster ionization chamber and the other two of these regions are located inside the ionization chamber. The optimal location of
the two inner ionization regions is not very well understood. Hence in the literature the length between these ionization regions
vary for different cusped-field thrusters (Koch et al. 2007; Courtney and Martinez-Sanchez 2007; MacDonald et al. 2012, Hu et al.
2016; Liang et al. 2019). Even though there are three separate cusped regions, the region at the exit of the cylindrical discharge
chamber affects the divergence of the plume and a relatively lower number of electrons are trapped in this region. Because of that,
the effective cusped regions are the ones inside the chamber. The topology of the exit magnetic cusp can be modified to control
the plume divergence and can be used to increase thrust efficiency (Liu et al. 2014b).

For a CFHT, the paths of electrons are illustrated in Fig. 1, which shows the electrons leaving the cathode move upstream
towards the positively biased anode. The presence of the cusp shaped radial magnetic field created by the permanent magnets
impedes the motion of these backstreaming electrons creating an azimuthal electron current due to Hall effect in the regions of

perpendicular electric and magnetic fields.
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Figure 1. Schematic of the electron flow in a typical CFHT with double cusped region.

Based on the research presented in the literature, a prototype CFHT with a cylindrical discharge chamber diameter of 27 mm was
designed and manufactured. The magnetic topology and the strength of the magnetic field is determined after a thorough review of
the scientific literature in this field. Performance measurements of this thruster, called CFHT-27, are conducted inside the Bogazici
University Space Technologies Laboratory (BUSTLab) vacuum chamber using an in-house built thrust stand. The operational parameters
of the thruster were investigated for varying discharge voltage and propellant flow rate values. In this study, the range of thrust values

that can be obtained with this thruster and its throttling ability, for determining its suitability for space mission, are investigated.

CFHT-27 CUSPED-FIELD HALL EFFECT THRUSTER

CFHT-27 has quartz discharge chamber walls. The 1.5-mm thick chamber walls has an inner diameter of 27 mm and an outer
diameter of 30 mm. The thruster employs 6 mm thick axially polarized samarium-cobalt (SmCo) permanent ring magnets with an
inner diameter of 30 mm and an outer diameter of 40 mm. Between the ring magnets 1018 steel spacers are used because of their high
permeability at low cost compared to alternatives such as pure iron or Hiperco-50A. Similarly, for the base plate 1018 steel is used.

An aluminum casing is used to protect the magnetic circuit and to hold the parts in place. A schematic of CFHT-27 is shown in Fig. 2.
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Source: Elaborated by the authors.

Figure 2. Schematic of CHFT-27 Hall effect thruster with materials used for each component.
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The anode is made of graphite and is placed at the back wall. The diameter of the anode disc is 20 mm. The neutral gas enters

the discharge channel through a 25-mm diameter porous quartz frit with a porosity of 100 microns. In most other similar cusped
field thrusters, the propellant gas flows to the discharge chamber through the holes in the anode which is made of a conducting
material (Ma et al. 2013; 2015; Peng et al. 2020). In the presented design, the porous nature of the quartz frit allows uniform
distribution of neutral gas as it enters the discharge channel.

The CFHT-27 was operated using a LaB6 hollow cathode that is developed at BUSTLab (Kokal et al. 2021; Kurt et al. 2017).
The cathode employs a 2-mm inner diameter, 4-mm outer diameter, LaB6 tube of 10 mm length placed inside a graphite cathode
tube of 6 mm outer diameter 48 mm of length. The cathode is heated using a tantalum wire heater of a special design (Kurt et al.
2017). For the operation of the thruster, the exit orifice of the hollow cathode is located 22 mm axially and 38 mm radially away
from the center point of the thruster exit plane. For the tests discussed in this paper, the cathode mass flow rate is set to 4 standard
cubic centimeters per minute (sccm) and cathode keeper current is kept at 1.5 A.

For simulating the magnetic field topology, COMSOL Multiphysics AC/DC module was used. Since the magnets are permanent SmCo
magnets, the physics is chosen to be magnetic fields, no currents and meshing is done with physics-controlled finer mesh. Considering
the permanent magnets, magnetic flux conservation for each magnet is defined separately and the remanent flux densities are identified
from the material properties of SmCo and this value is given as 1.05 Tesla. Figure 3 shows the magnetic field topology of CFHT-27.
Effect of the magnets closest to the discharge chamber exit plane on the magnetic field lines in the plume region magnetic topology are

observed closely, since the magnetic field lines in this region direct the electrons flowing from the cathode to the discharge channel.

Source: Elaborated by the authors.
Figure 3. Magnetic field topology of CFHT-27.

The 2-2-2 magnetic field configuration is investigated for the SmCo permanent magnets and ferrite spacers. The magnetic topology
results are presented in this study. In this configuration, the green parts are the SmCo magnets and the blue spaces in between are
the ferrite spacers. One can observe that there are two separatrix lines between the cusped regions. These cusped regions are for the
sufficient ionization of the gas. The cathode is placed along the diverging plume at the magnetic field lines along the exit of the thruster
but not close to the main separatrix region, which is directly in the middle of the thruster. Nearly no divergence is observed for the
2-2-2 configuration in the middle part of the thruster. However, the magnet configurations can be changed to decrease the plume
divergence at the outer exit in further study, since this leads to a decrease in the thrust because of the thrust vector. The magnetic field
strength in a given stage increases as the total length of that magnet stage is increased. In the configuration presented in Fig. 3, the
magnetic field strength at the cusp regions goes up to 1400 Gauss. A more detailed report about the effect of alternative magnetic field

topology configurations and the strength at the exit to decrease the plume divergence will be presented as a separate study in the future.

EXPERIMENTAL MEASUREMENTS AND DISCUSSION

The tests of the CFHT-27 are conducted inside the BUSTLab vacuum chamber, which is 1.5 m in diameter and 2.7 m in
length (Korkmaz et al. 2015). The picture of the BUSTLab vacuum chamber used for the tests of the CFHT-27 is shown in Fig. 4.

During the tests, the pressure inside the vacuum chamber was 6.2 x 10~° torr when operating the thruster at 17 sccm anode flow
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and 4 sccm cathode flow of argon propellant. Picture from the tests of the thruster is shown in Fig. 5. The plume divergence angle
decreases, when the separatrix gets a slope perpendicular to the direction of the electric field created due the anode voltage (Ma
et al. 2015; Zhurin et al. 1999). Based on the discussion from the literature, the main plasma regions are between the bright edges
of the plume regions (Ma et al. 2015). Thus, the region between the bright edges of the plume can be considered as the main ion

beam region. From the visual inspection of the plume, the divergence angle is estimated to be about 32°.

Source: Elaborated by the authors.

Figure 4. BUSTLab vacuum chamber.

Source: Elaborated by the authors.
Figure 5. Picture of CFHT-27 in operation inside the vacuum chamber.

Thrust Measurements

As mentioned before, thrust measurements of the CFHT-27 were conducted using in-house built inverted pendulum type
thrust stand (Kokal and Celik 2017a; b). The resolution for the thrust measurements was + 0.296 mN. The thrust stand system
uses a Linear Variable Differential Transformer (LVDT) sensor to measure the displacement of the inverted pendulum structure
due to the force produced by the thruster. This displacement information with the premeasured stiftness value of the system
gives the created thrust value. The thrust is measured in such a way that the LVDT displacement value is recorded when the
anode voltage, hence the electric field, is applied. Thus, thrust due to the momentum of the Argon gas before the application of
the voltage to the anode is accounted separately. Since the BUSTLab vacuum chamber employs cryogenic pumps for keeping the
chamber background pressure at reasonably low levels during the thruster’s operation, perturbations caused by the operation of
the cryopumps cause noise during LVDT signal data reading. Because of that for certain thrust measurements, the cryopumps
were turned off for short periods of time without affecting the pumping capacity and hence the chamber background pressure.

The measured thrust levels versus the applied anode voltage for various flow rates are shown in Fig. 6. As expected, with increasing
anode voltage the generated thrust increases. This is expected, as the ions are accelerated to higher exit velocities. In addition to
the increased ion exit velocities, increase of anode voltage would also increase the rate of ionization inside the ionization chamber

of the thruster due to increase in the frequency of ionization collisions with the increase of both in the temperature of electrons
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as well as the energy of the created ions. Similarly, increase in the propellant flow rate to the anode results in increased thrust.

As the flow rate is increased, the slope of the thrust versus anode voltage line shows slight increase. Figure 7 shows the measured
thrust levels versus the propellant flow rate to the anode for various anode voltages. As seen in this figure, the slope of the thrust
versus anode flow rate curve becomes steeper as the applied anode voltage is increased. Hence, at higher applied anode voltages,
the range of thrust values that can be obtained becomes wider, as seen in Fig. 7.
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Figure 6. CFHT-27 thrust versus anode voltage.
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Figure 7. CFHT-27 thrust versus anode flow rate.

Based on the measured anode current and thrust values, the anode efficiency, 77, .. is calculated using:

(1)

where T is the measured thrust, 71, is the set anode mass flow rate, V, is the set anode voltage and I, is the measured anode current.
Similarly, the specific impulse of anode only, I, is calculated using:

)

where g is the earth’s specific gravity.

In Fig. 8, the general behavior of the anode current, anode power, specific impulse of anode only, I, and the anode efficiency, 77, ;.
versus applied anode voltage can be seen for varying anode propellant flow rate. Similarly, in Fig. 9 the same performance characteristics
are presented versus the anode propellant flow rate for varying applied anode voltage. In Fig. 84, it is seen that the anode current remains

almost constant for varying anode voltages for a set anode flow rate value. As the anode flow rate increases, the anode current increases, as
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would be expected. On the other hand, Fig. 9a shows that the change in the anode voltage has a small effect on the anode current for a set
of anode propellant flow rate value valves whereas the increase in the discharge current is almost linear with the change in the flow rate.

As seen in Figs. 8b and 9b, the power increases with increasing anode flow rate, and this increase is steeper for higher flow
rates. As seen from these figures that this thruster has been operated at a very wide range of power values. The calculated I, values,
except for the 12 sccm flow rate are shown in Figs. 8c and 9c. As expected, the specific impulse increases for increased anode
voltage. The observed I, values vary between 500 to above 3,000 s, indicating a wide range of propellant utilization efficiency levels
for varying discharge voltage and propellant flow rate values. With the selection of an appropriate I Sp value, hence appropriate
discharge voltage and propellant flow rate, a better performance can be expected from CFHT-27. This feature can be important
when making decision on what type of a mission a specific thruster would be suitable for.

As shown in Fig. 8d, CFHT-27 displays a general trend of increasing efficiency with increasing anode voltage. Thus, the figure
shows that as the anode voltage is increased, the thruster performance increases. This is an expected result since as the discharge voltage
is increased the ionization rate increases which improves the anode efficiency. Similarly, Figure 9d shows that as the anode flow rate
increases the efficiency increases. The relationship between the thrust and the anode propellant flow rate is almost linear. Hence, it can
be inferred from the figures that the flow rate where the leveling of the measured thrust was not reached in the scope of the experiments
conducted as part of this study. The flow rates where the thrust value levels oft must be at higher flow rates, hence it can be inferred
that the thruster can handle higher flow rates and hence higher thrust values. Therefore, a wide working range thrust values than
measured as part of this study can be expected from this thruster making it a suitable candidate for a wider range of space missions.

Figures 8d and 9d show that the efficiency tends to increase with increasing anode flow rate. These two graphs can point that CFHT-27
can produce higher thrust values, and again this would widen the range of thrust values and hence its usage. It is a desired result for CFHT-
27, because even if it is a small thruster in size, it can be used in a wider range of space missions than would be expected for such a small

thruster. It is observed that for higher discharge voltages the efficiency is also improved, hence a higher performance thruster is achieved.
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Figure 8. CFHT-27 performance measurement results for varying anode voltage rate values.
(a) Anode current versus anode voltage, (b) Anode power versus anode voltage, (c) Anode
specific impulse versus anode voltage, (d) Anode efficiency versus anode voltage.
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Figure 9. CFHT-27 performance measurement results for varying anode flow rate values. (a)
Anode current versus anode flow rate, (b) Anode power versus anode flow rate, (c) Anode
specific impulse versus anode flow rate, (d) Anode efficiency versus anode flow rate.

As seen in Fig. 8b and Fig. 7, as the flow rate increases the anode current and the thrust increase. For the configuration tested
in this report, for 52 sccm anode flow rate at 500 V discharge voltage, the measured thrust is 46 mN corresponding to a specific
impulse of 3,037 s at an anode power of 2,320 W with 29.6% anode efficiency. As observed, the increase in the anode flow rate
increases the thrust; however, if the flow rate is further increased, after a certain flow rate it is expected that the rate of increase
in thrust will drop.

In addition to changing the anode voltage and the anode flow rate for the investigation of the performance of this thruster, via
altering the magnetic topology and the separatrix angle at the cusped region near the exit plane of the discharge chamber a better
performance characteristic can be found. However, the focus of this study was limited to presenting a predetermined magnetic

field topology and alteration to magnetic field topology is left as a separate study.

CONCLUSION

This paper presents the performance measurements of the CFHT-27 for a predetermined magnetic field topology. The thruster
was operated using Argon as the propellant. During the tests, the anode flow rate was varied from 12 to 52 sccm with 5 sccm
increments and the discharge voltage was varied from 250 to 500 V with 50 V increments. The measured thrust values have a
wide range from 1 to 46 mN indicating an almost continuous range of thrust values obtainable for this thruster. Such a wide
range of thrust values at reasonable anode efficiency values make this thruster an attractive candidate for space missions where
high throttleability is desired.

A more detailed report about the effect of alternative magnetic field topology configurations will be presented as a separate
study in the future.
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