Performance Evaluation of a 100-W Class Hall Thruster
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Abstract: A 100 W class Hall thruster with inner and outer electromagnetic coils was
developed, and its discharge and plume characteristics were experimentally evaluated. The
100-W Hall thruster required a maximum magnetic flux density along the channel centerline
above 24.3 mT to achieve efficient operation above a discharge voltage of 225 V and to achieve
stable operation above a discharge voltage of 275 V. As typical thrust performance, an anode
specific impulse of 1,050 s, thrust-to-discharge-power ratio of 59.5 mN/kW, and anode
efficiency of 0.306 were achieved at a discharge voltage of 225V and a discharge power of 88.9
W under a background pressure of 7.9x10* Pa. The plasma plume profile was measured using
a nude-type Faraday probe, Langmuir probe, EXB probe, and retarding potential analyzer.
The measured plume profile demonstrated that the low anode efficiency of the 100-W Hall
thruster was due to low propellant utilization and large ion beam divergence.

Nomenclature
B = maximum radial magnetic flux density on discharge channel centerline
e = elementary charge
F = thrust
I, = axial ion beam current
Iy = total ion beam current
1y = discharge current
I = average discharge current
J = ion beam current density
1, = anode mass flow rate
Myxe = mass of a xenon atom
r = radial distance from thruster centerline
Vi = discharge voltage
Vinp = most probable ion potential
Vo = plasma potential in plume
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Yo = ratio of neutral speed to singly-charge ion speed

Zi = charge-state of the ith ion species

4 = amplitude of discharge current oscillation
Na = anode efficiency

b = beam efficiency

e = current utilization efficiency

N = mass utilization efficiency

"n = neutral-gain utilization efficiency

fq = charge utilization efficiency

Iy = voltage utilization efficiency

o] = current fractions of the ith ion species
7 = measurement time

v = effective plume divergence half-angle

L.Introduction

ALL thrusters with an input power of several hundred watts have received grate attention as the primary thrusters

for micro and small satellites'. However, Hall thrusters with a nominal discharge power of 100 W or less>* have
exhibited low thrust performance compared to middle- and high-power Hall thrusters. The increase in the surface-to-
volume ratio owing to the thruster downsizing is essentially the cause for the low thrust performance in low-power
Hall thrusters. Moreover, the small inner channel diameter makes it difficult to design an optimal magnetic field
topology. Cylindrical Hall thrusters® have been developed as a unique idea to avoid the increase in the surface-to-
volume ratio; however, their thrust performance is still comparable to the thrust performance of the low-power
annular-type Hall thrusters.

The high surface-to-volume ratio and difficulty in magnetic circuit design are challenging issues when attempting
to achieve efficient operation in 100 W class Hall thrusters. In the present study, we developed a 100 W class Hall
thruster with inner and outer electromagnetic coils. The discharge and plume characteristics of the 100-W Hall thruster
were evaluated as a function of the magnetic field strength and discharge voltage in order to discuss the magnetic field
requirement and performance improvement of low-power Hall thrusters.

II.LExperimental Apparatus and Procedure

A. 100-W Class Hall Thruster

Figure 1 shows a cross-section diagram and magnetic field profile of the 100-W Hall thruster head. The discharge
channel and anode are composed of boron nitride and molybdenum, respectively. The discharge channel of the 100-
W Hall thruster was fabricated with a mean diameter of 20 mm and a width of 6 mm. The distance from the anode
downstream surface to the channel exit plane was 8 mm. A commercial plasma bridge cathode with tungsten wire’
was externally mounted.

The relationship between the channel exit position and the magnetic field topology was the typical configuration
of a modern Hall thruster®. The thruster was composed of inner and outer concentric coils that were responsible for
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Figure 1. Cross-section diagram and magnetic field profile of 100-W Hall thruster. The magnetic profile was
obtained by using magnetic simulation tool “FEMM.”
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inducing the magnetic field. The channel exit plane was near the magnetic flux density peak along the channel
centerline, as shown in Fig. 1. The magnetic flux density near the anode was kept significantly low by using inner and
outer screen yokes. Because of the thermal limit of the coil wire, the magnetic circuit could induce a maximum radial
magnetic flux density along the channel centerline of up to 24.3 mT.

B. Vacuum Facility

A performance test was conducted in the Large Space Science Chamber located at the Institute of Space and
Astronautical Science. The vacuum facility and experimental setup are schematically shown in Fig. 2. The vacuum
chamber diameter and length were 2.5 m and 5.0 m, respectively. Two cryogenic pumps and one turbomolecular pump
were installed in the chamber to provide a 24 kL/s pumping speed of xenon. The background pressure was measured
by an ionization gauge attached to the vacuum chamber wall near the thruster. The base pressure (no-gas load) was
3.4x107 Pa.

C. Power Supplies and Propellant Feed System for Thruster Operation

DC power supplies for the thruster operation were connected to the thruster from outside the chamber. The electric
circuit diagram of the thruster operation is shown in Fig. 3. The output terminals of the power supplies were isolated
from the ground potential. The vacuum chamber and beam dump were grounded. The inner and outer electromagnetic
coils were connected to each power supply to change the magnetic field strength while maintaining the magnetic field

Vacuum chamber (Diameter: 2.5 m, Length: 5.0 m)

=)
100-W Hall thruster and thrust stand XYZ motion control system

Faraday probe, Langmuir probe, RPA

Mass flow controller

Mass flow controller ExB probe

=
L |

| Pressure regulator |

Beam dump -
Power supplies -

/ /

Two cryogenic pumps Turbomolecular pump
Figure 2. Vacuum facility and experimental setup (not on scale).
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Figure 3. Circuit diagram of Hall thruster oper.ation. “PS” is power supply.
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Table 1. Anode mass flow rate and background pressure for various discharge voltages. Because the ionization
gauge was calibrated for nitrogen, the background pressure was corrected for xenon using the gas correction factor.
Discharge voltage, V. Anode mass flow rate, mg/s  Background pressure, Pa

150 0.655 9.8x10*
175 0.616 9.3x10*
200 0.547 8.4x10*
225 0.513 7.9%10*
250 0.454 7.1x10*
275 0.410 5.9x10*
300 0.376 5.4x10*

topology. The thruster body and the negative terminal of the coil power supplies were tied to cathode common.

Xenon propellant was fed to the anode and cathode via mass flow controllers. The cathode flow rate was
maintained at 10% of the anode mass flow rate. To evaluate the thrust performance at a constant discharge power, the
anode mass flow rate for various discharge voltages was selected to have a discharge power of approximately 85 W
under the magnetic field strength at which the anode efficiency is maximum. Table 1 lists the anode mass flow rates
and background pressures for various discharge voltages.

D. Instrumentation

The thrust was measured using a pendulum-type thrust stand with an optical displacement sensor. The stand was
calibrated using measured masses on a pulley system connected to a stepping motor stage. To minimize the
measurement error owing to thermal drift, the thrust stand’s zero was measured for each thrust measurement.

The discharge current and its oscillation were measured using a current probe. The amplitude of the discharge

current oscillation, 4, is defined as follow’:
(14-I)2dt
ped hletordi (1)
[d T

where I, 7, and I, are the discharge current, measurement time, and average discharge current.

The plume was measured using a nude-type Faraday probe, Langmuir probe, ExB probe, and retarding potential
analyzer (RPA). The ExB probe was located 1 m downstream of the channel exit plane. The Faraday probe, Langmuir
probe, and RPA were placed on an XYZ motion control system. The center of the Langmuir probe, ExB probe, and
RPA was positioned on the discharge channel centerline.

E. Hall Thruster Performance Architecture
To evaluate the Hall thruster performance, the anode efficiency, 7., is defined as follow:
Iz
n,= T,
mylqVy
where F, ri1,, and Vy are the thrust, anode mass flow rate, and discharge voltage, respectively. The anode efficiency
describes the jet power divided by the discharge power and anode flow rate. Based on the methodology of a Hall
thruster efficiency analysis developed by Brown et al.'°, the anode efficiency is the product of six Hall thruster
efficiencies: voltage utilization, 7, current utilization, 7., charge utilization, 54, mass utilization, #m, neutral-gain
utilization, #,, and beam, #,,. The efficiencies are defined as follows:
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where Vinp, Vp, Iv, i, Zi, mixe, €, Vo, and I, are the most probable ion potential, plasma potential, total ion beam current,
current fractions of the ith ion species, charge-state of the ith ion species, mass of a xenon atom, elementary charge,
ratio of the neutral speed to the singly charged ion speed, and axial ion beam current, respectively. From the measured
ion'? and neutral'* velocity at discharge voltages ranging from 150 to 250 V, the value of y, was assumed to be 0.02.

II1.Experimental Results and Discussion

A. Discharge Characteristics

Figures 4 and 5 show the average discharge current and amplitude of discharge current oscillation as a function of
the magnetic field strength for various discharge voltages. The average discharge current decreased as the magnetic
field increased. In addition, the average discharge current remained constant at higher magnetic field strength except
a discharge voltage of 150 V. For discharge voltages ranging from 150 to 200 V, a discharge current oscillation was
suppressed at higher magnetic field strengths. On the other hand, above a discharge voltage of 200 V, a discharge
current oscillation was induced at magnetic flux densities ranging from 14.8 to 20.8 mT. The discharge current
oscillation was suppressed at 24.3 mT except 300 V. Moreover, the magnetic field strength required to suppress the
oscillation increased as the discharge voltage increased. To suppress the breathing-mode oscillation, Yamamoto et al.’
demonstrated that the electron flow to the ionization region should be restricted. The axial electron velocity increased
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Figure 4. Average discharge current as a function of magnetic field strength for various discharge voltages.
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Figure 5. Amplitude of discharge current oscillation as a function of magnetic field strength for various
discharge voltages.
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as the discharge voltage increased. Thus, when the discharge voltage increases, the magnetic field strength increases
to restrict the inflow. The relationship between the magnetic field strength and discharge voltage resulted in an increase
in the magnetic field strength, as shown in Fig. 5. Therefore, the magnetic field strength was not sufficiently high to
suppress the current oscillation at a discharge voltage of 300 V.

Figures 6 and 7 show the thrust and anode efficiency as a function of the magnetic field strength for various
discharge voltages. The anode efficiency shown in Fig. 7 was calculated using Eq. (2) by the thrust and average
discharge current. The thrust increased as the magnetic field was strengthened. Above 200 V, the thrust decreased
when the current oscillation was induced, and then increased as the oscillation became weak. As a result, the current
oscillation degraded the thrust performance of the 100-W Hall thruster. For discharge voltages ranging from 175 to
225 V, the anode efficiency saturated at over 22.6 mT. However, above 225 V, the anode efficiency did not saturate
at 24.3 mT. The data presented in Figs. 4-7 demonstrated that the magnetic field strength of the 100-W Hall thruster
was not sufficiently high to achieve efficient operation above 225 V.

Figure 8 shows the thrust performance for various discharge voltages under the magnetic field strength at which
the anode efficiency is maximum. The cathode mass flow rate was excluded from the calculation of the specific
impulse. In addition, the power consumption of the electromagnetic coils and plasma bridge cathode were excluded
from the calculation of the thrust-to-power ratio. For discharge voltages ranging from 150 to 250 V, the anode
efficiency improved as the discharge voltage increased. Above 250 V, the specific impulse remained constant in spite
of the increase in discharge voltage and the anode efficiency degraded, because the magnetic field was not sufficiently
high to achieve efficient operation. Hence, as typical thrust performance, a specific impulse of 1,050 s, thrust-to-power
ratio of 59.5 mN/kW, and anode efficiency of 0.306 were achieved at a discharge voltage of 225 V and a discharge
power of 88.9 W.
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Figure 6. Thrust as a function of magnetic field strength for various discharge voltages.
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B. Plume Characteristics
1. Most Probable Ion Potential

Figure 9 shows the typical RPA trace and analysis technique. The most probable ion potential was determined by
dl/dV in the RPA trace. Figure 10 shows the most probable ion potential as a function of the magnetic field strength
for various discharge voltages. The most probable ion potential was obtained at 500 mm downstream of the channel
exit plane. At 200 and 225 V, the most probable ion potential slightly fell as the magnetic flux density increased. The
sharp fall in the most probable ion potential was detected at 275 V when the discharge current oscillation was induced.
Moreover, the most probable ion potential rose when the oscillation was suppressed at 24.3 mT.
2. Plasma Potential in Plume

Figure 11 shows the typical Langmuir probe trace and analysis technique. The plasma potential of the plume was
determined by curve fitting of the “knee” in the Langmuir probe trace. Figure 12 shows the plasma potential as a
function of the magnetic field strength for various discharge voltages. The plasma potential was also obtained at 500
mm downstream of the channel exit plane. The plasma potential did not depend on the discharge voltage. Above a
magnetic flux density of 14.8 mT, the plasma potential slightly rose with the increasing of the magnetic field strength.
Moreover, the variation in the plasma potential owing to the change in the magnetic field strength was small.
3. Current Fractions of ith lon Species

Figure 13 shows typical ExB probe trace and analysis technique. The method of Gaussian fitting!! was applied to
the analysis of the ExB probe trace to obtain the current fractions of the ith ion species. Figure 14 shows the current
fractions of the ith ion species as a function of the magnetic field strength for various discharge voltages. The effect
of the magnetic field strength on the production of multiply charged ions was minimal at 200 and 225 V. However,
the discharge current oscillation affected the multiply charged ion production at 275 V.
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Figure 9. Typical RPA trace and analysis technique: Va =200 V and B =24.3 mT.
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Figure 14. Current fractions of the ith ion species as a function of magnetic field strength for various discharge
voltages.

4. lon Beam Current and Divergence
Figure 15 shows the typical Faraday probe trace. By using the Faraday probe trace, the total ion beam current and
axial ion beam current were calculated for an axisymmetric plume about the thruster centerline in Egs. (9) and (10).

450
I,=2n f rJy(r)dr, )
0

450
1,=2n J- rJy, (r)cosfdr, (10)
0

where 7, Jy(r), and 6 are the radial distance from the thruster centerline, radial distribution of the ion current density,
and probe angle, respectively. A correction for secondary electron emission at the molybdenum collector surface'?
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Figure 15. Typical Faraday probe trace and analysis technique: Va4 =200 V and B =24.3 mT.

was applied to the ion current density measurement. In. Egs. (9) and (10), the measured current densities from each
side of the plume (0 mm to 450 mm and 0 mm to -450 mm) are integrated, and the calculated beam currents are the
average of the two sides. The effective plume divergence half-angle was defined as follow:
y=cos’! <é) ) (11)
1,
Figures 16 and 17 show the total ion beam current and the effective plume divergence half-angle as a function of

the magnetic field strength for various discharge voltages. The ion beam current was obtained at 300 mm downstream
of the channel exit plane. Regardless of the discharge voltage, the total ion beam current increased as the magnetic
field strength increased, as shown in Fig. 16. However, the total ion beam current decreased at 225 V when the
discharge current oscillation was induced at 20.8 mT. Moreover, the total ion beam current sharply increased at 275
V when the discharge current oscillation was suppressed. The increase in the magnetic field strength enhanced the ion
beam focusing, as shown in Fig. 17. However, the ion beam diverged at 225 V when the discharge current oscillation
was induced. At 24.3 mT, the ion beam focused as the discharge voltage increased.
5. Loss Evaluation

Figure 18 shows the Hall thruster efficiencies as a function of magnetic field strength at a discharge voltage of 225
V. The effect of the magnetic field strength on the charge efficiency was minimal, and the neutral-gain utilization
efficiency decreased slightly as the magnetic field strength increased. The current utilization, mass utilization, and
beam efficiencies improved as the magnetic field strength increased and then saturated at higher magnetic field
strengths, whereas the voltage utilization decreased slightly as the magnetic field strength increased. However, the
current utilization, mass utilization, and beam efficiencies decreased when the discharge current oscillation was
induced at 20.8 mT and increased as the oscillation became weak. In addition, the voltage utilization sharply decreased
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Figure 16. Total ion beam current as a function of magnetic field strength for various discharge voltages.
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when the discharge current oscillation was induced.

Figure 19 shows the anode efficiency as a function of magnetic field strength at a discharge voltage of 225 V. In
Fig. 19, red circle and black square symbols indicate the anode efficiency calculated using Eq. (2) by the plasma plume
property and by the thrust and discharge current, respectively. The anode efficiency predicted by the thrust and
discharge current corresponded to that predicted by the plume profile. In addition, the degradation of the anode
efficiency at 20.8 mT was detected by using the plume profile. The degradation was caused by the thrust change, as
shown in Fig. 6. The plume profile presented in Fig. 18 indicates that thrust change was caused by changes in
propellant utilization, electron confinement by the magnetic field, and beam divergence. These results demonstrated
that the measured plume profile and predicted efficiencies were validated and represented losses in the performance
of the 100-W Hall thruster. Consequently, the low anode efficiency of the 100-W Hall thruster was mainly due to the
degradation in the mass utilization and beam efficiencies, as shown in Fig. 18. Hence, low propellant utilization and
a large beam divergence are critical issues for achieving efficient operation in Hall thrusters with a nominal discharge
power of 100 W or less.

IV.Conclusion

The 100-W Hall thruster with inner and outer electromagnetic coils was developed to discuss the magnetic field
requirement and performance improvement of low-power Hall thrusters. The discharge and plume characteristics of
the 100-W Hall thruster were experimentally evaluated by using the thrust stand, nude-type Faraday probe, Langmuir
probe, ExB probe, and RPA.

The 100-W Hall thruster required a maximum magnetic flux density along the channel centerline above 24.3 mT
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to achieve efficient operation above a discharge voltage of 225 V and to achieve stable operation above a discharge
voltage of 275 V. Hence, as typical thrust performance, a specific impulse of 1,050 s, thrust-to-power ratio of 59.5
mN/kW, and anode efficiency of 0.306 were achieved at a discharge voltage of 225 V and a discharge power of 88.9
W under a background pressure of 7.9x10* Pa.

The measured plume profile and predicted Hall thruster efficiencies were validated, because the anode efficiency
predicted by the thrust and discharge current corresponded to that predicted by the plume profile. From the plume
plasma profile, the low anode efficiency of the 100-W Hall thruster was mainly due to the degradation in the mass
utilization and beam efficiencies. Therefore, low propellant utilization and a large beam divergence are critical issues
for achieving efficient operation in Hall thrusters with a nominal discharge power of 100 W or less.
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