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ABSTRACT
Lifetime is a main factor restraining the application of low-power Hall thruster. Magnetic shielding configuration is regarded as a 

promising method to prolong the lifespan of Hall thruster. Aiming to demonstrate the feasibility and effectiveness of magnetic shielding 
configuration applying on low-power Hall thruster, a 60-mm diameter Hall thruster in partial magnetic shielding configuration was 
designated. Both the numerical and experimental methods were used to investigate the discharge characteristics of the Hall thruster 
and help understand the mechanism behind. The maximum anode efficiency was achieved as high as 29.7% with 1.7 mg·s–1 anode 
mass flow and 320 V discharge voltage. To evaluate the effectiveness of the magnetic shielding used for low-power Hall thruster, a 
2000 h lifetime test has been carried out and the results indicate that the erosion rate has been decreased below 0.2 μm·h–1.
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INTRODUCTION

For the past few years, the new aerospace applications represented by microsatellite network promote the development of the 
low-power Hall thruster (< 500 W and < 7 cm diameter) (Grimaud and Mazouffre 2017). Numerous high special impulse low-
power Hall thrusters have been developed, and some of them have been applied in orbit successfully. Meanwhile, lifetime is still 
a restriction for use of the low-power Hall thruster (Conversano et al. 2015; Mikellides and Hofer 2013).

The BHT-200 operates at 11.4 mN under 200 W, while having an operational life no longer than 1000 h (Hargus Junior and 
Charles 2003). The SPT-30, which is a 30-mm diameter Hall thruster, could produce a thrust of 11.3 mN with the anode efficiency 
of 32%, but its lifetime is approximately 600 h (Hruby et al. 1999; Jacobson and Jankovsky 1998).

Generally, the primary factor that restricts the lifetime of the Hall thruster is the erosion of the discharge channel walls caused 
by ion bombardment, from which the low-power Hall thrusters will suffer more severely for its inherently larger surface-to-volume 
ratios (Conversano et al. 2015).
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Application of magnetic shielding in Hall thruster effectively restrains the erosion of the discharge channel, and then 
prolongs the thruster lifetime. Since the magnetic shielding effect was discovered in BPT-4000 (Mikellides et al. 2010; 2011), 
a 4000-W Hall thruster designed for geosynchronous orbit (GEO) satellite, some thrusters in medium power (1 ~ 10 kW), or 
higher (> 10 kW) have succeeded in employing this new magnetic configuration to reduce erosion of the wall. The magnetic 
shielding technique has been regarded as a promising method to prolong the lifetime of the Hall thruster.

However, the inherent problems of the low-power Hall thruster, such as insufficient room for magnetic components and 
so on, make it a challenging prospect to apply magnetic shielding to low-power Hall thruster. Researches have been conducted 
on this prospect.

Grimaud designed a 200-W Hall thruster under magnetic configuration called ISCT200-Ms, producing 11.4 mN thrust and 920 s 
special impulse (Grimaud and Mazouffre 2018). Busek developed a 100-W magnetic shielding Hall thruster, which has a performance 
of 6.57 mN and 1010 s special impulse (Szabo et al. 2017). Expect for the feasibility of the magnetic shielding configuration, low 
efficiency was measured in these thrusters. And all of these thrusters have not carried out a long-duration lifetime test.

Based on predecessors’ work, a 60-mm diameter Hall thruster in magnetic configuration is designed, named LHT-60M, which 
has the same size as its unshielded counterpart, the LHT-60 thruster. The LHT-60M thruster adopted partial magnetic shielding 
configuration and maintained a satisfactory efficiency, as well as long lifetime expectancy. It is also the first self-excited low-power 
magnetic shielding Hall thruster to the authors’ knowledge.

In this text, the characteristics of the LHT-60M are presented. Both the experimental and numerical methods are employed to help 
understand the physical mechanisms of magnetic shielding configuration, as well as the effects on the performance. The rest of this paper is 
organized as follows: the magnetic design of Hall thruster is presented first, and the physical model is established in fluid method to described 
the variation of physical parameters. Based on the model, the numerical results are presented and the discharge characteristics inside the 
discharge channel under two different magnetic configurations are also analyzed. And then the experiment results are demonstrated and 
compared with the numerical results, and the results of lifetime test are also analyzed. The conclusion is provided at last.

MAGNETIC DESIGN

Magnetic shielding
Compared with the conventional configuration, the magnetic field lines extend from the magnetic pole shoe towards the 

anode with larger convex curvature, through the accelerating area, approximately parallel to the discharge channel wall. And the 
magnetic field lines connecting the pole shoe do not intersect the discharge channel walls in the acceleration region. The comparison 
between the two topologies is shown in Fig. 1.
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Figure 1. Comparison between conventional (a) and magnetic shielding (b) configuration.

The magnetic shielding topology could take full advantage of the isothermality of the magnetic field lines (Szabo et al. 2017), 
as shown in Eq. 1.

	 � (1)
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And the integral of the electric field along the magnetic field line from the centerline of the discharge channel can be expressed 
as Eq. 2, the thermalized potential equation, where Φ0 and Te0 represent the plasma potential and the electron temperature in the 
centerline of the discharge channel, respectively (Szabo et al. 2017).

	 � (2)

Via magnetic field line extending to the anode, the electron temperature adjacent to the wall will be as low as that near the 
anode, and then ΦT ≈ Φ0. The sheath potential accelerating ions toward the walls will be decreased.

Magnetic configuration and simulation region
To demonstrate the application and effectiveness of the magnetic shielding configuration on low-power Hall thruster, a 60-mm 

diameter Hall thruster called LHT-60M (Fig. 2) was designed based on its unshielded counterpart.

Figure 2. LHT-60M hall thruster.

A two-dimensional axisymmetric model is established to investigate the effects of different configurations. The simulation 
region is shown in Fig. 3a. The left side of the channel is the anode, which provides enough potential for ionization. And the right 
side is the free boundary where ions are ejected. The other boundaries are the wall of the channel, made of ceramic. The geometric 
dimensions of the discharge area have been normalized. In the following text, L represents the length of the discharge channel, z 
represents the axial position, H represents the width of the discharge channel, and h represents the radial position.

Giving that application of magnetic shielding configuration on low-power Hall thruster will decrease the efficiency, found in 
BHT-100 and ISCT200-Ms (Grimaud and Mazouffre 2018; Szabo et al. 2017), and the strict requirement for magnetic components, 
a partial magnetic shielding configuration was achieved, in which part of the magnetic lines were allowed to intersect the walls 
of acceleration region. The magnetic configurations of LHT-60 and LHT-60M are shown in Fig. 3a and Fig. 3b, respectively, and 
are called US configuration and MS configuration for short hereinafter.
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Figure 3. Magnetic configurations of LHT-60 and LHT-60M. (a) Unshielded (b) Magnetic shielding.
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Figure 4 illustrates the radial magnetic flux density along the center line of the discharge channel of the two thrusters. Br is 
used to represented the radial magnetic flux density. It can be seen that the maximum value of Br in the MS configuration appears 
closer to the exit.
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Figure 4. Magnetic flux density along the center line of the discharge channel.

PHYSICAL MODEL IN DISCHARGE CHANNEL

Spatial potential in discharge channel
The plasma potential can be resolved via Poisson’s equation, which is obtained by Maxwell’s equation, shown in Eq. 3, where 

Φ is used to denote the plasma potential, and ni denotes the ion density, while ne denotes the electron density correspondingly. 
The potential of the anode is set to discharge voltage, and that at the exit is set to 0 V (Duan et al. 2016).

	 � (3)

As for 2D axial symmetry computational model, the physical quantity could be regarded as the function of the r and z. 
Poisson’s equation is written in type of component as Eq. 4.

	 � (4)

And the electric filed could be obtained by Eq. 5:

	 � (5)

Plasma motions in discharge channel
Fluid method has been verified effective in simulating discharging of the Hall thruster (Escobar and Ahedo 2015). In order 

to describe the plasma characteristic in the discharge channel of the Hall thruster, the electrons population could be treated as 
inviscid fluid (Escobar and Ahedo 2015; Mikellides et al. 2011). Electrons motions in the discharge channel can be described 
through electron density and electron energy, which could be resolved via equation of electron continuity and conservation of 
electron capacity.
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The electron continuity equation is given by Eq. 6 and the conservation of electron capacity equation is shown in Eq. 7 
(Ahedo et al. 2000; Escobar and Ahedo 2015):

	 � (6)

	 � (7)

where ne denotes the electron density and Ve is the velocity of the electrons. Ωe represents the electron mobility, which can be 
expressed as Eq. 8, where Ωe is the electron hall correction, expressed in Eq. 9 (Goebel and Katz 2008):

	 � (8)

	 � (9)

where v denotes the collision frequency (Book 1987; Katz et al. 2004) between electrons and the neutral atoms, as shown in Eq. 10:

	 � (10)

Re and Ren can be expressed as Eq. 11 and Eq. 12, respectively, where kj denotes the velocity of the reaction j and εj denotes the 
energy loss in the reaction:

	 � (11)

	 � (12)

Reaction velocity kj could be obtained in Eq. 13, where f(ε) is the electron energy distribution function, that obey Maxwell 
distribution (Goebel and Karts 2008):

	 � (13)

The transport process of particles expect electrons could be described in Eq. 14, where Jk denotes the diffusion flux of particles 
k, and Rk represents the production rate of it. Jk can be obtained in Eq. 15, wk is the quality fraction of particles k (Christou and 
Jugroot 2017; Goebel and Karts 2008):

	 � (14)

	 � (15)

And Vk denotes the diffusion velocity of particles k, which is shown in Eq. 16: 

	 � (16)

Dk,m denotes the average diffusion coefficient, and μk,m is average mobility rate of particles k, and zk is charges of it. These related 
parameters are listed in Table 1.
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Table 1. Parameters relative to discharge.

Parameters Expression

Dk,m

μk,m

f(w)

veth

vth

αk

ven

vei

Boundary conditions
The electrons arriving at the wall of the discharge channel follow the boundary conditions as Eq. 17 and Eq. 18, which 

illustrate the flux of electrons and their energy on the wall, respectively (Christou and Jugroot 2015). Where Σp γp (Γp·n) denotes 
the generated flux of secondary electrons, and Γp·n represents the heat emission rate:

	 � (17)

	 � (18)

For the particles expect electrons, the flux on the boundary could be expressed as Eq. 19, where vth denotes the thermal velocity 
of the ions and listed in Table 1 (Christou and Jugroot 2015):

	 � (19)
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Performance of the thruster
The performances that are concerning are thrust, special impulse and the anode efficiency. The thrust could be calculated in the method 

of accumulating the product of axial velocity and the mass flow rate of the ions at the exit, as shown in Eq. 20. Special impulse is defined as 
the consumption of the propellant per unit impulse generated, which is expressed in Eq. 21. And the efficiency could be presented in Eq. 22:

	 � (20)

	 � (21)

	 � (22)

where vi
+ and Γi

+ denote the velocity and the mass flow rate of the ions at the exit, respectively. Pd is the power consumed when the 
thruster is operation, mXe represents the mass flow rate of the propellant and g is gravitational acceleration constant, which is 9.8 m·s–2.

NUMERICAL SIMULATION RESULTS IN HALL THRUSTER DISCHARGE CHANNEL

This section presents the results of the numerical simulation in the discharge channel of the two thrusters. The simulations have 
been carried out both in magnetic shielding and conventional configuration and at discharge voltage of 320 V, anode mass flow of 
1.7 mg·s–1. The initial electron temperature is 2 eV and the density is 1.0 × 1018 m–3. The numerical results demonstrate the plasma 
parameters in the discharge channel, which are relevant to the performance and erosion.

The numerical results of the discharge channel are shown as follows. The spatial potential distribution along the center line of the discharge 
channel is shown in Fig. 5. In unshielded configuration, the plasma potential drops rapidly inside the discharge channel at an axial location 
of ~0.7 z×L–1. While in the MS configuration, owing to the continuous magnetic field lines that expand to the anode, the spatial potential is 
higher at the same position in acceleration region than its unshielded counterpart, so that the drop occurs at an axial location of ~0.85 z×L–1.
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Figure 5. Spatial potential along the center line of the discharge channel.

Figure 6 presents the spatial distribution of the electron density in both configurations. The electron density in the MS 
configuration in the channel ranges from about 1 × 1017·m–3 to 1.4 × 1018·m–3, a little higher than that in the US configuration, which 
ranges from 1 × 1017·m–3 to 1.2 × 1018·m–3. And the peak value of the electron density appears at about z×L–1 = 0.7 upstream of the 
exit, while that in conventional configuration is at about z×L–1 = 0.5. It indicates that the ionization reaction in MS configuration 
occurs nearer the exit, which brings in a longer ionization region in the discharge channel.
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Figure 6. Electron density in the discharge channel of LHT-60 and LHT-60M (m–3). (a) Conventional; (b) Magnetic shielding.

Figures 7 and 8 demonstrate the distribution of the electron temperature in the two configurations. Compared with 
the conventional configuration, in which the electron temperature remains at about 5 V near the anode and raises 
quickly to about 27 V at an axial location of ~0.83 z×L–1, the Te in US configuration keeps low along the channel, and 
reaches its peak value at about 0.9 z×L–1. The results also accord with the theory denoted in section “Magnetic design”. 
The peak value of Te in MS configuration is also higher than its unshielded counterpart, which can be attributed to 
the reason as follows:
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Since the electric field intensity in the acceleration region of the discharge channel is larger in MS case, the electrons could 
capture more energy in this region with little collision and the electron temperature rises continuously to the peak value. 
Then the electrons participate in the ionization and excitation reaction, where the energy would be consumed by collision 
with neutral atoms. Meanwhile, in the US configuration, the original electrons are accelerated by a relative weak electric field, 
and then decelerated in the course of collision with the neutral atoms. Thereby, the distribution of the electron temperature 
presents a different profile.

EXPERIMENTAL RESULTS AND DISCUSSION

Experiment equipment
The experiment was carried out in a large vacuum facility designed for electric Hall thruster, as shown in Fig. 9. The size of the 

vacuum chamber is Φ 5 × 10 m, which could provide a base pressure of 1 × 10–4 Pa with the Hall thruster full power flow rates. 
As shown in Fig. 10, the thruster is mounted with thrust stand inside the vacuum facility and along the centerline of the chamber 
near the end to ensure the plume extending completely. The Hall thruster operated at the discharge voltage of 320 V and anode 
flow rates of 1.7 mg·s–1.

Figure 9. The vacuum facility for the experiment.

Figure 10. Experiment with thrust stand.
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Performances of the thrusters
To validate the applicability of the magnetic shielding configuration on the low-power Hall thruster, the experiments were 

carried out in the LHT-60 and LHT-60M. The performances, such as thrust, special impulse and efficiency under different discharge 
voltage were tested, as well as those versus anode mass flows with fixed discharge voltage.

As shown in Fig. 11, the discharge current increases with the rising of the discharge voltage. Current in magnetic shielding 
configuration is a little higher than that in conventional configuration.
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Figure 11. Discharge current of LHT-60 and LHT-60M with (a) fixed anode mass flow and (b) fixed discharge voltage.

The thrust versus discharge voltage for the anode mass flow at 1.7 mg·s–1 and various with different anode mass flow under 
fixed voltage is shown in Fig. 12. It can be seen that the thrust of the thruster under MS configuration is a little lower than that 
in US configuration, whether in fixed anode mass flow or in fixed discharge voltage, which coincides with the prediction of the 
numerical results shown in the dotted lines. The numerical result is lower than the experimental results and the deviation is no 
more than 10%. This is because the model mainly focuses on the single valence ions, while the multiple valences ions also contribute 
to the thrust, as well as the residual air in the vacuum chamber participating in the discharge reaction.

Discharge Voltage / V
280

Anode mass �ow (mg·s-1)
1.11 1.2 1.3 1.4 1.5 1.6 1.7 1.8300 320 340 360

Th
ru

st
 /

 m
N

Th
ru

st
 /

 m
N

24

22

20

18

16

24

22

20

18

16

14

12

10

8

6

(a) (b)

Experiment (US)
Simulation (US)
Experiment (MS)
Simulation (MS)

Figure 12. Thrust of LHT-60 and LHT-60M with (a) fixed anode mass flow and (b) fixed discharge voltage.

According to Eq. 21, a similar trend can be found on the special impulse, as shown in Fig. 13. The experimental results range 
from 1208 to 1474 s in US configuration and 1142 to 1391 s in MS configuration, respectively.
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Figure 13. Anode special impulse of LHT-60 and LHT-60M with (a) fixed anode mass flow and (b) fixed discharge voltage.

The results about efficiency versus discharge voltage and anode mass flow are shown in Fig. 14. Similar to the thrust, the efficiency of 
the MS thruster is lower than that of the US thruster in a whole. The maximum efficiency of the unshielded thruster is 34%, occurring 
when the discharge voltage is 320 V, the anode mass flow is 1.7 mg·s–1. As for the MS, the peak value of the efficiency is about 30%.
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Figure 14. Anode efficiency of LHT-60 and LHT-60M with (a) fixed anode mass flow and (b) fixed discharge voltage.

Erosion of the discharge channel
In order to verify the benefit of the magnetic shielding configuration, an endurance test has been carried out. The LHT-60 has operated in 

the vacuum chamber for 2000 h up to now, at the discharge voltage 320 V and anode flux 1.7 mg·s–1. The morphology change of the discharge 
channel in acceleration region was measured every 200 h. Figure 15 shows the Hall thruster operating with Xe at 320 V and 1.7 mg·s–1.

Figure 15. LHT-60M operating with Xe at 320 V and 1.7 mg·s–1.
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The erosion mainly happens in the area adjacent exit of the channel, the so-called acceleration region. Therefore, the erosion 
test focuses on the variation of the appearance in this part. The erosion can be obtained by measuring the position of the surface 
of the wall through three-dimensional profilometer in every 200 h. The largest variation in each test is adopted to represent the 
erosion during the past period.

Figure 16 illustrates the tendency of the erosion rate during the whole experiment. On the hall, the erosion rate decreases with the 
processing of the experiment. In the first 200 h of the test, the erosion rate is about 2.5 μm·h–1 and, as the test proceeds, the erosion 
rate decreased below 1.1 μm·h–1 after 1000 h. In the last 600 h, the erosion rate is lower than 0.2 μm·h–1. In general, the erosion rate 
of a SPT-type of the low-power Hall thruster is larger than 5 μm·h–1 (Mikellides et al. 2014). In contrast, even the largest erosion 
rate in the LHT-60M is lower than half of that. The experimental results manifest the effectiveness of the magnetic configuration 
applied on low-power Hall thruster.
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Figure 16. LHT-60M erosion rate through 2000 h test.

Figure 17 shows the average erosion rate in the whole span of the experiment and the erosion rate in last 200 h along the wall, 
from which it is possible to find that the erosion mainly appears in the region ~25% z×L–1 to the exit. In the last 200 h, the erosion 
rate decreased below 0.2 μm·h–1, which means that the residual lifetime of the thruster is still considerable.
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CONCLUSIONS

In this paper, both numerical and experimental methods were performed to investigate the effects of the magnetic shielding 
configuration on the discharge characteristics of the 60-mm diameter Hall thruster. The spatial potential, electron temperature 
and electron density in discharge channel were compared in two different magnetic topologies. The experimental on performance 
were also carried out in various conditions. A 2000 h lifetime test was also carried out to validate the effectiveness of the magnetic 
shielding configuration adopted in low-power Hall thruster.

The results show that the peak value of the electron temperature along the discharge channel and the potential drop occurs much 
closer to the exit than that in unshielded configuration. For the performance, the anode efficiency in MS configuration is slightly 
lower than that in US configuration, and the maximum value is 29.7 and 34% in shielded and unshielded configuration, respectively, 
corresponding to thrust of 21.7 and 23.2 mN. For the lifetime test, the average erosion rate at the exit in 2000 h is about 1 μm·h–1, and 
decreased below 0.2 μm·h–1 in last 200 h. It indicates that the partial magnetic shielding configuration is effective. The slight decrease 
of the performance brought by magnetic configuration could be acceptable in order to prolong the operating lifetime of the thruster. 
The results demonstrate the effectiveness and benefit of magnetic shielding configuration being applied on the low-power Hall thruster.
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