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ABSTRACT

The design of the magnetic field is crucial to the performance of the hall thruster. This paper investigates the effects of magnetic
field on the discharge characteristics of the low-power hall thruster in the method of combining simulation and experiment.
Based on a 40-mm-diameter hall thruster (LHT-40) operating with hundreds of Watts, a two-dimensional axisymmetric model
is established in fluid method to investigate the mechanism, how the magnetic field influences the performance of the thruster,
and the experiments are also carried out to investigate the performance effected by magnetic field. Both the numerical and the
experimental results indicate that there is an optimal magnetic flux density in which the thruster could achieve a higher efficiency
compared with other conditions. And in order to maintain its high efficiency, the line of magnetic-curve inflexion inside the
discharge channel should coincide with the center line of the channel to decrease the interaction between the plasma and the wall.
The LHT-40 could generate about 12.2 mN of thrust at an optimal efficiency of 27% when the maximum magnetic flux density
along the center line of the channel is about 200 Gs.
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INTRODUCTION

With the characteristics of the higher specific impulse and the ability to operate in a wide range of power (Conversano et al. 2014),
hall thrusters are attractive for a wide range of space missions. Especially low-power hall thrusters working under a few hundred
Watts have attracted much attention in the field of small satellite (Grimaud et al. 2016; Smirnov et al. 2002; Zhang et al. 2018).

Asapropulsion instrument controlled by E x B field, the ionization and acceleration in the discharge channel of hall thruster is directly
influenced by the electromagnetic field on the plasma. To some extent, the performance changes of the hall thruster are the consequence of
the variation of the magnetic configuration. Therefore, the design of the magnetic field plays an important role for the performance of the
thruster. Some researches have been conducted on the effects of the magnetic field on performance of the hall thruster.

Morozov et al. (1972) found that the magnetic flux density along the discharge channel should maintain a negative gradient
so that the thruster could operate stably and maintain high efficiency. And then Morozov conducted an experiment to verify his

theory based on a stable plasma thruster (SPT) type hall thruster. Hofer and Gallimore (2002) investigated the effect of the magnetic
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configuration under different discharge voltage on the performance of the thruster based on a 20-kW hall thruster named NASA-

173M, which was improved via adopting additional coils behind the anode to adjust the magnetic field in the discharge channel.
Meanwhile, Hofer (2004) mainly focused on the magnetic configuration but did not pay enough attention to the magnetic flux
density. Garrigues et al. (2003) studied the effect of the gradient of the magnetic flux density on the plasma characteristics through
simulation, and the results infer that the large enough gradient is beneficial to reduce the oscillation of the discharge current.

Hofer and Gallimore (2002) investigated the effect of the magnetic configuration under different discharge voltage on the
performance of the thruster based on a 20-kW hall thruster named NASA-173M, which was improved via adopting additional coils
behind the anode to adjust the magnetic field in the discharge channel. Meanwhile, Hofer and Gallimore (2012) mainly focused
on the magnetic configuration but did not pay enough attention to the magnetic flux density. Garrigues et al. (2003) studied the
effect of the gradient of the magnetic flux density on the plasma characteristics through simulation, and the results infer that
the large enough gradient is beneficial to reduce the oscillation of the discharge current. Gao et al. (2016) modified the magnetic
configuration near the anode and carried out a series of comparative tests on a cylindrical hall thruster, and found that decreasing
the magnetic field near the anode could enhance the propellant utilization. Grimaud and Mazouffre (2018) investigated the effects
of the magnetic shielded configuration and the material of the walls on the performance of the hall thruster via experiments.

Owing to inherently larger surface-to-volume ratios compared to the kilowatt class hall thruster (Grimaud et al. 2016; Zhang
et al. 2018), the interaction between the plasma and the discharge channel wall is also lager, consequently, in low-power hall
thruster, which will decrease the efficiency. Therefore, the magnetic field of the low-power hall thruster needs to be optimized to
ensure its efficiency and the reliability. But research about the effect of the magnetic flux intensity and its radial distribution on
the discharge characteristic of the low-power thruster is still inadequate.

This paper focuses on a 40 mm-diameter hall thruster, which is designed to operate from 200 to 300 W, to understand the

mechanism of how magnetic field influences the performance, and both the numerical and experimental methods are adopted.

PHYSICAL MODEL AND BOUNDARY CONDITIONS

Computational region
Figure 1 shows the hall thruster focused in this paper, named LHT-40, which has a circular discharge channel. The inner and
outer walls of the discharge channel are made of boron nitride ceramics. Magnetic components (coils, shielding and so on), as
well as metal anode, build the electromagnetic field in the channel that controls the process of ionization and acceleration.
Taking the centerline of the annular channel as axial, a two-dimensional axisymmetric model is established. Given that the plasma
is generated and ejected in the discharge channel, this part is chosen as the simulation region, as shown in Fig. 2. The left side of the

channel is the anode, and the right side is the free boundary where ions are ejected. The upper and lower boundaries are ceramic walls.

Source: Elaborated by the authors.

Figure 1. The LHT-40 hall thruster.
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Source: Elaborated by the authors.
Figure 2. Simulation region.

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 & represents the radial position.

Magnetic field and spatial potential

Compared to the magnetic flux density as high as hundreds Gauss generated by coils, that produced by plasma is only a few
Gauss, which could be neglected. Figure 3 depicts the magnetic field in the discharge channel of LHT-40 with excitation current
of inner and coil at 2.7 and 1.17 A, respectively, which is precomputed by Comsol Multiphysics software.
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Source: Elaborated by the authors.

Figure 3. Magnetic configuration in the discharge channel of the hall thruster.

The numerical results and the measurement of the magnetic flux intensity along the discharge channel are shown in Fig. 4,
Bris used to represent that. It can be observed that the Br is larger near the exit while as low as zero Gs near the anode. The numerical

result is almost consistent with the measurement, which means that the numerical result of the magnetic field is reliable.

3 0 ® ® ¢ Numerical results
a0 @ ~
Q 150 ’ ./.' o See. . o . Measurement
Fy /o
‘@ /e°
cC .'o
@ &
100+ o
=< /o
=] ',’.'
ey /‘o
%) e
5 B0+ &
Q /o
S P
g s
X .°
0 T T T T T T 1

Source: Elaborated by the authors.

Figure 4. Magnetic flux intensity along the discharge channel of the hall thruster.
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The magnetic configuration in this section will be used as a reference magnetic field to investigate the effects of magnetic flux

density on the performance of LHT-40 hall thruster in the following text.

The electric field E can be calculated from the derivative of the spatial potential ®, which is resolved via Poisson’s
equation shown in Eq. 1, where n; denotes the ion density while n_ denotes the electron density correspondingly (Duan
et al. 2016).

@

PLASMA MOTIONS

In this section, fluid method is used to investigate the discharge characteristic in different magnetic configuration based on the
two-dimensional coaxial symmetric model established before. The plasma is generated by collision between electrons and atoms.
Therefore, the electrons obey the electron continuity equation (Escobar and Ahedo 2015; Yim et al. 2006) and the conservation
of electron energy equation (Book 1987; Escobar and Ahedo 2015; Wang et al. 2020) given by Egs. 2 and 3, respectively, where
V, represents the velocity of electrons, kj and g are included to denote the reaction rate and the energy loss in the reaction. T, is
the so-called electron temperature, describing the average energy of electrons in eV. |, is electron mobility rate shown in Eq. 4,
where v denotes the collision frequency between electrons and atoms, and Q_ denotes the electron hall correction which can be
expressed as (Book 1987; Katz et al. 2004).

)
3)
4

Reaction rate kj, shown in Eq. 5, could be obtained by averaging of corresponding cross section (https://fr.Ixcat.net/home/)

with electron energy distribution function, which obey Maxwell distribution, as shown in Eq. 6.

€)

(6)

Boundary conditions

The anode of the thruster is the boundary of the conductor and the potential is fixed. The wall of the thruster
channel is an insulating wall, usually boron nitride (BN) ceramic material. The electric field perpendicular to the wall
can be obtained through the surface charge density. The potential of the anode is set to discharge voltage. The exit of
the thruster channel is a vacuum boundary, of which the potential is set to zero volts, and all particles reaching the exit
are regarded as ejected.

The electrons arriving at the wall of the discharge channel follow the boundary conditions in Table 1. The walls and anode
for ions are the surface reactions boundary conditions (Bird et al. 2013; Christou and Jugroot 2014; 2017). T'e is the flux of the
electrons, # is a unit vector of normal to the boundary, ps is the surface charge, ji and je denote the ion and electron current

incident on the boundary, kb is Boltzmann constant and Vd is the anode voltage of the hall thruster.
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Table 1. Boundary conditions.

Boundary n,

Inner wall

QOuter wall

Anode

Source: Elaborated by the authors.

NUMERICAL SIMULATION RESULTS IN HALL THRUSTER DISCHARGE CHANNEL

Effects of the magnetic flux density on the distribution of electron density and potential

In order to illustrate the effects brought by magnetic flux density, simulation was conducted in different magnetic flux density.
Four kinds of magnetic flux density were employed in the simulation, in which the maximum strength along the center line
of the discharge channel is 110, 170, 200 and 230 Gs, respectively (Fig. 5). Here, Br-max represents these. The initial electron
temperature is 2 eV and the density is 1.0 x 10'® m~. The anode voltage is set to 300 V.

Figure 5 shows the distribution of electron density (left) and plasma potential (right) in different magnetic flux density. When
Br-max is 110 Gs (shown in Fig. 5a), the peak value of electron temperature is relatively low (shown on the left picture in Fig. 5a),
and the area under the high electron temperature curve is larger (shown on the right picture in Fig. 5a). It shows that the magnetic
flux density is too weak to restrain the electrons move to the higher potential region, so that the electrons will move towards the
anode rapidly and then collide with the neutral atoms. In this case, the ionization reaction mainly occurs near the anode, thus
the ionization region is short while the acceleration region is large, and the plasma density will peak close to the anode, which
will decrease the efficiency.

In Fig. 5b, the calculation is conducted in the condition of 170 Gs. It can be obviously observed in Fig. 5b (left) that the
ionization region moves towards the exit. The peak value of electron temperature is relatively higher than that in Fig. 5a (right),
as well as closer to the exit of the channel. Owing to the relatively stronger magnetic flux density near the exit, the electrons
residence time becomes longer and the collision frequency with the neutral atoms is increased in turn. So that the ionization
efficiency is improved and more atoms and electrons near the exit participate in the ionization reaction in the discharge channel,
which results in a longer ionization region and a smaller acceleration region and promotes the utilization of neutral atoms. And
then the efficiency of the thruster is also promoted.

Figure 4c shows the results when Br-max is 200 Gs. The ionization region locates closer to the exit and acceleration region
becomes the smallest in the four conditions.

It can be seen that the ionization region (shown on the left picture in Fig. 5d) moves towards the anode slightly. The peak
value of the electron temperature (shown on the right picture in Fig. 5d) is a bit lower than that in Fig. 5¢, for that the stronger
magnetic flux density costs more electron energy.

The ionization region will be much closer to the exit under proper magnetic flux density, and higher peak value of the electron
temperature near the exit will increase the plasma production rate. It can be inferred that the thruster could operate with higher

efficiency under the optimized magnetic flux density.
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Figure 5. Distribution of the electron density in the discharge channel (m) and the potential and the electron
temperature along the center line of the channel when Br-max is 110 Gs (a), 170 Gs (b), 200 Gs (c), 220 Gs (d).
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Effects of the relationship between the magnetic field line and the channel center line
Two kinds of magnetic configuration (B, and B,) have been presented in Fig. 6 to investigate the effects of radial distribution of
the magnetic field. Both in Fig. 6a and b, the magnetic field lines are not symmetric about the center line. In Fig. 6a, line of magnetic-

curve inflexion is above the center line, videlicet, closer to the outer wall of the channel while it is closer to the inner wall in Fig. 6b.
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Figure 6. Two kinds of magnetic configurations. (a) B, configuration; (b) B, configuration.

The corresponding plasma parameters in different magnetic configurations are shown in Fig. 7. The relationship between the magnetic field
line and the channel center line influences the discharge characteristic obviously. As shown in Fig. 7a, the maximum electron density locates
near the outer wall. The deviation of the plasma distribution will enhance the interaction with the wall, which could increase the energy loss
in discharging and decrease the efficiency of the thruster. The strong interaction between the wall and plasma could decrease the efficiency of
the discharging (Raitses ef al. 2005) A similar phenomenon could be observed in B, configuration, as shown in Fig. 7b. It can be inferred that

the thrust and the efficiency will achieve its peak value when the line of magnetic-curve inflexion coincides with the center line of the channel.
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Figure 7. Distribution of electron density with different magnetic configurations
(m™). (a) n, under B, configuration; (b) n, under B2 configuration.

EXPERIMENTAL RESULTS AND DISCUSSIONS

Experimental apparatus

The experiments were carried out to investigate the influence of the magnetic field on the performance of the low-power hall
thruster and confirm the theory of the simulation. All the experiments were conducted in the TS-6A (shown in Fig. 8), which is
designed for low-power electric propulsion tests. The thruster was mounted in the main chamber of TS-6A, which has a diameter
of 3 m and a length of 5 m. And the vacuum facility could provide an operating pressure of 1 x 10*Pa with the hall thruster

maximum flow rates. The thrust stand is also used to measure the thrust.
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Source: Elaborated by the authors.

Figure 8. The vacuum facility for the experiment.

Experimental results

As the magnetic field is produced by a pair of coaxial coils implemented to the thruster, magnetic flux density could be enhanced
without changing its configuration by adjusting the exciting current in equal proportion. The operating parameters are listed in
Table 2 and the results obtained by experiment are shown in Figs. 9-12. The excitation current chosen for the experiments are

obtained by simulation in order to maintain the same magnetic flux density with the simulation conditions.

Table 2. Operating parameters in the experiment.

Discharge voltage (V) Excitation current of inner coil (A) Excitation current of outer coil (A)

Anode flux rate: 0.95 mg-s™’

300 1.56 0.68
300 1.88 0.82
300 2.27 0.88
300 2.70 1.17
300 2.97 1.29

Anode mass flux: 0.8 mg-s™

300 1.39 0.80
300 1.70 0.74
300 2.07 0.89
300 2.43 1.06
300 2.71 1.18

Anode mass flux: 0.65 mg-s™’

300 1.21 0.52
300 1.48 0.64
300 1.74 0.75
300 2.16 0.893
300 2.45 1.07

Source: Elaborated by the authors.
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Figure 9. The magneto-ampere characteristics.
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Figure 10. The magneto-thrust characteristics.

1400+
m 0.95mg/s
E A 08mg/s
(2] ® 0.65mg/s
P E
® 12001 E
Q.
= t
©
‘S 1000 E }
[0}
[oR
(3]
800 T T T |
100 150 200 250
Br-max/Gs

Source: Elaborated by the authors.

Figure 11. The magneto-special impulse characteristics.
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Figure 12. The magneto-efficiency characteristics.
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Figure 9 shows the magneto-ampere characteristics. Taking the condition when anode mass flow is 1.7 mg-s™ as an example,

when the Br-max is lower than 140 Gs, the discharge current decreased rapidly with the increasing Br-max, while the discharge
current almost keep stable when the Br-max ranging from 170 to 200 Gs. The current rises slowly with the increasing Br-max,
when Br-max > 200 Gs.

The magneto-thrust characteristic is opposite, shown in Fig. 10. The thrust reaches the extreme value when Br-max is 200 Gs.
As the definition of special impulse, a similar trend is found in Fig. 10. The profile of the magneto-efficiency characteristic in
Fig. 12 also presents a similar trend and gets the extreme value when Br-max is about 200 Gs.

The experiments confirm the speculation of the simulation and indicate that there is an optimal magnetic flux density, where
the thruster could operate with the satisfactory efficiency. The LHT-40 obtains the best efficiency 27% when Br-max is about
200 Gs. The other conditions present a similar tendency. And the optimal magnetic flux density increases with the anode mass
flow, which is about 180 Gs for 0.8 mg-s™ and 160 Gs for 0.65 mg-s™.

The plume shape could also reflect the performance of the thruster to some extent. Figure 13 shows the Hall thruster operating
with Xe at 300 V discharge voltage and 0.95 mg-s™ anode mass flow under different magnetic flux intensity. It can be found that the
low-power hall thruster has a divergent plume, which presents a shape of triangle. The plume in Fig. 13a is longer and narrower
than that in Fig. 13b, which indicates that the thruster has a better performance when Br-max = 200 Gs. A longer and narrower
plume means a smaller divergence-angle, which indicates that more power input to the thruster is converted to generating thrust,
which means the efficiency of the thruster is higher (Goebel and Katz 2008). The proper designed magnetic field restrain the

plasma away from the wall and concentrated in the center of the discharge channel.

(a) (b)

Source: Elaborated by the authors.
Figure 13. The LHT-40 operating under two different kinds of magnetic
flux intensity. (a) Br-max = 200 Gs; (b) Br-max = 110 Gs.
The magnetic configuration is built under the combined action of inner coil and outer coil. So, the exciting current could be
adjusted in two coils independently to acquire a series of magnetic configurations. I, and I are used to represent the excitation
current in inner coils and outer coils respectively and the working parameters are listed in Table 3 with . ranging from 1.8 to

2.9. The discharge voltage is 300 V, and the anode mass flow was set to 1.7 mg-s™.

Table 3. Operating parameters in experiment.

lin (A) lou: (A) lin/ loue
2.49 1.38 1.8
2.58 1.29 2.0
2.66 1.22 2.2
2.70 1.17 2.3
2.76 1.10 2.5
2.82 1.05 2.7
2.88 1.00 2.9

Source: Elaborated by the authors.
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The experimental results are shown in Fig. 14. It can be inferred that the efficiency reaches the maximum value with the

at 2.3. The experimental results confirm the theory of the numerical results.
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Figure 14. Performance of the thruster with different

CONCLUSIONS

In order to investigate the influence of the magnetic field on discharge characteristics, numerical method has been adopted as well
as experimental method. The effects on the plasma parameters in discharge channel are obtained via established model, such as plasma
density, electron temperature and spatial potential. And then experiments were also conducted to investigate the effects on performance.

It can be concluded that, in a proper designed magnetic field, the line of magnetic-curve inflexion in discharge channel should
coincide with the center line of the discharge channel to decrease the interaction between the plasma and the wall.

And there is a proper magnetic flux density with which the Hall thruster could achieve its maximum efficiency. The optimal
value of the magnetic flux density increases with the increase of anode mass flow. For the LHT-40 hall thruster, the optimal
performance was obtained at 0.95 mg-s~' anode mass flow, when Br-mazx is about 200 Gs, in which the plasma density ranges from
1.0 x 10" to 1.3 x 10" m~ and the thrust is 12.2 mN.
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