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In this paper, the limitations of two-dimensional magnetic field configuration for an annular ion thruster are analyzed
theoretically and numerically. The two-dimensional magnetic field, which is commonly used in traditional ion thrusters, has
been proved to be a very effective way for the confinement of primary electrons and ions. Hence, the confinement
characteristics of primary electrons and ions in an annular ion thruster with the two-dimensional magnetic field configuration
are first analyzed theoretically. Then, according to the analysis, a two-dimensional magnetic field for an annular ion thruster is
designed. On this basis, the limitations of the two-dimensional magnetic field configuration are analyzed and discussed by a
three-dimensional (3D) Particle-in-cell Monte Carlo collision (PIC-MCC) model. The results show that if the collision process
is not considered, a uniform distribution of primary electrons can be achieved theoretically. However, when considering the
collision process, the atom forms a significant impedance to the circumferential motion of primary electrons, thus greatly
increasing the loss rate of primary electrons. Finally, it is found that, since primary electrons are not guided and constrained in
the circumferential direction under the two-dimensional magnetic field, the discharge uniformity cannot be improved only by
increasing the magnetic field intensity.

1. Introduction

Due to significant advantages, electric propulsion has been
widely used in scientific and commercial space missions
[1–4]. As one of the most widely used electric propulsions,
conventional Kaufman-type ion thruster has successfully
carried out many space missions due to its high efficiency
and specific impulse [5–7]. To further improve its thrust
and power to cope with the next deep space exploration, Pat-
terson and Herman [8] proposed a new kind of Kaufman-
type ion thruster, i.e., the annular ion thruster [9–11]. The
newly proposed annular ion thruster utilizes the double
annular anodes design which makes its ion optics easily
manufactured. Meanwhile, since the area of anode increase
nearly doubled, its input power can increase greatly [12,

13]. However, the cathode of annular ion thruster biases
on the one side of the discharge chamber, making its dis-
charge process uneven. This is very harmful to ion optics
and can lead to excessive discharge loss [14]. Therefore,
how to keep a uniform discharge is quite critical for the
application of annular ion thruster [15].

In Kaufman-type ion thruster, the magnetic field is one
of the most important parameters for performance. The
magnetic field is produced by the permanent magnets off
anodes and used to confine primary electrons and plasma.
In a well-designed magnetic field, most electrons (including
primary electrons and secondary electrons in plasma) will be
constrained and lost only at the magnetic tip, while most
ions will be extracted by ion optics [16]. Since electrons have
a small loss area, they can have a long average confinement
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length, which makes them uniformly distributed in the dis-
charge chamber. Also, since most ions can be used to pro-
duce the thrust, the discharge loss is small. Hence, an
excellent magnetic field structure can greatly improve the
uniformity of primary electrons and improve other perfor-
mance of the Kaufman-type ion thruster.

Due to the success of the two-dimensional magnetic field
configuration which is commonly used in conventional
Kaufman-type ion thruster, in current designs, the two-
dimensional magnetic field configuration is also adopted in
annular ion thruster. However, under this design, serious
nonuniform discharge was also observed [17]. Due to the

nonaxisymmetric, it is difficult for the plasma to diffuse uni-
formly in the discharge chamber. Most plasma mainly con-
centrates on the cathode side, leading to quite high
discharge loss. This means that it may not be suitable to
use the two-dimensional magnetic field configuration
directly in the annular ion thruster.

Therefore, to better understand the limitations of two-
dimensional magnetic field configuration when it is used
for the annular ion thruster, its characteristics are analyzed
in this paper. First, the confinement characteristics of pri-
mary electrons and ions in an annular ion thruster with
the two-dimensional magnetic field configuration are ana-
lyzed theoretically. Then according to the analysis, a two-
dimensional magnetic field for the annular ion thruster is
designed and presented. After that, the limitations of the
two-dimensional magnetic field configuration are analyzed
and discussed by a three-dimensional (3D) Particle-in-cell
Monte Carlo collision (PIC-MCC) model. Section 2 presents
the confinement characteristics of primary electrons and
ions by theoretical analysis. The designed two-dimensional
magnetic field is also presented. In Section 3, the 3D PIC-
MCC model is presented. Then, the simulation results and
the analysis are provided. Finally, the conclusions will be
given in Section 4.

2. Theoretical Analysis of Magnetic
Confinement of Charged Particles

In this section, the radial and axial distributions of primary
electrons and ions are analyzed theoretically. Then, the basic
design criteria of the two-dimensional magnetic field config-
uration and the designed magnetic field for an annular ion
thruster will be given according to the theoretical analysis
results.

2.1. Distribution Characteristics of Primary Electrons.
Figure 1 shows the schematic diagram of an annular ion
thruster. It mainly consists of five parts: inner anode, outer
anode, bottom anode, cathode, permanent magnet, and ion
optics. In Figure 1, the settings of several permanent mag-
nets are just schematic. Table 1 shows the relevant geometric
parameters.
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Figure 1: Structure diagram of annular ion thruster.

Table 1: The geometric parameters.

Parameter Value (unit m)

Outer anode diameter ro 0.045

Height of outer anode 0.216

Inner anode diameter ri 0.135

Height of inner anode 0.216

Radius of cathode 0.012

Height of cathode 0.036

y

x
o

𝜃

Diffusion
direction

Cathode

Figure 2: Structure diagram of circumferential diffusion.
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In discharge chamber, the primary electrons will be first
injected from the hollow cathode. Meanwhile, for the pri-
mary electrons, the discharge chamber can be regarded as
a space with a reflection boundary. Primary electrons are
mainly lost near the tip of the magnetic line perpendicular
to the wall. The primary electrons move back and forth
along the discharge chamber until they collide with the
anode in the effective contact area near the magnetic tip,
either by ionization or excitation collision with a neutral
gas, or heated by Coulomb interaction with plasma elec-
trons. According to the above characteristics, we try to figure
out the circumferential and axial distribution of primary
electrons theoretically.

2.1.1. Circumferential Distribution Characteristics of Primary
Electrons. First, ignoring the impact of collisions on the
motion of the primary electron, the primary electron only
loses at the tip of the magnetic field. The loss area at one
magnet tip is defined as

Ai
p = 2rpLim = 2

Bik k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mpvpTp

qp

s
Lim, ð1Þ

where Ai
p is the loss area at the ith magnet tip, Lim is the

length of the ith magnet, Bi is the magnetic field intensity
at the ith magnet tip, and Tp is the electron temperature in
eV.

Suppose there are N permanent magnets, then the pri-
mary electron current lost at the tip of the magnetic field is
equal to

Ip = npqpvpAp, ð2Þ

where

Ap = 〠
N

i

Ai
p: ð3Þ

The primary electron density distribution satisfies the
continuity rule,

dnp
dt

+∇ npup
� �

=G − L, ð4Þ

where np is the primary electron density, t is time, up is the
diffusion velocity of primary electrons, G is the generation
rate of primary electrons, and L is the loss rate of primary
electrons.

As shown in Figure 2, it is assumed that the entry of pri-
mary electrons is regarded as the boundary condition, i.e.,
G = 0, while their loss at the tip of the magnetic field can
be regarded as a spatial loss rate, i.e., L. Assuming that the
primary electrons are uniformly distributed in the radial
and axial directions, we can simplify Eq. (4) into a one-
dimensional equation with the variable θ.

Ignoring the radial and axial variations of the primary
electron density, in polar coordinates, Eq. (4) can be rewrit-
ten as

dnp
dt

+ 1
r

d npu
θ
p

� �

dθ
= G − L, ð5Þ

where r is the compromise radius, r = 1/2ðro + riÞ, ro is the
outer radius, and ri is the inner radius; u

θ
p is the circumferen-

tial diffusion velocity of primary electrons.
L can be expressed as

L =
Ip

qpAP

∑N
j 2rjrp

1/2 r2o − r2i
� �

H
, ð6Þ

where rj is the radius of the jth magnet, and H is the height
of the thruster discharge chamber.

In steady-state, this one-dimensional equation can be
expressed as

d npu
θ
p

� �

dθ
ro − rið ÞH = −

Ip
qpAp

〠
N

j

2r jrp: ð7Þ

Table 2: The case group setting for circumferential distribution of primary electrons.

Parameter Case group 1 Case group 2 Case group 3 Case group 4

B Tð Þ 0.05, 0.1, 0.15, 0.2, 0.25,
0.3

0.2 0.2 0.2

N 9 1, 6, 11, 16, 21, 26 9 9

Δr mð Þ 0.121 0.121
0.05035, 0.06448, 0.07861,
0.09274, 0.10687, 0.121

0.121

H mð Þ 0.24 0.24 0.24
0.168, 0.1824, 0.1968,
0.2112, 0.2256, 0.24

〠
N

j

2r jrp 10−4m−2� � 11.0, 5.5325, 3.6883,
2.7662, 2.213, 1.8442

0.34578, 2.0747, 3.8036,
5.5325, 7.2614, 8.9903

2.2516, 2.3545, 2.4574, 2.5604,
2.6633, 2.7662

2.7662
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Figure 3: Continued.
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If the collision process is ignored, uθp can be regarded as

constant and uθp ≈ vp, then, we can get

dnp
dθ

= −np
∑N

j 2rjrp
ro − rið ÞH : ð8Þ

Finally, we can obtain the circumferential distribution of
the primary electrons as follows

np = n0pe

−θ〠
N

j

2rjrp/ ro−rið ÞH
: ð9Þ
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Figure 3: Variation of primary electron density under different parameters.
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Figure 4: Structure diagram of radial diffusion.

Table 3: The case group setting for axis distribution of primary electrons.

Parameter Case group 5 Case group 6 Case group 7

B Tð Þ 0.05, 0.1, 0.15, 0.2, 0.25, 0.3 0.2 0.2

N 9 1, 6, 11, 16, 21, 26 9

Δr mð Þ 0.121 0.121 0.05035, 0.06448, 0.07861, 0.09274, 0.10687, 0.121

As mð Þ 0.1082 0.1082 0.0193, 0.0346, 0.0511, 0.0689, 0.0879, 0.1082

〠
N

i

Lim mð Þ 9.4097
1.1762, 7.0573, 12.9383, 18.8194,

24.7005, 30.5815
7.659, 8.0091, 8.3593, 8.7094, 9.0595, 9.4097
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To ensure the normal operation of the ion optics, the dif-
ference of plasma density upstream of the ion optics should
not exceed one order of magnitude, that is, less than 10%.
Therefore, here, we mainly focus on the circumferential
decay degree of primary electron density, and n0p is set to
be 1. Then, four factors affect the circumferential distribu-
tion of primary electrons: the number of magnets, the differ-
ence between inner and outer radius, the height, and the
magnetic field strength.

Let Δr = ro − ri and B = kBk. Then, the simulation cases
and their parameter settings are presented in Appendix A.
Table 2 summarizes the values of input parameters for the
analysis of circumferential distribution characteristics of pri-
mary electrons. Figure 3 shows the circumferential distribu-
tion of primary electrons of each case group.

According to the criterion (not less than 10%) and the
results in Figure 3, it can be found that the circumferential
distribution of primary electrons has the following charac-
teristics: (1) it is sensitive to the magnetic field and changes
nonlinearly. The magnetic field near the anode should be
greater than 0.1 T. The stronger the magnetic field is, the
better, but the improvement is not obvious when the mag-
netic field is greater than 0.2T. (2) It is not sensitive to the
number of magnets and changes almost linearly. The less
the number of magnets is, the better. (3) It is also sensitive
to the channel spacing and changes nonlinearly as well.
The channel spacing should be greater than 0.06445m, the
wider the channel is, the better. But when the channel spac-
ing is greater than 0.07861m, the improvement is not obvi-
ous. (4) It is very insensitive to height.
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Figure 5: Variation of primary electron density under different parameters.

B: 2.0×10–03 6.4×10–03 2.0×10–02 6.5×10–02 2.1×10–01

X

Figure 6: The designed magnetic field for an annular ion thruster (T).
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2.1.2. Axial Distribution Characteristics of Primary Electrons.
The axial transport characteristics of primary electrons are
shown in Figure 4. Similarly, the axial distribution of pri-
mary electrons can be expressed as

d npu
z
p

� �

dz
As = −

Ip
qpAp

〠
N

i

Lim, ð10Þ

where Lim is the ith magnet circumference; uzp is the axial dif-
fusion velocity of primary electrons; As is the area of ion
optics, and

As = π r2o − r2i
� �

: ð11Þ

Assuming that uzp is constant and uzp = vp, then, we can
get

dnp
dz

= −np
∑N

i L
i
m

As
: ð12Þ

Since the primary electrons are mainly lost at the mag-
netic tip, the loss length of the primary electron is discrete

in the axial direction, that is, dz should be expressed as Δz,
and

Δz = 〠
k

i

2rp, k = 1⋯N: ð13Þ

Then, we can get

np = n0pe
−Δz〠

N

i

Lim/As

: ð14Þ

In Appendix A, Table 3 summarizes the values of input
parameters for the analysis of axial distribution characteris-
tics of primary electrons. Figure 5 shows the axial distribu-
tion of primary electrons of each case group. It indicates
that the decay of the primary electron density in the axial
direction is not obvious and is not sensitive to the number
of magnets, the difference between inner and outer radius,
and the magnetic field strength. Under all factors, the decay
of the primary electron density in the axial direction is less
than 10%.

2.2. Distribution Characteristics of Ions. In this section, we
directly give the one-dimensional distribution equations of
ions in the circumferential directions and then analyze their
distribution characteristics. Note that because the loss of
ions is mainly on the ion optics, and the loss on the anode
can be negligible, the distribution of ions in the circumferen-
tial direction is only analyzed.

First, the circumferential distribution of ions can be
expressed as

1
r

d niu
θ
i

� �
dθ

=Gi − Li, ð15Þ

Table 4: The reference parameters and the value.

Reference parameter Value

Electronic mass, mref =me 9:3 × 10−31kg
Elementary charge quantity, qref = qe 1:602 × 10−19

Vacuum dielectric constant, εref = ε0 8:85 × 10−12Fm
Reference number density, nref 1 × 1018m−3

Reference temperature, Tref 5eV
Reference potential, Φref Φref = kTe/qref
Reference length, Lref 5 × 10−3m
Reciprocal of electron cyclotron
frequency, tref = 1/ωe
ω

1/ωe =me/qrefBmax

Electron sound velocity, vref = vs vs =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTe/me

p

Reference electric field strength, Eref Eref =Φref /Lref
Reference magnetic induction, Bref Bref = Bmax

Table 5: The normalized geometric parameters.

Parameter Value

Outer anode diameter ro 7.5

Height of outer anode 36

Inner anode diameter ri 22.5

Height of inner anode 36

Radius of cathode 2

Height of cathode 6
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Figure 7: The curve of particle number with iteration steps.
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where ni is the ion density, uθi is the circumferential diffusion
velocity of ions, Gi is the production rate of ions, Li is the
loss rate of ions. Here, the production rate Gi of ions is
assumed to be constant. The loss of ions on the anode is
ignored, and the ion transmittance of ion optics is assumed
to be 100%. Then, the loss rate Li of ion is expressed as

Li =
Ii

qiAsH
, ð16Þ

where qi is the charge quantity of ions, Ii is the ion beam
current, and

Ii =
1
2 niqivBohmAs: ð17Þ

Suppose uθi is also constant, hence

dni
dθ

= rG

uθi
−
1
2 ni

rvBohm
Huθi

: ð18Þ

Finally, we can obtain the circumferential distribution of
ions as follows

ni = n0i e
−θrvBohm/2Huθi + 2HGi

vBohm
: ð19Þ

Since the variables r, vBohm, H, uθi , are in the same order

of magnitude, one can calculate that e−πrvBohm/2Huθi ≪ 0:9
based on the values listed in Tables 2 and 3. Furthermore,
since n0i is very small, usually equal to 0, the distribution of
ions is mainly determined by Gi, that is, the distribution of
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Z

Figure 8: Distribution of primary electron density with the collision process.
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Figure 9: Distribution of primary electron density without the collision process.
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Figure 10: Continued.
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ions mainly depends on the distribution of primary electrons
but not on the diffusion process. Therefore, once the uni-
formly distributed primary electrons are obtained, the uni-
formly distributed ions will also be obtained.

2.3. The Design of Two Dimensional Magnetic Field
Configuration Based on Theoretical Analysis. Based on the
above results, we propose the design criteria of the two-
dimensional magnetic field configuration for annular ion
thruster in this section. We also draw on the magnetic field
design criteria of traditional Kaufman-type ion thrusters. In
Ref. [18], Wirz and Goebel found that the magnetic con-
finement and overall performance of the plasma generally
improve with the increase of the maximum closed profile,
Bcc. The field line topology needs to be carefully designed
to effectively utilize the primary electrons and ensure ideal
beam flatness, low double ion content, and good perfor-
mance. The Bcc must be high enough to restrict the primary
electrons. The Bcc must be low enough to allow stable dis-
charge of all desired discharge plasma densities. Finally,
Wirz and Goebel proposed that Bcc should be around
0.2T [18].

To ensure the circumferential uniformity of electrons
and ions, the following criteria should be satisfied.

Rule 1: the magnetic field near the anode should be large
enough to effectively constrain the primary electrons. How-
ever, in order to ensure a large enough ionization region (i.e.,
the region where the magnetic field is less than Bcc [18]), the
magnetic field of the permanent magnet cannot be too large.
Therefore, according to the results in Section 2.1 and Section
2.2, the value 0.2T is chosen.

Rule 2: the number of magnets should be few enough.
However, if the number is too few, it is difficult to form an
ideal closed profile, Bcc. Therefore, the MAXWELL 3D soft-
ware [19] is used to simulate the magnetic field formed by
different numbers of magnets. The results show that the
minimum number of permanent magnets that can form an
ideal closed profile is 9.

Rule 3: the channel spacing should be large enough. The
designed maximum value 0.121m is selected.

Rule 4: similar to rule 2, if the height is too high, it is dif-
ficult for the permanent magnets to form an ideal closed
profile. Hence, the height should not be too large. Here,
the designed minimum height 0.168m is selected.

Ionize: 0.01 0.05 0.09 0.13 0.17 0.21 0.25 0.29 0.33 0.37 0.41 0.45 0.49

X

Z

(d) Ionization collision

Figure 10: Distribution of Bohm, elasticity, excitation, and ionization collision.
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Figure 11: Primary electron trajectories.
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Based on the above criteria, a two-dimensional magnetic
field configuration for the annular ion thruster is designed.
Figure 6 shows the simulation results of the designed mag-
netic field, which is implemented through the MAXWELL
3D software [19]. In the next section, the limitations of
two-dimensional magnetic field will be analyzed numerically
based on this magnetic field configuration.

3. Numerical Analysis on the Limitations of the
2D Magnetic Field Configuration

In this section, the characteristics of primary electrons under
the designed two-dimensional magnetic field configuration
are simulated. The simulation model for the primary elec-
trons is part of a 3D discharge chamber model for conven-
tional Kaufman-type ion thrusters developed by Lu et al.
[17, 20–23]. Then, the 3D density distribution, tangential

average density distribution, different collision frequencies,
and the traces of primary electron are presented. According
to simulation results, the limitations of the 2D magnetic field
structure are analyzed.

3.1. Computational Model. The model is built on the IFE-
PIC-MCC method. In this paper, the PIC-MCC module is
only used. In the PIC-MCC module, the plasma is set to be
quasineutral, so its self-consistent field is ignored. The model
is described below.

3.1.1. The PIC Method. In the PIC method, the detailed
information of the flow field is obtained by directly tracking
the movement of a large number of simulated particles. First,
the initial state of the simulated particle must be determined
according to the input conditions. In this model, the initial
states of the primary electrons include the injected number
of each step, the initial position, and the initial velocity.

X
Y

Z

The magnetic mirror confinement

Figure 13: Primary electron trajectories near the cathode (local).

The variation of
electron trajectories
caused by collisions

Z

Y

Figure 12: Primary electron trajectories near the anode (local).
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The number and initial position can be determined by the
emission current Ie and the position of the cathode top,
while the initial velocity is determined by the initial energy
of the primary electron.

Ie refers to the current emitted from the cathode, while
the discharge current Id refers to the current consisting of
charged particles received from the anode, and beam current
Ib refers to the current consisting of ions drawn from the
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Figure 16: Distribution of primary electron density with 10 times the initial magnetic field strength.
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Figure 15: Distribution of primary electron density with 6 times the initial magnetic field strength.
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Figure 14: Primary electron trajectories without collision process.
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Figure 17: Continued.
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optics. In an ideal ion thruster discharge chamber, all ions
are extracted by the optics, while all electrons (including pri-
mary electrons and secondary electrons) are absorbed by the
anode. Therefore, the discharge current Id is mainly com-
posed of Ie and the secondary electron current Ise. The num-
ber of secondary electrons is equal to the number of ions,
hence, Ise = Ib.

Therefore, Ise can be calculated from discharge current
Id and beam current Ib [23]:

Ie = Id − Ib: ð20Þ

The initial position of the primary electrons is located at
the cathode emitter, and the primary electrons are uniformly
distributed. In addition, the sheath thickness at each bound-
ary of the discharge chamber is neglected, hence, the pri-
mary electrons are assumed to emit from the cathode
sheath edge. Therefore, the initial velocity of the primary
electron is the velocity accelerated by the cathode sheath
potential. Since the potential drop of the cathode sheath
(about 30V) is much larger than the thermal kinetic energy
of the primary electron (about 2 eV), the initial velocity of
the primary electron in the axial direction (Z-direction) is
defined as the velocity accelerated by the cathode sheath
potential, while the initial velocity in the other two direc-
tions (X and Y direction) conforms to Maxwell distribution
[23]:

up =

upx = vth
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ln Rð Þ

p
sin 2πRð Þ,

upy = vth
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ln Rð Þ

p
cos 2πRð Þ,

upz =
ffiffiffiffiffiffiffiffiffi
2qϕc
mp

s
,

8>>>>>><
>>>>>>:

ð21Þ

where vth is the most probable thermal velocity, R is a ran-
dom number between 0 and 1, and ϕc is the potential drop

of cathode sheath. Then, the trajectory of primary electrons
is determined by Newton’s second law and Lorentz force:

mp

dup
dt

= qp E + up × B
� �

: ð22Þ

The above equation is solved by Boris’s leaping frog
algorithm [24]. If primary electrons impact the cathode or
the screen grid, they are reflected into the discharge cham-
ber, and the reflection is taken as being specular [25], while,
if they impact the anode, they are considered to be absorbed.
In addition, if the energy of a primary electron is less than
the threshold of ionization collision, it will be also deleted
from the simulation domain [25]. The time step for the pri-
mary electrons is one-third of the primary electron cyclotron
frequency.

3.1.2. The MCC Method. In the MCC method, only four col-
lision types of primary electrons are considered: elastic colli-
sion, excitation collision, ionization collision, and Bohm
collision [26] When all of these collisions occur, it is
assumed that the neutral atoms remain unchanged. If elastic
collisions occur, the energy of primary electrons remains
unchanged, but the velocity will be reset; if an excitation col-
lision occurs, the primary electron loses 8.32 eV of energy,
and then the velocity direction is reset again; if an ionization
collision occurs, the energy of both the primary electron and
the newly generated secondary electron needs to be restored,
which conforms to the following function [26]:

f εs, εp
� �

= ϑσi

ϑ2 + ε2s
� �

arctan εp − I/2ϑ
� � , ð23Þ

where εs is the energy of newly generated secondary elec-
trons; εp is the energy of the primary electrons after ioniza-
tion; ϑ is the ionization parameter with a value of 8.7 eV; I
is the threshold of ionization energy; σi is the cross section
of ionization collision.
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(d) Ionization collision

Figure 17: Distribution of Bohm, elasticity, excitation, and ionization collision with 6 times the initial magnetic field strength.
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(a) Bohm collision
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(c) Excitation collision

Figure 18: Continued.
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The collision frequencies of elastic collision velastic, exci-
tation collision vexcite, ionization collision vionization, and
Bohm collision [27] vBohm are

vionnization = σiρ0 up
�� ��,

velastic = σelρ0 up
�� ��,

vexcite = σexρ0 up
�� ��,

vBohm = 1
64

qp Bk k
mp

,

ð24Þ

where σi, σel , σex are the collision cross sections of elastic col-
lision, excitation collision, and ionization collision, respec-
tively (the values of each collision cross section can be
referred to Ref. [28]). kupk and kBk represent the modes of
the primary electron velocity and magnetic induction inten-

sity, respectively, that is, kupk =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2px + u2py + u2pz

q
and kBk

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
x + B2

y + B2
z

q
.

Furthermore, in the MCC method, the null collision
method [28] is introduced. First, the maximum collision
probability Pmax is calculated in each step

Pmax = 1 − exp −vmaxdtð Þ, ð25Þ

where vmax is the maximum collision frequency, vmax =
max ðσÞ ⋅max ðupÞ.

Second, Pmax is compared with a random number R1. If
R1 < Pmax, some collision is considered to have happened.
Then, another random number R2 is generated to determine
what kind of collision occurs. If R2 < v1/vtot , where vtot is the
total collision frequency and vtot =∑4

j=1vj, the first collision

Ionize: 0.01 0.05 0.09 0.13 0.17 0.21 0.25 0.29 0.33 0.37 0.41

Z

X

0.45 0.49

(d) Ionization collision

Figure 18: Distribution of Bohm, elasticity, excitation, and ionization collision with 10 times the initial magnetic field strength.

Cathode

Extracted surface α = 189° α = 180°

Figure 19: Diagram of section.
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will occur; if v1/vtot < R2 < ðv1 + v2Þ/vtot , the second collision
will occur, and so on. If R1 > Pmax, no collision is considered.

3.2. Simulation Setup. In our model, atoms are set to be a
uniformly distributed background, and their number density
is set to be 1:86 × 10−6. Discharge currents and beam cur-
rents are 11A and 1A, respectively. Hence, the cathode
emission current is set to be 10A. The plasma is assumed
to be quasi with equal potential, so the electric field in the
discharge chamber is ignored. Due to ignoring the plasma
self-consistent electric field, a large mesh length is chosen,
which is set to 5 × 10−5 m. The time step is set to be less than
one-third of the reciprocal of electron cyclotron frequency,
which is about 10-11 s. The reference parameters and the ref-
erence values of these parameters are shown in Table 4. In
the following content, except for the results marked with
units, the rest of the simulation results are all normalized
results. Table 5 shows its initial normalized geometric
parameters. The whole normalized simulation domain is
set to 83 × 83 × 36. For each case, the time required for the
PIC-MCC loop to reach the steady-state is about 6 hours
on a 2.8GHz HP Z620 workstation.

3.3. Simulation Results and Analysis. Here, we analyze the
limitations of the two-dimensional magnetic field configura-
tion by the distribution characteristics of the primary elec-
trons, their trajectories, magnetic field streamlines, and the
distribution characteristics of various collision frequencies.
The results of numerical examples with and without colli-
sions, as well as with different magnetic field intensities,
are mainly compared and studied.

3.3.1. Influence of Collision Process on Magnetic
Confinement. First, to show the convergence of our method,
Figure 7 presents the curve of particle number with iteration
steps. It shows that when the number of iteration steps
exceeds 100000, the calculation converges.

Figure 8 presents the number density of primary elec-
trons with the collision process. Obviously, the density at
the cathode side is much higher than that of the other side.
The density of primary electrons upstream of the ion optics
on the cathode axis is about 10 times higher than that of the
other side. The density of primary electrons is nonaxisym-
metric. Another obvious feature is that, because of the mir-
ror effect, electrons form a sharp cone near the anode.

Figure 9 shows the number density of primary electrons
without the collision process. Compared with Figure 8, the
distribution of primary electrons in Figure 9 is more concen-
trated in the discharge channel. The density of primary elec-
trons upstream of the ion optics on the cathode axis is about
3 times higher than that of the other side. This means that,
without the collision process, the circumferential distribu-
tion of primary electrons is more uniform.

Figure 10 shows the distribution of Bohm, elasticity,
excitation, and ionization collision frequencies. It can be
found that, in all of these four collisions, Bohm collision
and elastic collision are dominant.

Figure 11 shows the primary electron trajectories. The
trajectory shows that the primary electrons only move

locally at the cathode and rarely move to the opposite side
of the cathode.

Figures 12 and 13 show the primary electron trajectories
in local regions. An obvious magnetic mirror effect was
observed near the cathode. In the channel far away from
the cathode, the collision process was observed.

Figure 14 shows the primary electron trajectories with-
out collision process. The trajectory shows that the primary
electrons have obvious circumferential movement. The
above results show that the atom forms significant imped-
ance to the circumferential motion of the primary electron.
Without the collision process, the primary electrons can
form obvious circumferential motion under the confinement
of the magnetic mirror. The primary electron circumferen-
tial distribution is close to the theoretical prediction in the
previous section. However, when the collision process is
considered, the primary electrons only move locally at the
cathode. The primary electron circumferential distribution
deviates far from the theoretical prediction in the previous
section.

3.3.2. Limitations of the Two-Dimensional Magnetic Field
Configuration. Figures 15 and 16 show the number density
of primary electrons under 6 and 10 times the initial mag-
netic field strength, respectively. With the increase of mag-
netic field intensity, the density of primary electrons in the
channel increases significantly. The distribution of primary
electrons in Figures 14 and 15 are also more concentrated
in the discharge channel. This means that the confinement
of the magnetic field to the primary electron is strengthened.
However, the densities of primary electrons upstream of the
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Figure 20: The change of primary electron density along the
circumferential direction.
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ion optics on the cathode axis are about 40 and 60 times
higher than that of the other side, respectively.

Figures 17 and 18 show the collision rate distribution
under 6 and 10 times the initial magnetic field strength,
respectively. Obviously, with the increase of magnetic field
strength, the primary electron density increases, and the fre-
quency of all kinds of collisions also increases.

To show the above difference more clearly, we extract 40
surfaces in the discharge chamber and calculate the average
density on each surface. The extracted surfaces are shown
in Figure 19. The angle of the surface cutting the cathode
around the thruster axis is set to be α = 180°, where the
counterclockwise direction is set to the rotation direction.
Figure 20 presents the average ionization rate of each case,

and Figure 21 presents the average ionization rate of each
case. The results show that, when the collision process is
not considered, the circumferential distribution of primary
electrons is the most uniform. However, increasing the mag-
netic field intensity does not improve the uniformity of the
primary electron circumferential distribution, but aggravates
the nonuniformity.

Figures 22 and 23 present the primary electron trajecto-
ries under 6 and 10 times the initial magnetic field strength,
respectively. They show that with the increase of magnetic
field strength, a large number of primary electrons only
move locally near the cathode.

Figure 24 presents the local magnetic field lines near the
cathode. Figure 25 presents the 3D views of magnetic field
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Figure 22: Primary electron trajectories under 6 times the initial magnetic field strength.
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Figure 25: Different sections of 3D view of magnetic field line near cathode.
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Figure 24: 3D view of magnetic field line near cathode.
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Figure 23: Primary electron trajectories under 10 times the initial magnetic field strength.
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line near cathode at XZ section and YZ section, respectively.
It can be seen from the figure that the magnetic field of the
two-dimensional configuration cannot guide and constrain
the motion of the primary electron in the circumferential
direction. Therefore, when the magnetic field intensity
increases, more primary electrons will be constrained to
move only locally at the cathode.

4. Conclusions

In this paper, the confinement characteristics of primary
electrons and ions in an annular ion thruster with the two-
dimensional magnetic field configuration are first analyzed
theoretically. Then, according to the analysis, a two-
dimensional magnetic field configuration for the annular ion
thruster is designed. On this basis, the limitations of the two-
dimensional magnetic field structure are analyzed and dis-
cussed by a three-dimensional (3D) Particle-in-cell Monte
Carlo collision (PIC- MCC) model. The results show that:

(1) Both the simulation results and theoretical analysis
results show that, only when the collision process is
not considered, the primary electrons can be well
constrained by the two-dimensional magnetic field.
Hence, only in this ideal situation, a uniform distri-
bution of primary electrons can be achieved

(2) When considering the collision process, the atom
forms a significant impedance to the circumferential
motion of the primary electron. Meanwhile, the col-
lision process greatly increases the loss rate of pri-
mary electrons and aggravates the nonuniformity,
causing that the simulation results are far worse than
the theoretical analysis results

(3) Because the primary electron lacks guidance and
constraint in the circumferential direction under
the two-dimensional magnetic field configuration,
the uniformity of discharge cannot be improved only
by increasing the magnetic field intensity

Finally, to sum up, the circumferential constraint on
charged particles must be considered for the magnetic field
configuration of annular ion thruster. This will be an impor-
tant research direction of annular ion thruster in the future.

Appendix

A. Parameter Settings for the
Theoretical Analysis

The value of each parameter is referred to Ref. [12]. Table 2
summarizes the values of input parameters for the analysis
of circumferential distribution characteristics of primary
electrons, and 4 case groups are set, i.e., case groups 1-4. In
case group 1, 6 different values of B are set; in case group
2, 6 different values of N are set; in case group 3, 6 different
values of Δr are set; in case group 4, 6 different values of H
are set. The calculation results of case groups 1-4 are shown
in Figure 3.

Table 3 summarizes the values of input parameters for
the analysis of axis distribution characteristics of primary
electrons, and 3 case groups are set, i.e., case groups 5-7. In
case group 5, 6 different values of B are set; in case group
6, 6 different values of N are set; in case group 7, 6 different
values of Δr are set. The calculation results of case groups 5-
7 are shown in Figure 5.
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