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Abstract The influences of the low-emissive graphite segmented electrode placed near the
channel exit on the discharge characteristics of a Hall thruster are studied using the particle-
in-cell method. A two-dimensional physical model is established according to the Hall thruster
discharge channel configuration. The effects of electrode length on the potential, ion density,
electron temperature, ionization rate and discharge current are investigated. It is found that, with
the increasing of the segmented electrode length, the equipotential lines bend towards the channel
exit, and approximately parallel to the wall at the channel surface, the radial velocity and radial
flow of ions are increased, and the electron temperature is also enhanced. Due to the conductive
characteristic of electrodes, the radial electric field and the axial electron conductivity near the
wall are enhanced, and the probability of the electron-atom ionization is reduced, which leads to
the degradation of the ionization rate in the discharge channel. However, the interaction between
electrons and the wall enhances the near wall conductivity, therefore the discharge current grows
along with the segmented electrode length, and the performance of the thruster is also affected.
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1 Introduction

The Hall thruster, a kind of small thrust device
for spacecraft orbiting, has shown outstanding per-
formances on the efficiency (above 60%), the specific
impulse (in the order of 103 s) and the reliability,
which has been widely applied to achieve the space-
craft propulsion tasks such as attitude control, station
keeping, orbital transfer, etc [1−3]. The Hall thruster
has a hollow and co-axial structure (shown in Fig. 1),
and the propellants (usually Xenon atoms) enter the
channel through the anode, collide with the electrons
from the cathode, and then ionize into electrons and
ions. As the electron Larmor radius is far smaller than
the radial dimension of the thruster channel, the elec-
trons take Hall drift movements under the axial electric
field and radial magnetic field. Since the ion mass is far
greater than the electron’s, ions are accelerated and ex-
pelled out of the channel exit by the electric field to
produce thrust [4]. The emitted ions are neutralized
by the electrons released from the cathode to keep the
thruster neutral. The regions where atoms are ionized
and ions are accelerated are called the ionization region
and acceleration region (shown in Fig. 2), respectively.
The axial positions of the ionization and acceleration
regions can directly affect the work efficiency and ser-

vice life of a Hall thruster.

Fig.1 Schematic view of a Hall thruster

1 Near anode region, 2 Ionization region, 3 Acceleration re-

gion

Fig.2 The specific regions in the channel of a Hall thruster

In conventional Hall thrusters, which are also called
stationary plasma thrusters (SPT), the electric field dis-
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tribution is controlled mainly by the magnetic field pro-
file along a ceramic thruster channel [5]. However, due
to the large divergence of the ion beam and the severe
erosion of the channel walls, SPT cannot be widely used
on satellites [6−8]. Therefore, scientists have proposed
several kinds of methods to improve the performances
of the Hall thruster, which also include the segmented
electrode method. The main mechanism of a segmented
electrode is to divide the dielectric wall into two parts,
one part uses an insulating material and the other one
is an electrode material. The segmented electrode Hall
thruster was firstly proposed by the Princeton Plasma
Physics Laboratory in 1998 [9,10]. Since then, the effects
of segmented electrodes on the thruster have been stud-
ied both theoretically [11−13] and experimentally [14,15].
The results show that the application of segmented
electrodes with a length of about several millimeters
located near the channel exit can remarkably increase
the electron temperature, and reduce the discharge cur-
rent. Meanwhile, the electric potential distribution is
also changed and plasma plume divergence is narrowed
down at a low gas flow rate (<2 mg/s) [16−19]. Al-
though a lot of works have been done by researchers on
the effect of the segmented electrodes on certain kinds
of Hall thruster, it is still needed to evaluate the seg-
mented electrodes used in other kinds of Hall thrusters,
such as the Aton type [20]. A number of investigations
on Aton have been carried out by researchers from the
Harbin Institute of Technology. The results, on the
contrary, show that the plume divergence is actually
increased when the segmented electrode is applied near
the exit of the Hall thruster when the length of the elec-
trode is longer than 2 mm. Besides, by comparing with
non-segmented electrodes cases, the researchers found
that the ion flow can be focused slightly only if the
segmented electrode length Lseg <2 mm, and the per-
formances of the Hall thruster will drop to some extent
while using low-emissive graphite electrodes [21−23].

In this paper, a two-dimensional physical model aim-
ing to describe the plasma motion in the discharge chan-
nel of the 1 kW/P70 Aton Hall thruster is established
using the particle-in-cell (PIC) method. The poten-
tial, ion density, electron temperature, and ionization
rate are investigated by comparing the different influ-
ences of segmented electrode (the segmented electrode
length is set as Lseg= 3 mm, 5 mm, 8 mm) and the non-
segmented electrode (Lseg= 0 mm) on the discharging
process in the Hall thruster. The discharge voltage and
the propellant flow of Xenon atoms are set to 350 V and
3 mg/s, respectively. Besides, the factors which lead to
the increase of the discharge current are also analyzed.

2 Physical model and boundary
conditions

2.1 Physical model

In this paper, two-dimensional spatial coordinates
(axial z and radial r) and three-dimensional velocity
coordinates (vz, vr, vθ) are established according to

the axisymmetric structure of the Hall thruster. The
simulation region and the magnetic field configuration
are shown in Fig. 3. The computation region is based
on the actual discharge channel size of a P70 Aton Hall
thruster, the channel length and width of which are
z=30 mm and r=14 mm. The magnetic field strength
is calculated by FEMM software.

Fig.3 Simulation region and the magnetic field configura-

tion

The Hall thruster discharge channel is numerically
simulated via the Maxwell equations:

∇×E = −∂B
∂t

, (1)

∇ ·E =
ρ

ε0
, (2)

where E, B, µ0, ε0 and ρ represent the electric field, the
magnetic field, the vacuum permeability, the dielectric
constant and the electric charge density, respectively.
The Poisson equation can be obtained by the Maxwell
equations:

∇2Φ = − ρ

ε0
, (3)

where Φ represents the potential.
In the cylindrical coordinate system, the 2D Poisson

equation can be written as

1
r

∂

∂r
(r

∂Φ
∂r

) +
∂2Φ
∂z2

= − e

ε0
(ni − ne), (4)

where ni and ne are the ion and electron densities, and
e is the unit charge.

The discharge channel is divided by identical mesh
spaces along the axial direction z and the radial di-
rection r. By applying the central difference method,
Eq. (4) can be written as

Φi+1,j − 2Φi,j + Φi−1,j

(∆z)2
+

1
(∆r)2

×
(

ri,j+ 1
2

ri,j
Φi,j+1 − 2Φi,j +

ri,j− 1
2

ri,j
Φi,j−1

)

= −e (ni − ne)i,j

ε0
. (5)

Then Eq. (5) can be simplified as

(∆r)2

(∆z)2
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[
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(∆r)2
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]
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= − (ni − ne)i,j

ε0
(∆r)2 ,

(6)
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where the Poisson equation becomes an elliptic equa-
tion, which is still difficult to solve directly. Therefore,
by introducing the virtual time t′, the Poisson Eq. (6)
can be transformed into the following parabolic equa-
tion:

∂Φ
∂t′

= ∇2Φ− s, (7)

where s is the source term corresponding to the right
hand side of Eq. (5). When t′→∞, namely, ∂Φ/∂t′=0,
Φ is the solution of the Poisson equation. Then, based
on the Φ, the electric field which is used to calculate
the movement of charged particles can be derived by
the center differential method.

2.2 Equations of particle motions in the
Hall thruster

For a single particle, the equations of movement for
the particle with mass m and charge q in the electric
and magnetic field (E and B) are expressed as

d
dt

(mv) = q(E + v ×B), (8)

d
dt

x = v, (9)

where v is the velocity vector, and x is the position
vector.

The Boris method is an explicit algorithm with a
second order accuracy, which is generally used to solve
the equations of particle motion. The velocity vt−∆t/2

is firstly changed to v− through halftime electric field
acceleration. Then according to the v−, v+ is obtained
by calculating the rotating of particles in the magnetic
field. At last, the new velocity vt+∆t/2 is derived af-
ter another half time of electric field acceleration. The
specific formulas are

v− = vt−∆t/2 +
e∆tEt

2m
, (10)

v
′
= v− + v− × tt, (11)

v+ = v− + v
′ × 2tt

1 + tt · tt , (12)

vt+∆t/2 = v+ +
e∆tEt

2m
, (13)

where tt = e∆tBt/ (2m), and superscript t represents
the corresponding time step.

2.3 Boundary conditions

The boron nitride (BN) ceramic is adopted as the in-
sulating wall material for the Hall thruster. According
to the secondary electron emission model proposed by
Morozov [24], when an electron interacts with the wall,
one of the following four events may occur for the elec-
tron: the electron either is absorbed by the wall, re-
flected elastically, knocks out one electron, or knocks
out two electrons. The corresponding probabilities of
those events are

W0 (ε) = P0 exp
(
− ε2

α0

)
, (14)

Wr (ε) = Pr exp
(
− ε2

α2
r

)
, (15)

W2 (ε) = 1− exp
(
− ε2

α2
2

)
, (16)

W1 (ε) = 1−W0 (ε)−Wr (ε)−W2 (ε) . (17)

The parameters for the BN material are P0=0.5,
α0=43.5, Pr=0.5, αr=30, α2=127.9.

Graphite, as a conductor, also exists as a secondary
electron emission phenomenon, and the secondary elec-
tron emission model is the same as that of BN. Param-
eters for the graphite electrode are as follows: P0=0.58,
α0=2422, Pr=0.42, αr=30, and α2=208.

For its conductive characteristic, the graphite elec-
trode is treated by a conductor boundary condition
which was proposed by Szabo [25] modeling the poten-
tial on the floating conductive wall surface:

Φm =
Qe

C
, (18)

where Qe is the net charge deposited on the wall and
the capacitance C = 10−10 F.

3 Simulation results and analysis

3.1 Effects of segmented electrode
length on the distribution of accel-
erating field and ion focusing

As graphite electrode material has different conduc-
tive characteristic compared to boron nitride material,
the segmented electrode will have an effect on the dis-
tribution of ion density ni and potential Φ. Fig. 4(a)
represents the distributions of electron density and po-
tential when the segmented electrode is applied. Region
I marked in Fig. 4(a) represents the ionization zone and
region II is the acceleration zone. It can be seen that
with the increasing of segmented electrode length, the
equipotential lines become more bent and form a con-
vex shape towards the channel exit. Meanwhile, due
to the freely moving electrons on the electrode surface
caused by the conductive characteristic of graphite, the
electric potential on the electrode surface is equal every-
where, therefore the equipotential lines nearby become
parallel to the wall surface approximately according to
the continuity of plasma parameters among wall sur-
face, near-wall sheath [26,27] and channel plasma. As
the distribution of electric potential is increasingly con-
vex towards the exit, the radial electric potential drop
in the acceleration region grows and the radial ion en-
ergy increases due to the radial electric potential, there-
fore the radial ion velocity is enhanced. Fig. 4(b) shows
the distribution of radial ion velocity vr for the case of
the segmented electrode. It indicates that the area of
the high ion velocity region as well as the radial ions
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Fig.4 The spatial distribution of plasma parameters such as (a) equipotential lines, ion density and (b) radial ion velocity

for low-emissive electrode cases, Lseg=0 mm, 3 mm, 5 mm, 8 mm

flow grows along with the increasing of segmented elec-
trode length. Because the increasing of ion radial ve-
locity has a negative effect on the ion focusing, the ions
scattering angle in the exit plane will be greater and
thrust will be weakened. The interaction between ions
and wall will lead to the corrosion of surface material,
so the efficiency and performance of a Hall thruster will
drop predictably.

3.2 Effects of segmented electrode
length on the axial electron temper-
ature

As graphite has a lower secondary electron emission
coefficient compared to BN material [23], it will have a
lower probability to knock out the secondary electrons
when the incident electrons with the same energy inter-
act with graphite than BN materials. The secondary
electrons have a lower electron temperature than in-
cident electrons, therefore they have significant influ-

ences on the electron temperature of the main plasma
region in the channel. Fig. 5 shows the distribution of
electron temperature Te along the axial for the cases
of segmented electrodes. It can be seen that with the
increasing of segmented electrode length, the axial po-
sition of the peak electron temperature moves towards
the anode as long as Lseg ≤ 3 mm, but it moves back
towards the channel exit when the segmented electrode
length continues to grow. The moving direction is the
same as that of the ionization region shown in Fig. 4(a).
Since the equipotential lines which are convex towards
the exit plane increase the radial electric potential drop
of the acceleration region, part of the low energy elec-
trons in the plasma mainstream area will be prevented
from moving towards the wall. Meanwhile, the lower
secondary electron emission coefficient of graphite re-
duces the loss of the electron energy during their inter-
action with the wall. Therefore, the total loss of the
electron energy reduces, and the electron temperature
of the channel keeps growing with the increasing of the
segmented electrode length.
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Fig.5 The distribution of the electron temperature Te

along the axial z for the cases of Lseg =0 mm, 3 mm, 5 mm,

8 mm

3.3 Effects of segmented electrode
length on the propellant ionization
rate

For the Xenon propellant,the ionization rate can be
expressed as [28]

Si(z) =





0, Te < T ∗

na(z)ne(z)β0(z)( Te
T∗ − 1), Te > T ∗

,

(19)
where ne is the electron density, na(z) is the atom
density, while β0 and T ∗ are constants. Here we use
β0 = 2.2× 10−14 m3s−1, and T ∗ = 4 eV. According to
Eq. (19), the ionization rate can be approximately de-
cided using Eq. (20) when the atom density change can
be neglected.

Si(z) = ne(z)β0(z)(Te/T ∗ − 1). (20)

Eq. (20) indicates that the ionization rate would in-
crease if the electron temperature grows.

Fig. 6 shows the axial distributions of propellant ion-
ization rate Si for the different lengths of segmented
electrode, it indicates that the axial position of the peak
ionization rate has the same moving direction as that of
the ionization region shown in Fig. 4(a). However, dif-
ferent from the results of Eq. (20), the ionization rate
decreases with the increasing of electron temperature
when the segmented electrode method is applied, which
is caused by the radial variation of axial electric field.

Fig.6 Axial distribution of propellant ionization rate Si

for the cases of segmented electrode lengths Lseg =0 mm,

3 mm, 5 mm, 8 mm

Fig. 7 shows the distribution of axial electric field
Ez for the different cases of segmented electrode, it can
be seen that with the increasing of the segmented elec-
trode length, the radial variation of the axial electric
field inside the discharge channel increases gradually.
The stability of electron Hall drift can be easily broken
by the variation of the axial electric field, which leads
to the increase of near wall conductivity caused by axial
conduction of electrons near the wall surface. The col-
lision probability between ions and atoms declines with
the increasing of near wall conductivity, which finally
leads to the reduction of the ionization rate.

Fig.7 The variation of axial electric field for the cases

of segmented electrode lengths Lseg =0 mm, 3 mm, 5 mm,

8 mm

3.4 Effects of segmented electrode
length on the discharge current

The discharge current is an important parameter
to reflect the macro-performance of a Hall thruster.
Discharge current can be obtained by the statisti-
cal number of electrons on the anode plane. Fig. 8
shows the discharge current versus the segmented elec-
trode length, which indicates that the discharge cur-
rent (namely Id) increases with the increasing of the
segmented electrode length, this result agrees with the
experiment results qualitatively [29]. Generally, there
are two reasons causing the increase of the discharge
current, one of which is the increasing of the near wall
conductivity current and the other is the directional
movements of electrons on the electrode surface.

The formula of near wall conductivity current can be
expressed as [30]

Iw =
σ̄jew
ω2

c

e2

me
Ez = σ̄jewmene

Ez

B2
, (21)

where jew is the electron flux flowing to the wall surface,
ωc is the cyclotron frequency of the electron, and σ̄ is
the total emission coefficient of the secondary electron.
The secondary electron emission flux increases with the
growth of the electron flux flowing to the wall surface, so
the near wall conductivity current is proportional to the
secondary electron emission flux according to Eq. (21).
When the method of the graphite segmented electrode
is applied, the total secondary electron flux grows [21]

as well as the near wall conductivity current. Besides,
due to the conductive characteristic of graphite, the
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electrons on the electrode surface generate directional
movements towards the anode under the axial electric
field, which contribute to the discharge current.

Fig.8 Discharge current Id versus segmented electrode

length Lseg

4 Conclusions

The low-emissive electrode placed near the exit of the
P70 Hall thruster can promote the equipotential lines
bending toward the channel exit. Due to the conduc-
tive characteristic of graphite electrodes, the electrode
surface equipotential lines are parallel to the wall ap-
proximately, which leads to the increase of the radial
electric potential drop and the area of high ion velocity
region, and the radial ion flow also grows along with
the increasing of segmented electrode length. Mean-
while, the low emission of the graphite electrode signif-
icantly increases the electron temperature. However,
due to the convex topology of the electric potential
at the channel exit, the radial variation of the axial
electric field increases. Therefore, the stability of the
electric drift motion will be broken, and the axial con-
ductivity of electrons will be increased, which reduces
the ionization rate. Due to the growing of the total
secondary electron flux, the near wall conductivity in-
creases, and the directional movements of electrons are
enhanced by the increasing axial electric field, there-
fore the discharge current increases with the increasing
of segmented electrode length. In conclusion, the per-
formance of the Hall thruster drops with the increasing
of the segmented electrode length.
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