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Numerical study on the electron—wall interaction in a Hall thruster
with segmented electrodes placed at the channel exit”
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Electron—wall interaction is always recognized as an important physical problem because of its remarkable influences
on thruster discharge and performance. Based on existing theories, an electrode is predicted to weaken electron—wall inter-
action due to its low secondary electron emission characteristic. In this paper, the electron—wall interaction in an Aton-type
Hall thruster with low-emissive electrodes placed near the exit of discharge channel is studied by a fully kinetic particle-in-
cell method. The results show that the electron—wall interaction in the region of segmented electrode is indeed weakened,
but it is significantly enhanced in the remaining region of discharge channel. It is mainly caused by electrode conductive
property which makes equipotential lines convex toward channel exit and even parallel to wall surface in near-wall re-
gion; this convex equipotential configuration results in significant physical effects such as repelling electrons, which causes
the electrons to move toward the channel center, and the electrons emitted from electrodes to be remarkably accelerated,
thereby increasing electron temperature in the discharge channel, etc. Furthermore, the results also indicate that the dis-
charge current in the segmented electrode case is larger than in the non-segmented electrode case, which is qualitatively in

accordance with previous experimental results.
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1. Introduction

The Hall thruster is one of the most advanced space elec-
tric propulsion devices, which generates the thrust by axial
electrostatic acceleration of ions in quasineutral plasma.!!-?!
The ion is produced due to the ionizing collision between
atom and electron with relative high temperature. As a whole,
the electron temperature depends on the joule heating of axial
electric field and the energy loss in the processes of electron—
wall and electron—atom interactions. It thus suggests that the
electron—wall interaction is an important factor influencing
the ionization rate of propellant atom in Hall thruster. The
electron—wall interaction also has other influence on the dis-
charge performance of Hall thruster. The most well-known
one is the so-called electron near wall conductivity (NWC)
which has been developed since the 1960s.3#! The electron
NWC occurs because electron—wall interaction destroys the
steady Hall drift of electron in E x B direction (where E
and B are axial electric and radial magnetic fields, respec-
tively), which is believed to be responsible for the portion of
electron conductivity that is higher than classical value.*>!
We then can come to a conclusion that the electron NWC
caused by electron—wall interaction increases electron current,
and thus reducing the discharge efficiency. Moreover, the
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electron—wall interaction has other influences on the discharge
of Hall thruster, such as the potential distribution in discharge
channel,®! the wall temperature effect caused by the energy
deposition of incident electron moving toward lateral walls,
etc.l”)

It has been recognized that wall secondary electron emis-
sion (SEE) is a notable influence factor of electron—wall in-
teraction by reducing the potential drop of near-wall sheath.[®]
The increased incident electron flux I at wall is balanced by
the ion flux I and secondary electron flux Ig., and satisfies
the relationship It = I3 /(1 — J), where § = I3, /I, called total
SEE yield. As & reaches approximately unit, the sheath enters
into space-charge saturated (SCS) regime, and the wall acts as
an extremely effective particle and energy sink. (08!

Both experimental and numerical studies also have indi-
cated that the SEE of channel walls has significant effects on

9-121 These investigations

thruster discharge and performance. !
attribute the influence of SEE to two ways. (i) It decreases
sheath potential drop, thereby increasing the deposition of pri-
mary electron energies on walls;®! meanwhile, the emitted
secondary electrons, with much lower energies than primary
electrons, are involved into the discharge, reducing the bulk
temperature and so the ionization rate. (ii) It gives rise to

high cross-field conductivity near the walls, consequently af-
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fecting the electric potential distribution and ion acceleration
process.[10)

As the SEE yield of a conductive wall is generally much
lower than that of a dielectric wall, especially, the SEE yield of
a metal wall can be negligible,[!%1?! the segmented electrodes
are proposed as a promising way to control the plasma flow

[13-151 1t has been demon-

and enhance thruster performance.
strated that segmented electrodes with several millimeters in
length placed near the thruster exit can remarkably increase
electron temperature, increase discharge current, change elec-
tric potential distribution, and narrow plasma plume at low

12.16]' Although the effects of low-emissive seg-

gas flow rate.!
mented electrodes have been well documented, the electron—
wall interaction and the relative effects in the discharge chan-
nel of Hall thruster are not stressed sufficiently. Moreover, it
is also needed to evaluate the segmented electrodes used in
other kinds of Hall thrusters, such as Aton!'7-13! involved in
this paper.

In this paper, we present the detailed numerical results of
how the length of low-emissive electrodes near the exit of a
1-kW Aton-type Hall thruster affects the distributions of sec-
ondary electron flux, electron temperature, electric potential,
ionization rate, and discharge current, by a fully kinetic two-
dimensional (2D) particle-in-cell (PIC) model for a low gas
flow rate of 2 mg/s. The remaining parts of this paper are orga-
nized as follows. In Section 2, the numerical model is depicted
in detail. In Section 3, the results of low-emissive electrodes
are presented, and the reason for electron—wall interaction en-
hancement caused by segmented electrodes is discussed. Fi-
nally some conclusions are given in Section 4.

2. Numerical model

The numerical model has been described in detail
elsewhere.[!°] Here we briefly review some main points of the
model. The simulated Hall thruster in this paper is a 1-kW
Aton type which has an outer diameter of 71 mm, a chan-
nel width of 14 mm and a channel length of 30 mm.!718]
Figure 1 shows the computational region. It involves two-
dimensional cylindrical coordinates (r, z), where r and z rep-
resent radial and axial directions, respectively. The anode is
located on the left boundary. Ions are ejected from the right
boundary. As the cathode is located outside the discharge
channel, the right boundary is also a virtual cathode. Seed
electrons are introduced into the channel from here, with the
number per time step At determined by a quasi-neutral injec-
tion method.?%! The two lateral (inner and outer) walls are
made up of both boron nitride (BN) ceramic and segmented
electrodes, with the electrodes placed near the exit with a
length of L (0 < L < 10 mm). In simulation, the computa-
tional region is partitioned with square cells (zj, ;) of the size

Az =Ar=0.5 mm.

3

|channel exit

z/m

Fig. 1. Computational region, segmented length L, and magnetic field
lines used in the model.

To obtain the plasma dynamics, the leapfrog method of
Boris version is used.?!) The time step is selected to sat-
isfy wpeAt < 0.3 and @c.Ar < 0.2, where @pe and @ are the
plasma frequency and electron gyro-frequency, respectively.
Particle colliding with boundary and with each other are con-
sidered in this model.!??! The effective electron collision fre-
quency related to the anomalous transport (Bohm diffusion)
VB = 0L is also considered in the model, where oc = 1/64 is
the empirical parameter in Hall thrusters which has been vali-
dated by many fluid and hybrid results as shown in Refs. [23]
and [24]. Furthermore, the SEE caused by electron—wall colli-
sion is considered on both the dielectric (BN) wall surface and
the low-emissive electrode (graphite) wall surface. For this
purpose, an improved SEE model!>! based on the SEE model
given by Morozov is applied. As shown in Fig. 2, 6(¢p) is the
SEE yield caused by single incident electron with energy &.
The chosen parameters make the SEE model accord well with
the experimental results. In addition, the secondary electrons
are emitted, obeying a half Maxwellian distribution.

2.5
experimental result
- - - SEE model’s result
2.0
1.5

N
graphite

) 20 40 60 80 100
ep/eV

Fig. 2. Comparison of SEE yield between SEE yield model and experi-
mental data.

To solve the electric potential distribution, the dynamic
alternating direction implicit (DADI) method is used to solve
Poisson equation.[?%! The electric potentials at the anode and
the exit are set to be Uy and zero, respectively. The corre-
sponding boundary conditions for electric potential ¢ at inner

and outer dielectric walls are[?7]
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inner dielectric wall:

Oim1,;— 20+ G, . 20 11— 2¢;
AZ? Ar?
=——(pij+0ij/Ar), (1a)
&
outer dielectric wall:
Oic1,;— 20+ i1, n 2¢; i—1—2¢; ;
AZ2 Ar?
1
(pi,j+ 0i,j/Ar), (1b)

= &

where p; ; is the space charge density, o; ; the surface charge
density, and & the vacuum permittivity. As to the potential

[20

on the floating conductive wall surface, Szabo!?"! presented a

simple model

o

b C’

2

where Qs is the net charge deposited on the wall, and the ca-
pacitance C = 1010 F.

The magnetic field used in the simulation is obtained with
the Finite Elements Method Magnetics (FEMM),[?8! which is
a user-friendly magnetic field solver available on the internet.
The typical magnetic field topology is shown in Fig. 1.

In order to accelerate the simulation, a one-dimensional
fluid equation is used to calculate the distribution of neutral
density 7, along the channel axis[?”)

on,
Vaz TZ = —Vionizea + Vrecom, 3)

where the axial neutral velocity v,, is fixed at 105 m/s based
on experimental measurement,*3% v, ... is the ionization fre-
quency and Viecom the ion volume-recombination frequency
on the two lateral walls within unit axial channel volume.
Since we only care about the steady-state, the time term par-
tial derivative is ignored. The geometrical scaling method!*’!
is also adopted here with a geometrical scaling factor 0.02.
Some parameters used in simulation are set as follows.
The anode potential Uy is 350 V, the temperature of the intro-
duced electrons on the right boundary is 5 eV; the emission
temperature of secondary electrons is 1 eV. The Xenon mass

flow rate is 2 mg/s.

3. Results and analysis

By implementing the numerical model described in Sec-
tion 2 for the cases of segmented electrode length L =0, 3, 5,
8 mm, we obtain the main physical parameters to reflect the
electron—wall interaction in Hall thruster. Different from the
theoretical predictions of formal theoretical model in Ref. [8],
in which a small total SEE yield is used and the electron—wall
interaction should be weakened, our numerical results show

that the low-emissive electrode actually enhances electron—
wall interaction. As shown in Fig. 3, although the emitted
electron flux Sy, of wall in the region of electrode is smaller
than in the non-segmented electrode case, in the remaining re-
gion Sy, is obviously larger than that in the non-segmented
electrode case. In the whole discharge channel, the maximal
value of Sy, for the segmented electrode case is 1.1% to 53%
times larger than for the non-segmented electrode case.

Lseg:() mim 'f_
16 — — Lgg=3 mm - \
- Lgeg =5 mm ’ |
- — Ly =8 mm |
212
I
g
S 8
=
.
4
0 — . . N,
0 0.01 0.02 0.03

z/m

Fig. 3. Axial distributions of emitted electron flux Sy, along the inner
wall for the cases of segmented electrode length L =0, 3, 5, 8 mm.

It is interesting to find the reason for the electron—wall in-
teraction enhancement in the segmented electrode case. Based
on formal theories, the electron—wall interaction is to a great
extent determined by the total SEE yield 8,8! which is ex-
pressed as

5 L _ Jo o(g)vf(v)dv
Le Jovf(v)dv

where f(v), v > 0 is the velocity distribution function of in-
cident electron at wall, 6(¢p) the SEE yield caused by sin-
gle electron with energy g, = mev? /2 (see Fig. 2), and m, the
mass of electron. It is not difficult to find out that § is approxi-
mately determined by plasma electron temperature 7, and wall
SEE characteristic, since o(€p) is approximately proportional
to & (see Fig. 2) and T is significantly correlated with f(v).
Furthermore, due to the fact that the enhanced electron—-wall
interaction for the segmented electrode case appears in the di-
electric region (namely 0 < z < 30 — L), we then conjecture
that the increase of electron temperature should be the reason
for electron—wall interaction enhancement. From the electron
temperature distribution in Fig. 4, we can see that the maxi-
mal electron temperature for the segmented electrode case is
indeed 0.05 eV—4 eV larger than that for the non-segmented
electrode case. In general, the increased electron temperature
is attributed to the weakened electron—wall interaction in the

region of electrode (as shown in Fig. 3).
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Fig. 4. Axial distributions of electron temperature 7 along the chan-
nel central line for the cases of segmented electrode length L =0, 3, 5,
8 mm.

As for the weakening of electron—wall interaction in elec-
trode region (see Fig. 3), one may first attribute it to the low-
emissive characteristic of electrode since the low SEE charac-
teristic can increase the sheath potential drop.!8! Besides the
low-emissive characteristic, our study shows that the conduc-
tivity property of electrode is also a significant factor influenc-
ing electron—wall interaction because it makes equipotential
lines convex toward channel exit and even parallel to wall in
near-wall region (see Fig. 5).1' This equipotential configura-
tion obviously increases the radial potential drop in near-wall
region, and thus repels a mass of electrons, thereby causing the
electrons to move toward the channel center. Therefore, both
the low-emissive characteristic and the conductive property of
electrode are the reason for the weakening of electron—wall
interaction in electrode region.

| L =0 mm | L =3 mm
S \\% 3
r - 08 -
/% i
[ 4 /8 [
X N
....l....l....l...,./(././‘ " R I
0 0.01 0.02 0.03 0 0.01
z/m
| L =5 mm | L =8 mm
r =
i ] ) [ AT
0 0.01 0 0.01

Fig. 5. Spatial distributions of equipotential lines in discharge channel for the cases of segmented electrode length L =0, 3, 5, 8 mm.

Although the segmented electrode weakens the electron—
wall interaction in the segmented region, thus enhancing the
maximal electron temperature in discharge channel, the pro-
pellant ionization rate S; of the segmented electrode case
does not increase for all the segmented electrode cases com-
pared with that of the non-segmented electrode case (shown in
Fig. 6). As for the xenon propellant, the axial ionization rate
can be expressed as[>!!

0, T.<T",
Si(z) = T, )
7 e (1), TeT
where 7, is the electron density, By = 2.2 x 1074 m3.s~!, and

T* =4 eV. This relation indicates that when the propellant
mass flow rate is fixed. which means that 7, is invariable, S; is

approximately determined by the product of n. and T¢. In fact,
only the electron with relative-high energy can induce the ion-
ization of propellant; and the electron emitted from wall is a
significant seed electron that induces atom ionization because
the emitted secondary electron is accelerated by the strong ra-
dial electric field in the discharge channel. Although the seg-
mented electrodes emit much less secondary electrons than the
non-segmented electrode (see Fig. 3), the secondary electrons
that are emitted from the electrodes will be significantly ac-
celerated by the radial electric field, thus obtaining an energy
even more than 100 eV when they reach the channel center
(see Fig. 5). Therefore, we can come to a conclusion that the
conductivity property of segmented electrodes that make the
equipotential lines convex toward channel exit is the reason for
ionization rate Sj increasing in the region of segmented elec-
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trode. However, in the remaining region, the maximum value
of ionization rate S; changes non-monotonically with the in-
crease of segmented electrode length L. The reason for the
non-monotonic variation of S; in the region of dielectric chan-
nel is that, on the one hand, the increased ionization rate S;
in the region of segmented electrode generates a mass of elec-
trons that will be accelerated and enter into the region of di-
electric channel, but meanwhile the electron in discharge chan-
nel loses much energy in the ionization process of segmented

electrode region on the other hand.

4
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Fig. 6. Axial distributions of propellant ionization rate S; for the cases
of segmented electrode length L =0, 3, 5, 8 mm.

The segmented electrode also has a significant influence
on discharge current I3. As shown in Fig. 7, discharge cur-
rent Iy is obviously enhanced for the segmented electrode case,
which is qualitatively in accordance with the results of for-
mal experiments in Ref. [16]. With the increase of segmented
electrode length L, I increases monotonically. In general,
there are two reasons for the increase of discharge current: the
first one is the enhanced electron—wall interaction (shown in
Fig. 3) which causes a relatively large NWC current, and the
second one is the conductivity current in the surfaces of seg-
mented electrodes. Based on Ref. [10], the short-circuit cur-
rent through the conductive walls is neutralized by the ions
collected all over the surfaces of the electrodes, and this short-

circuit current can be expressed as
Le=e [ 1ds, 5)

where S is the electrode area of plasma-facing surface, I;
the density of ion current collected from the wall. Because
the convex equipotential configuration results in ion beam

(191 both the ion current density I,,; and the short-

defocusing,
circuit current Iy should increase. As shown in Fig. 7, I in-

creases monotonically with the increase of L.

2.8 0.4
2.6 10.3
<
< 24 {o.2 %
~ — ~
2.2 \ {01
0
2.00 2 4 6 8
L/mm

Fig. 7. Discharge current I3 and short-circuit current Iy, versus seg-
mented electrode length L.

4. Conclusions

Making use of a fully kinetic PIC method to simulate
the two-dimensional plasma flow, we investigate the electron—
wall interaction in an Aton-type Hall thruster with segmented
electrodes placed near the exit of discharge channel. The re-
sults show that the low-emissive characteristic weakens the
electron—wall interaction in the region of segmented electrode;
the conductive property of segmented electrode tends to make
equipotential lines convex toward channel exit and even par-
allel to wall in near-wall region, which further weakens the
electron—wall interaction in the region of segmented electrode
by repelling a mass of electrons, thus causing the electrons
to move toward the channel center. The convex equipotential
configuration also causes the propellant ionization rate to in-
crease in the region of segmented electrode by significantly
accelerating the secondary electrons. Because the electron—
wall interaction is seriously weakened and the ionization rate
is increased in the region of segmented electrode, both electron
temperature and the number of electrons with relatively high
energy are increased in discharge channel, which makes the
electron—wall interaction in the remaining region of discharge
channel enhanced remarkably. We also find that the discharge
current for the segmented electrode case is obviously larger
than that for the non-segmented electrode case, which is at-
tributed to the short-circuit current in electrodes and the en-
hanced electron—wall interaction in the remaining dielectric
region.
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