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In this paper, we adopt the modified Morozov secondary electron emission model to investigate the influence

of the characteristic of a space–charge-saturated sheath near the insulated wall of the Hall thruster on the near-wall

conductivity, by the method of two-dimensional (2D) particle simulation (2D+3V). The results show that due to the

sharp increase of collision frequency between the electrons and the wall under the space–charge-saturated sheath, the

near-wall transport current under this sheath is remarkably higher than that under a classical sheath, and equals the

near-wall transport current under a spatially oscillating sheath in order of magnitude. However, the transport currents

under a space–charge-saturated sheath and a spatially oscillating sheath are different in mechanism, causing different

current density distributions under the above two sheaths, and a great influence of channel width on the near-wall

transport current under a space–charge-saturated sheath.
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A Hall thruster is a kind of plasma discharging
equipment in the configuration of crossed electric and
magnetic fields. The transport current formed by elec-
trons crossing the magnetic field is of crucial impor-
tance for the performance of Hall thruster. Currently,
there are three main explanations for the conduc-
tion behaviour of electrons crossing the magnetic field,
these being classical conductivity, Bohm-type conduc-
tivity and near-wall conductivity. In the Hall thruster,
neoclassical conductivity produced by the collision be-
tween electrons and wall is far lower than experimen-
tal results; that is to say, there are abnormal conduc-
tion behaviours[1] for electrons crossing the magnetic
field. Some scholars believe that the abnormal conduc-
tion behaviours inside the Hall thruster are caused by
the collective oscillations of plasma, i.e. Bohm-type
conductivity. In the plasma discharging equipment
with a high degree of ionization, Bohm-type conduc-
tivity can be used to explain why the transport cur-
rent is larger than the current produced by the col-
lision between electrons and atoms.[2] The electron

current produced by Bohm-type conductivity is in-
versely proportional to magnetic field intensity. The
experimental results show that the magnetic field in-
tensity in the Hall thruster increases from inside of
the channel to the exit of the channel, so Bohm-type
conductivity will be restrained.[3] Hence, Morozov[4]

and Morozov and Savelyev[5] suggested that the elec-
trons move to the anode after their collisions with
an isolated wall, thus leading to near-wall conductiv-
ity. In the investigation of near-wall conductivity in
the Hall thruster, Morozov found that the near-wall
transport current gained under the assumption of a
zero-thickness steady sheath is a little lower, which
contradicts[6] the experimental results. Through fur-
ther study on this question, Morozov and Savelyev[7,8]

found that the sheath is oscillatory in the time do-
main with the increase of electron temperature. The
research on Hall thrusters in China started late. How-
ever, there is still ongoing research on the character-
istics of various sheaths[9−20] and plasma with two-
dimensional (2D) PIC.[21,22] In our research, by the
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method of 2D particle simulation it can be shown that
the sheath is periodically oscillatory[23] in the space
when the electron temperature is higher. The oscilla-
tion of the sheath in the time domain may cause slow
electrons to hit the wall and participate in near-wall
conductivity, while the oscillation of the sheath in the
space will cause slow electrons to be reflected and join
in the near-wall conductivity.[24] With the increase
of electron temperature, the secondary electron emis-
sion (SEE) coefficient increases, while the potential
drop of the sheath decreases. When the SEE coeffi-
cient is greater than some threshold, the space–charge-
saturated sheath[25] will form. Under this sheath, the
collision frequency between electrons and the wall will
increase sharply[26] which will have a great influence
on near-wall conductivity. In this paper, we adopt the
method of 2D particle simulation (2D+3V) to investi-
gate the influence of a space–charge-saturated sheath
on near-wall conductivity.

The calculating region is shown in Fig. 1. The
length l1 of the sheath region is 10λD. The motion
area of secondary electrons starting from the wall is
defined as the reflective region with a width (l3) of
100λD and the value of length (l2) being 200λD or
300λD or the width of the whole channel. The value
of l2 is taken to be 200λD under a spatially oscillat-
ing sheath, and 300λD under a temporarily oscillat-
ing sheath and classical sheath, which can make the
length l2 of the reflective region reach half the width
of the channel under the spatially oscillating sheath,
temporarily oscillating sheath, and classical sheath.
However, the value of l2 is taken to be the width of
the whole channel under the space–charge-saturated
sheath. The grids of calculating region are divided
evenly in the space. The simulated space interval
should satisfy ∆z = ∆r = 0.5λD, and the time inter-
val should satisfy ∆t = 0.1ω−1

ep . Here, λD is the Debye
length, while ωep is the electron plasma frequency.
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Fig. 1. Calculating region where the x direction is the ax-

ial direction; the r direction the radial direction and the

z direction the azimuthal direction. Br and Ex are added

to the whole calculating region.

The electrons starting from the quasi-neutrality
region (electron density ne = 5 × 1017/m3–1018/m3)
obey Maxwell distribution at a temperature of Te.
When the electrons hit the wall through the sheath
region, some of them are reflected[27,28] while some
are absorbed by the wall, and others can knocking
out secondary electrons. The lower the energy of in-
cident electrons, the more electrons are reflected after
emission. There are a great many electrons with low
energy in the Hall thruster, as a result, in this pa-
per we adopt the improved Morozov secondary elec-
tron emission model[28] to simulate the mutual effect
between electrons and wall.[23] When an electron hits
the wall, the following four events occur: electrons are
absorbed by the wall, electrons are reflected, electrons
knock out one electron, and electrons knock out two
electrons. The corresponding probabilities of the four
events are respectively

W0(ε) = P0 exp
(
−ε2/α2

0

)
, (1)

Wr(ε) = Pr exp
(
−ε2/α2

r

)
, (2)

W1(ε) = 1 − W0(ε) − Wr(ε) − W2(ε), (3)

W2(ε) = 1 − exp
(
−ε2/α2

2

)
, (4)

where ε is the energy of incident electron. The corre-
sponding parameters used in our numerical computa-
tion are set as follows: P0 = 0.5, α0 = 43.5, Pr = 0.5,
αr = 30, and α2 = 127.9. As shown in Fig. 2, one
can find that the values from the improved SEE model
are in better accordance with the experimental data of
BN material[29] than those from the Morozov model.
Furthermore, it is assumed that the emission of sec-
ondary electrons is Maxwellized and spatially uniform,
and the average emission temperature is 1/3 times the
electron temperature in the plasma bulk.[7]

improved model
experimental result
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Fig. 2. Comparison of the second electron emission coef-

ficient between the Morozov model, improved model, and

experiment data.

According to the experimentally measured results
of the Hall thruster, the range of electron tempera-
tures in the channel is Te < 50 eV approximately.[30]
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In this paper, the near-wall conductivity in the chan-
nel is simulated under four sheaths: the space–charge-
saturated sheath, the spatially oscillating sheath,
the temporarily oscillating sheath, and the classi-
cal sheath. Their corresponding electron tempera-
tures are respectively 40, 27, 18, and 9 eV. Sec-
ondary electrons starting from the wall and slow
electrons reflected by the sheath (under the spa-
tially oscillating sheath) move according to the Boris
method under a magnetic field Br and electric field
(Ex, Er, Ez) (Er, Ez—electric field components pro-
duced by a self-consistent sheath). The periodic
boundary condition will be used for the left and the
right sides of the simulated region. Following the lo-
cation and the speed of electrons starting from the
wall in the reflective region, the radial distribution of
electron current density can be obtained by statistical
average.

Radial distributions of near-wall transport cur-
rent densities under a space–charge-saturated sheath,
spatially oscillating sheath, temporarily oscillating
sheath, and classical sheath, as well as the compar-
ison of experimentally measured results about near-
wall transport current density[31] can be shown in
Fig. 3. The electron density, the axial electric field,
and the radial magnetic field are respectively ne =
5 × 1017/m3, Ex = 2000 V/m, and Br = 0.015 T.
From the figure, we can see that the densities of
near-wall transport current under the space–charge-
saturated sheath and spatially oscillating sheath are
far greater than those under a temporarily oscillat-
ing sheath and classical sheath. However, the den-
sity distribution of the near-wall transport current
varies from the space–charge-saturated sheath to the
spatially oscillating sheath, which is caused mainly
by different physical mechanisms of near-wall conduc-
tivity between the two sheaths. The space–charge-
saturated sheath relies absolutely on secondary elec-
trons emitted after wall-hitting to participate in near-
wall conductivity. The density of the near-wall trans-
port current under a space–charge-saturated sheath
converges more slowly than that under a spatially
oscillating sheath because the number of secondary
electrons emitted from the wall is greater, and the
temperature of emission electrons is higher under the
space–charge-saturated sheath. On the other hand,
the spatially oscillating sheath depends mainly on slow
electrons reflected by the sheath to join the near-
wall conductivity. Compared with secondary electrons
emitted from the wall under space–charge-saturated

sheath, the slow electrons are fewer at lower temper-
ature. Thus, its near-wall transport current density
converges more quickly in the radial direction. How-
ever, the density of near-wall transport current under
a spatially oscillating sheath converges more slowly
than that under a temporarily oscillating sheath and
a classical sheath.
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Fig. 3. Radial distributions of near-wall transport current

density under a space–charge-saturated sheath, spatially

oscillating sheath, temporarily oscillating sheath, and clas-

sical sheath, as well as the comparison of experimental

measuring results.
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Fig. 4. Radial distributions of near-wall transport cur-

rent density under a space–charge-saturated sheath and

different radial magnetic fields.

Figure 4 shows radial distributions of near-
wall transport current density under a space–charge-
saturated sheath and different radial magnetic fields,
in which the electron density and axial electric field
are respectively ne = 1018/m3 and Ex = 10000 V/m.
We can find that the smaller the radial magnetic field,
the more slowly the electron current density converges.
The electron current density on the internal wall does
not converge at 0 even when the radial magnetic field
Br = 0.025 T. Under the same working condition and
other sheaths, the electron current density converges
at 0 before arriving at the channel centre from the
external wall. From the above analyses, it can be
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shown that the channel width of the Hall thruster has
a great influence on the near-wall conductivity under
the space–charge-saturated sheath, which needs fur-
ther deep research.

Figure 5 shows the intensity variations of the
near-wall transport current and classical transport
current with axial electric field under each sheath, in
which the electron density and radial magnetic field
are respectively ne = 1018/m3 and Br = 0.03 T.
The electron current intensity under the correspond-
ing sheath is obtained by the integration of the near-
wall transport current density under each sheath. The
intensity of the classical transport current can be cal-
culated by the following equation:

Ie =
(

υne

υ2
ne + ω2

ce

)
nee

2

me
Exπ

(
r2
2 − r2

1

)
, (5)

where υne is the collision frequency between electrons
and neutral atoms, ωce is the cyclotron frequency
of electrons,[1] r1 and r2 are the radii of internal
and external walls in the channel. An ATON-type
Hall thruster is adopted in the calculation. The
near-wall transport current density varies greatly
from space–charge-saturated sheath to spatially os-
cillating sheath; however, their electron current in-
tensities are more or less the same. In Fig. 5,
although the near-wall transport current intensity
under the space–charge-saturated sheath is larger
than that under a spatially oscillating sheath, they
are still of the same order of magnitude, and are
far greater than the intensity of classical transport
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Fig. 5. Intensity variations of classical transport current

and near-wall transport current with axial electric field un-

der a space–charge-saturated sheath, spatially oscillating

sheath, temporarily oscillating sheath and classical sheath.

current. It can be shown that the near-wall transport
current under the space–charge-saturated sheath takes

up a great percentage in the Hall thruster, thus we
should take into account the near-wall transport cur-
rent under space–charge-saturated sheath in the Hall
thruster.

Figure 6 shows the intensity variations of near-
wall transport current and classical transport current
with radial magnetic field under each sheath, in which
the electron density and the axial electric field are re-
spectively ne = 1018/m3 and Ex = 104 V/m. From
the figure, we can find that the intensities of near-
wall transport current are inversely proportional to
the square of the radial magnetic field (Ie ∝ 1/B2

r )
approximately under the oscillating sheath and clas-
sical sheath, but this is not the case for the near-wall
transport current intensity under the space–charge-
saturated sheath. The reason is that the convergence
intervals of near-wall transport current density under
the oscillating sheath and classical sheath are shorter,
and the current density has already converged at 0
before arriving at the channel centre from the wall
(Fig. 1), while the convergence interval of near-wall
transport current density under the space–charge-
saturated sheath is longer, and the near-wall transport
current density has not converged at 0 after arriving at
the other side of the wall from one side (Fig. 4). There-
fore, the intensity of near-wall transport current under
a space–charge-saturated sheath is not inversely pro-
portional to the square of the radial magnetic field in
the strict sense (Fig. 6). Moreover, the channel width
has a very great influence on the near-wall conductiv-
ity under space–charge-saturated sheath, which is far
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greater than its influence on the near-wall conductiv-
ities under other sheaths.

Different near-wall conductivity mechanisms un-
der a space–charge-saturated sheath and spatially os-
cillating sheath may lead their near-wall transport
current density distributions to be greatly different.
However, their near-wall transport current intensities
are more or less the same, which are of the same
order of magnitude, and both are far greater than
the near-wall transport currents under other sheaths
and the classical transport current. The number and
temperature of secondary electrons emitted from the
wall under space–charge-saturated sheath may cause
a longer attenuation interval of near-wall transport
current density. As a result, the channel width has
a great influence on the near-wall transport current
under a space–charge-saturated sheath, which is far
greater than its influence on the near-wall transport
currents under other sheaths.
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