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ABSTRACT
Structure of electrical sheath inside a hollow anode was numerically analyzed using the
fully kinetic 2D3V Particle-in-Cell (PIC) and Direct Simulation Monte Carlo (DSMC)
methodologies. As a result, ionization reaction in a hollow anode was found playing an
important role to enhance the electron current to the anode.
ε0 : free space permeability constant [F/m]
λD : Debye length [m]
τ : mean free time [s]
φ : space potential [V]
R,Z,θ : cylindrical coordinate

NOMENCLATURE
B : magnetic induction [T]
d : anode width [m]
E : electric field strength [V/m]
e : electronic charge [C]
I : electric current [A]
m : particle Mass [kg]
n : number Density [1/m3]
S : anode surface area [m2]
T : temperature [eV]
t : time [s]
v : velocity [m/s]
x : position [m]

SUBSCRIPTS
0 : anode exit
d : discharge
e : electron
i : ion
n : neutral
w : wall

INTRODUCTION
Two types of Hall thrusters are commercially used: a magnetic layer type and an anode
layer type. In this research, the latter type is in consideration. The thruster configuration is
shown in Fig. 1. Since channel length is shorter than channel width, plasma loss to the channel
wall is smaller and lifetime is expected longer than the magnetic layer type.[1,2]
Discharge instability in anode layer type Hall thrusters would be one of the serious
problems to be overcome. A hollow anode is commonly used to stabilize the discharge for these
thrusters. The hollow anode makes it possible to gain enough discharge current by collecting
electrons from sufficient anode surfaces.[3]
Electric potential drops sharply from the anode to the channel exit in the channel because
the channel wall is made of metal and electrically connected to the cathode. The typical
solution for 1-D analysis is plotted in Fig. 2. The electron number density also drops sharply
inside the channel resulting in quite low number density plasma in the vicinity of anode. This
is thought to cause discharge instability in this type of thruster.
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Fig. 1

Anode layer type Hall thruster.
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Through the experiments using a 1kW class anode layer type Hall thruster (Fig. 3) discharge
stability was investigated.[4] Measured intensity of discharge current oscillation is shown in
Fig. 4. The oscillation intensity was very sensitive to B, and stable operation regime was
limited in a very narrow range of B.
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Fig. 3 A 1kW class anode-layer Hall
Thruster.

Fig. 4 Discharge current oscillation and
magnetic induction.

To improve the discharge stability or to enlarge its stable operation range, electron density
starvation in the vicinity of the anode surface should be avoided. Discharge current is
equivalent to the total electron current on the anode as,

³

I d = I e = ene ve dS

(1)
where S is the substantial anode surface area. As indicated in this equation, S and ne should be
large enough to realize high discharge current. The hollow anode is thought to contribute to
increase S as well as ne.
The clarification of the relationship among anode surface area, plasma measurements and
sheath structure is indispensable for the prediction of thruster performance. In this research,
plasma inside the hollow anode was numerically simulated using a fully kinetic 2D3V
PIC-DSMC methodology.[5-7] The goal of the calculation is to model the anode sheath, which
has a great effect on the range of stable discharge of anode layer type Hall thrusters, and find
out a scaling law for the hollow anode design.
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PHYSICAL MODEL
Typical potential distributions in a hollow anode are schematically drawn in Fig. 5.
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(a)
(b)
Schematic diagrams of the sheath structure inside a hollow anode.

When the electric field is spread deeply inside the anode as Fig. 5 (a), electrons can reach deep
inside the anode and total discharge current would be high. On the other hand, when the
electric field exists only in the vicinity of the anode exit as Fig. 5 (b), most of the electrons are
accelerated toward the surface near the anode exit and electron current cannot be high enough
without high electric potential drop nor high electron energy.
CALCULATION MODEL
Figure 6 shows the flow chart of calculation.
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Fig. 6 A flow chart of the calculation.
All macro-particles are treated kinetically. Electric and magnetic forces are implemented via
the PIC methodology and collisions are via the DSMC methodology. The cylindrical coordinate
system (R, Z, θ) was applied as shown in Fig. 7. Particle’s position is expressed in
two-dimensional space R and Z, while its velocity is expressed in three-dimensional space. That
is, particles move in all directions, but the azimuthal coordinate is always discarded.
A 36×20 orthogonal calculation grid is set, with the axial length of the cell getting smaller
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toward the anode exit in order to observe the sharp fall of electron density in the vicinity of
anode exit. The minimum cell length is in the same order of the Debye length.

R
Hollow Anode

R

θ

Z

θ
Z

0
Fig. 7 The coordinate and the calculation grid.

Assumptions are listed below.
・ Magnetic field lines are aligned in the radial direction uniformly inside the hollow anode
and don’t have axial or azimuthal components.
・ Mass ratio mn/me (when using Xenon as propellant) is decreased from 4×10-6 to 1/100, to
speed up heavy particle’s motion.
・ Only singly charged ions are considered.
Collisions considered in this simulation are shown in Table 1. The figures in the table are
examples when the particles are at their thermal velocity. The simulation time step is based on
electron - neutral collision mean free time τen.
Table 1 Collisions considered in the simulation.
Collision
Mean Free
Relative Collision
Time
Frequency
Neutral–Neutral Scattering
Electron–Electron Coulomb

3.83×10-5 [s]
1.527×10-5[s]

5.32×10-5
1.33×10-4

Electron–Neutral Elastic Scattering
Electron–Neutral Ionization

2.038×10-9[s]
1.831×10-8[s]

1.00
0.111

Electron–Neutral Excitation
Electron–Ion Coulomb

6.683×10-8[s]
2.827×10-7[s]

3.05×10-2
7.21×10-3

All the particles move according to the dynamic equations. The dynamic equations for charged
particles are expressed as,
dvZ
= −e( EZ − vθ BR )
dt
v2
dv
me R = −eEr + me θ
dt
xR

me

Electrons :

me

(2)

Ions :

v v
dvθ
= −evZ BR − me R θ
dt
xR

dxZ
= vz ,
dt

dv Z
= eE Z
dt
dv
m i R = eE R
dt
dx Z
= vZ
dt
dx R
= vR
dt
mi

dxR
= vR
dt

Space potential is calculated using the Poisson’s equation as,
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(3)

∂ 2ϕ
1 ∂ § ∂ϕ ·
e
+
¨ xR
¸ = − ( ni − n e )
2
ε0
x R ∂R © ∂R ¹
∂Z

(4)

RESULTS & DISCUSSION
Firstly, the case without ionization is computed. Only electrons flow into the hollow anode.
Electrons are fed from the anode exit, which is the right hand side boundary of each picture,
with a Te=10[eV] half-Maxwellian velocity distribution. The electron density on that boundary
ne0 is a variable parameter in this calculation.
Computed electron number density and electric potential distributions are shown in Figs.
8 and 9. When ne0 is in the order of 1015[1/m3], electrons spread widely in the hollow anode, and
electrons have reached even the far side of the anode wall. As ne0 gets higher, a potential drop
appears and causes electrons to flow back out of the anode. As a result, electron density and
electric potential dropped sharply near the exit due to the space charge limitation.

e

(a) Electron number density
(b) Electric potential
Fig. 8 Computed distributions in the case of ne0=4.92×1015[1/m3].
Ie=0.023[A].

e

(a) Electron number density
(b) Electric potential
Fig. 9 Computed distributions in the case of ne0=1.36×1017[1/m3].
Ie=0.11[A].
Figure 10 shows the electron current density on the anode wall. Most of the electrons are
absorbed near the anode exit, and the percentage of electrons that are absorbed on the backside
wall is as small as 1.9[%].
The relation between ne0 and Ie is shown in Fig. 11. Although Ie was increased with ne0, it
was saturated due to the space charge limitation.
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Fig. 11 Relation between ne0 and Ie.
The maximum discharge current was 0.12 [A]. This value is one order of magnitude smaller
than actual discharge current measured in the experiment (see Fig. 4.)
The effects of boundary conditions such as electron temperature at the anode exit and the
potential drop inside the hollow anode are shown in Figs. 12 and 13. When Te is higher,
electrons have higher thermal velocity on the inlet boundary, and more electrons are collected
in the anode. For example, when Te is set as high as 100 eV, Ie reached the same order of the
measured one.
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Fig. 12 Effect of electron temperature.
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Fig. 13 Effect of potential drop.

The discharge current was increased with the potential drop ∆φ. Discharge current of 1[A]
was obtained when ∆φ was as high as 75 [V],
However, increase in Te and ∆φ implies the increase in electric power, and leads to the
decrease in thrust efficiency. From the consideration of energy balance in the thruster, this
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high electron temperature or large potential drop in the anode is unrealistic.
Therefore, secondly, ionization reaction in a hollow anode has been taken into account.
Neutral particles enter the system from a propellant feed orifice with an initial temperature of
Tn=300[K]. Colliding with the anode wall, they are reflected randomly at the wall temperature
of Tw=1000[K] and gain energy. The neutral number density distribution without discharge is
shown in Fig. 14.

Fig. 14 Neutral number density distribution. Xe=2.0[Aeq].
Coupling the movement of neutral particles, electrons and ions, and taking into account of the
collision among these particles, number density distributions and electric potential distribution
are computed. Figure 15 shows the distributions in the case under nearly the same conditions
as the case shown in Fig. 8. Electron current collected on the anode was Ie=1.36[A], which is
about ten times larger than in the case without ionization reaction. The ion current generated
inside the hollow anode was Ii=0.29[A].
The relation between ne0 and Ie is shown in Fig. 16.

(a)

Fig. 15

Electron number density

(b) Ion number density.
(c) Electric potential.
Computed distributions with an ionization reaction in the case of ne0=2.12×1017[1/m3].
Ie=1.36 [A], Ii=0.29[A].
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Fig. 16 Relation between ne0 and Ie.

CONCLUSIONS
The plasma inside a hollow anode was numerically analyzed using the PIC-DSMC
methodologies. When ionization reaction is neglected, electron current collected in the anode
was one order of magnitude low (Ie=0.11[A]) compared with the measured discharge current
(Ie=1.0-5.0[A]). Taking ionization reaction into account, electrons collected on the anode
increased to Ie=1.36[A].
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