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In this work, an assessment of the different contributions to the anomalous electron 
transport in a Hall-effect thruster (HET) channel discharge was carried out through a fully 
kinetic 3D PIC-MCC model. The fluctuation-induced and near-wall-induced contributions 
have been separately estimated turning off the secondary electron emission and the 
azimuthal direction, respectively, and comparing these two cases with the full (including all 
the mechanisms) case. Results show that the near-wall-conductivity contributes to 60% of 
the total axial electron current detected at the anode while the azimuthal fluctuation account 
for only 20%. 

Nomenclature 
B = magnetic field 
f = geometrical scaling factor 
E = energy 
I = current  
ID = discharge current 
j = current density 
k = wave number  
n = density 
r = radial direction 
rin = inner radius of the channel 
z = axial direction 
γ = total secondary electron emission coefficient 
Δt = time step 
θ = azimuthal direction 
π = pi-greek 
ρ = charge density 
σ = surface charge density 
φ = electric potential 
ωp = electron plasma frequency 
 

I. Introduction 
he entire functioning principle of Hall-effect thruster (HET) is based on the electron transport in ExB field1. It is 
well recognized that this discharge configuration creates high anisotropy and azimuthal fluctuations. In addition, 
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the lateral surfaces play an active role due to the strong secondary electron emission in the acceleration region of the 
channel inducing space-charged saturated or even inverted sheaths. Both mechanisms, azimuthal fluctuations and 
electron-wall interaction, are responsible of the anomalous electron cross-field transport consisting in an axial 
electron current 10 times larger than the collision-induced current. 
 Due to the low collisionality, both mechanisms have a strong kinetic character and any fluid treatment with an ad 
hoc fitting electron mobility is not helpful for understanding the real nature of electron transport and consequently 
for optimizing the HET current efficiency. 
 For this reason, in the last decade, thanks to new computer technologies and high performance programming 
(CUDA NVIDIA, Intel Xeon Phi coprocessor, etc.), 2D and 3D Particle-in-Cell (PIC) models of HET have begun to 
appear on the international scene2-5. The realistic and complex nature of these ab initio models has meant that they 
were called numerical experiments, but as such, they does not allow to investigate in detail the physics of HET. For 
this reason, in the present work, the fully kinetic three-dimensional PIC model have been developed allowing to 
isolate one aspect at a time before to combine them all together. In particular, three different cases have been 
invetigated and compared: 

- case A: 3D(r,θ,z) representation of the HET discharge 
- case B: 2D(r,z) axisymmetric representation 
- case C: 3D(r,θ,z) representation without SEE (completely absorbing lateral walls). 

Comparison between cases A and B will show the contribution of the azimuthal fluctuation on the electron transport, 
while comparison between cases A and C will point out the effects of electron-surface interaction on the electron 
current. 
 The paper is organized as follows: in the next section, the model is outlined, while in section III the results of the 
different cases are compared and discussed in the view of the assessment of the different contributions to the 
electron current.  
 

II. Numerical Model 
The computational technique used is a standard electrostatic Particle-in-Cell/Monte Carlo Collision (PIC-MCC) 

model6. Operational input parameters used are those typical of an SPT-100 thruster. 
The domain consists of the co-axial channel limited axially by the anode and the exit plane (forced to be at the 

cathode potential) and radially by the inner and outer walls. In order to lower the computational cost we have 
reduced the periodicity length to θ=π/2 (clearly for cases A and C). Furthermore, a geometrical scaling7 has been 
applied reducing the axial and radial dimension by f=10 and keeping constant all the most relevant non-dimensional 

(a) (b)  
Figure 1. a) Xe atoms density distribution and b) magnetic field map used as fixed prescribed input data in 
the model. 
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Knudsen and Hall parameters. The volume of every cell is smaller than the Debye sphere and the time-step is chosen 
such that ωpΔt=0.3. Realistic values of the ion mass and vacuum permittivity have been kept. 
A prescribed axial distribution (uniform in radial and azimuthal directions) of neutral Xe atoms density (Fig. 1.a): 
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(nXe(0)=1x1019 m-3 and z is expressed in meters) and magnetic field map (Fig. 1.b) (radial and axial components 
while Bθ=0) are imposed and fixed during the simulation. 
 The simulation starts from an empty domain. Electrons are introduced every time step from the exit plane with 
half-Maxwellian (Te0=20 eV is used to simulate the electron acceleration occurring in the near-field plume region) 
velocity distribution. The amount of electrons injected inside the channel every PIC iteration is determined by 
subtracting the uneutralized positive ion current Ibeam=IXe+,exit+IXe++,exit exhausted to the current discharge (Iinj=Id-
(Ibeam-Ie,exit)). While the ignition has been rather simple for cases A and B, in the case C an extra injection of 
electrons has been necessary due to the complete loss of electrons (no SEE) inside the channel. 

 The Poisson equation in three-dimensional cylindrical geometry: 
 

  ∂ 2

∂r 2
+
1

r

∂
∂r

+
1

r 2
∂2

∂θ 2
+
∂ 2

∂z 2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ φ (r,θ ,z) = −

ρ(r,θ ,z)
ε0

 (2.a) 

 
is solved with Dirichelet fixed conditions on axial boarders at z=0 (anode) and at z=Lz (cathode) such that all the 
acceleration is forced to occur inside the channel: 
 
  φ (r,θ )

z=0
= VD ;   φ (r,θ )

z=Lz
= 0 , (2.b) 

 
while Neumann conditions are used on the insulating walls at r=rin and at r=rout (the possible surface conductivity of 
the dielectric is neglected): 
 

  ∂φ (θ ,z)
∂r w

=
def

− Er ,w (θ ,z) = ±
σ w (θ ,z)
ε0

 (2.c) 

 
where + is for the outer wall and – is for the inner wall. Finally, periodic boundary conditions are set on azimuthal 
boundaries at θ=0 and at θ=π/2. 
 
  φ(r, z)

θ=0
= φ(r, z)

θ=π /2
 (2.d) 

 
Periodic conditions are used for particles crossing θ-boundaries. When an electron hits the dielectric channel 

wall (BN is simulated), in cases A and B we choose the number of electrons emitted based on its energy Ep. It is 
distinguished between three different types of secondary electrons: backscattered, re-diffused and true secondary 
electrons. A Monte Carlo probabilistic model8 is used which allows a detailed dependence of the secondary electron 
emission coefficient γ on the primary electron energy Ep (see Fig. 2). Values of γ(Ep=0)=0.44 and Ep(γ=1)=32 eV 
have been used. While in case C all the electrons hitting the lateral walls are absorbed. Finally, when an ion strikes 
the wall it is neutralized and deleted from the list of particles tracked. 

When electrons and ions leave the simulation domain from anode and cathode planes at z=0 and z=Lz, 
respectively, they are deleted from the list and a counter stores the number of particles in order to compute anode 
and cathode currents. 

We apply the standard “null collision” Monte Carlo technique9 to simulate electron-neutral (Xe) collisions, 
which include elastic scattering, excitation, and single ionization. Collisions producing Xe++ ions such as direct 
double ionization of Xe atoms and single ionization of Xe+ ions have been also added.  

 



 
Joint Conference of 30th ISTS, 34th IEPC and 6th NSAT, Kobe-Hyogo, Japan 

July 4 – 10, 2015 
 

4

III. Results 
Table I summarizes the currents obtained for the different cases, and in particular, the electron current detected at 

the anode Ie,anode, and the total ion current detected at the exit plane Ii,exit-plane. Both values have been rescaled to the 
real value (in the geometrical scaling the current scales as f2). 

 
 Case A (3D) Case B (2D) Case C (3D-no SEE) 
Electron current at anode Ie,anode (A) 2.1 1.7 0.8 
Ion current at cathode Ii,exit-plane (A) 1.34 1.28 0.5 
Table I – Summary of the currents detected for the different cases studied. 
 
Comparing cases A and B, it is evident that the azimuthal fluctuation contributes to an increase of the cross-field 
electron current of 0.4 A, i.e. to the 20% of the total electron current. The comparison between cases A and C 
isolates the contribution of the secondary electron emission to the axial anomalous current, the so-called near-wall 
conductivity. With the secondary electron emission activated, the electron current goes from 0.8 A to 2.1 A, i.e. to 
an increment of 60% of the total current detected with the complete case A. This results shows that electron-wall 
interaction plays a relevant role, as already pointed out through different experimental measurements that have 
shown the influence of the different wall materials used to the current and efficiency detected. 
 In order to emphasize the complex structure of the electron transport inside the HET channel, the arrow-color 
map of electron current density je in the {r,z} plane (averaged over the azimuthal direction) has been reported in Fig. 
2. The map shows the transition point located at z=2 cm between the forward flux (that neutralizing the ion flux 
emitted from the channel) and the backward flux moving towards the anode. A strong near-wall current is detected 
at the inner lateral surface in the acceleration region 

 
 Finally, the role of azimuthal fluctuation and secondary electron emission are evident in the maps of plasma 
potential in {r,z} (Fig. 3.a)  and {r,θ} (Fig. 3.b) planes. It can immediately see the absence of space-charge-saturated 
regime sheath, often detected in reduced dimensionality (1D radial and 2D radial-axial or radial-azimuthal) models. 
It seembs that possibility to form three-dimensional sheath structure makes harder the occurance of non-classical 
sheath regiemes. Fig. 3.b shows the bulk azimuthal fluctuation characterized in the present scaled model by a wave 
nuber kθ=770 m-1. 
 

 
Figure 2. Arrow-color map of electron current density je(A/m2) in the {r,z} plane (averaged over the azimuthal 
direction). 
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IV. Conclusion 
In this study the different contributions to the anomalous electron transport have been isolated by means of a 

numerical three-dimensional PIC-MCC model of the HET discharge. The model allows switching off the azimuthal 
direction and secondary electron emission from the lateral walls in turn. Results show the complex behavior of the 
electron current in the acceleration channel, pointing out the importance of electron-wall interaction, which 
contributes to 60% of the total electron current detected at the anode, while the azimuthal-induced current accounts 
for 20%. 
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(a) (b)  
Figure 3. a) {r,z} (at θθ=π /4) and b) {r, θ} (at z=2 cm) maps of electric potential φ(V). 
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