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Recent analytical studies and particle-in-cell simulations suggested that the electron 
velocity distribution function in a Hall thruster plasma is non-Maxwellian and anisotropic. 
The electron average kinetic energy in the direction parallel to the walls of a thruster is 
several times larger than the electron average kinetic energy in the direction normal to the 
walls. Electrons are stratified into several groups depending on their origin and 
confinement. These kinetic effects lead to many new properties of plasma in a Hall thruster. 
In particular, the sheath near the electron-emitting surface may become unstable if it is 
characterized by the negative electron conductivity. In this paper, the negative conductivity 
effects in Hall thrusters are studied making use of a one-dimensional particle-in-cell code. In 
case of intense turbulent heating, a new regime with relaxation sheath oscillations is 
observed. In this regime, the plasma switches between a state with non-space charge limited 
emission and a state with space charge limited emission. Transition to the latter state occurs 
when the negative conductivity appears due to modification of the velocity distribution of the 
plasma bulk 

Nomenclature 
x = coordinate normal to the walls, the direction of the applied magnetic field 
z                = coordinate parallel to the walls, the direction of the applied electric field 
t = time 
vx,y,z = velocity components of an electron  
w = kinetic energy of an electron  
wx,y,z = kinetic energy of electron motion in the x, y, z 

 
directions respectively  

m = electron mass  
M = ion mass  
e = elementary charge 
H = width of the plasma slab  
Ex,z = components of the electric field (the self-consistent field is normal to the wall)  
Bx = applied magnetic field  
Φ = electrostatic potential relative to the dielectric wall at x = H  
na = neutral gas density  
ne = electron density  
νturb = frequency of “turbulent” collisions  
νen = frequency of electron-neutral collisions  

                                                           
* At present time - postdoctoral fellow, University of Alberta, Edmonton, sydorenk@ualberta.ca. 
†Research physicist, Princeton Plasma Physics Laboratory, ikaganov@pppl.gov, AIAA member. 
‡Research physicist, Princeton Plasma Physics Laboratory, yraitses@pppl.gov, AIAA member. 
§ Professor, University of Saskatchewan, Saskatoon, andrei.smolyakov@usask.ca, AIAA member. 

 
American Institute of Aeronautics and Astronautics 

 

1

44th AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit
21 - 23 July 2008, Hartford, CT

AIAA 2008-5006

Copyright © 2008 by the American Institute of Aeronautics and Astronautics, Inc.
The U.S. Government has a royalty-free license to exercise all rights under the copyright claimed herein for Governmental purposes.
All other rights are reserved by the copyright owner.

mailto:ikaganov@pppl.gov
mailto:yraitses@pppl.gov


λc = electron mean free path between two collisions  
µc = collisional electron mobility across the magnetic field 
rL = electron Larmor radius  
ωc = electron cyclotron frequency  
Δw|| = energy gain/loss parallel to the walls after a single “turbulent” or electron-neutral collision.  
Γ1 = total primary electron flux towards a wall  
Γ2 = total flux of secondary electron emitted from a wall  
Γi = ion flux to a wall 
γ = total secondary electron emission coefficient  
γcr = critical value of the secondary electron emission coefficient for space charge saturated sheath regime 
Tcr = critical electron temperature for space charge saturated sheath regime with Maxwellian electrons 
γb = partial emission coefficient of a secondary electron beam  
γp = partial emission coefficient of plasma electrons  
wb = average energy of a secondary electron beam when it impinges on the wall  
wp = average energy of plasma electrons when they impinge on the wall  
Γb = primary electron flux towards one wall due to the electrons emitted from the opposite wall  
Γe = primary electron flux towards one wall due to the collision-ejected electrons from the plasma bulk  
α = coefficient of penetration of the beam of secondary electrons through the plasma  
uy,z = components of flow velocity of a secondary electron beam in y and z directions respectively  
Jz = electric current density along the z axis in simulations  
Tex = effective electric current density along the z axis in simulations 

I. Introduction 
here is a reliable experimental evidence of the wall material effect on operation of a Hall thruster.1,2 The existing 
fluid theories explain this effect invoking a strong secondary electron emission (SEE) from the channel walls. 
The SEE is predicted to weaken insulating properties of the near-wall sheaths and, thereby, (i) to cause cooling of 

plasma electrons and (ii) to enhance the electron conductivity across the magnetic field. From a practical standpoint, 
a strong SEE from the channel walls is expected to cause additional inefficiencies due to enhanced power losses in 
the thruster discharge, and intense heating of the channel walls by almost thermal electron fluxes from the plasma3. 
Moreover, because the SEE may lead to lower values of the sheath potential drop, ion-induced erosion of the 
channel walls can be also affected. Although these predictions can be certainly applied for plasmas with a 
Maxwellian electron velocity distribution function (EVDF), there is no consensus between the existing fluid 2,4,5,6,7 
and kinetic models8,9 on how strong the SEE effects on the thruster plasma are. According to kinetic 
simulations10,11,12,13 

 the EVDF in a collisionless plasma is depleted at high-energies due to electron-wall losses. 
Under such conditions, the electron losses to the walls can be hundreds of times smaller than the losses predicted by 
the fluid theories. A similar depletion of EVDF at high energies was also reported for other kinds of low-pressure 
gas discharges.14,15,16 Note that the deviation of the EVDF from a Maxwellian does not necessarily mean that the 
SEE cannot play a significant role in the thruster discharge. In experiments with a Hall thruster operating at high 
discharge voltages, the maximum electron temperature and the electron cross-field current were strongly affected by 
the SEE properties of the channel wall materials,17,18. 

T 

 
In recent particle-in-cell (PIC) simulations 10,11,12 and in the kinetic analytical study,14 we showed that the SEE effect 
on power losses in a thruster discharge is quite different from what was predicted by previous fluid and kinetic 
studies. In simulations, the EVDF was found to be strongly anisotropic, depleted at high energies, and in some cases, 
even non-monotonic. The average kinetic energy of electron motion in the direction parallel to the walls is several 
times larger than the average kinetic energy of electron motion in the direction normal to the walls. Secondary 
electrons form two beams propagating between the walls of a thruster channel in opposite radial directions10,11 (also 
predicted in Ref. 19 in the modified fluid approximation). In this paper, we highlight results of recent kinetic studies 
of HT (Refs. 10-14) which are summarized in the form of convenient analytical formulas for predicting kinetic 
properties of HT plasma. It is shown that for a typical high-performance Hall thruster, the electron fluxes to the 
walls are limited by the source of electrons, overcoming the wall potential and leaving the plasma. The flux of these 
electrons is determined mainly by the frequencies of elastic electron collisions with atoms and ions. The sheath 
insulating properties depend on the electron fluxes to the walls and, therefore, on the rate of elastic scattering of 
plasma electrons.  
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In previous kinetic studies, Meezan and Cappelli8 developed a kinetic model based on the so-called nonlocal 
approach. The non-local approach (described for example in Ref. 20) was developed for large gas discharges with 
the distance between walls of order tens of centimeters and at pressures above 10mTorr, where the electron mean 
free path is much smaller than the discharge gap λc<<H. In Hall thrusters the characteristic distance between walls is 
given by the channel width. Because of the smallness of the electron mean free path in these gas discharges, the 
EVDF is isotropic even for electrons with energy high enough to overcome the wall potential. However, the 
traditional nonlocal approach is not applicable to Hall thrusters, which operate in the opposite limit λc>>H. Because 
the electron mean free path in Hall thrusters is much larger than the channel width, the EVDF has been shown to be 
anisotropic11. Moreover, the anisotropy of the EVDF strongly affects the electron flux to the wall, as shown below. 
Practical analytical formulas are derived for wall fluxes, secondary electron fluxes, plasma parameters and 
contribution to the electron current due to SEE. The calculations based on the analytical formulas agree well with 
the results of numerical simulations.  
 
An important implication of the present work is that future theoretical and experimental studies need to determine 
the influence of these kinetic effects on the thruster performance and heating and erosion of the channel walls. For 
instance, the reduction of the gas density in the thruster channel might significantly reduce the electron fluxes to the 
walls because in xenon plasmas of Hall thrusters the electron collisions with neutral atoms is the major scattering 
process while the Coulomb scattering off the ions gives a small contribution. 
 

II. Sheath Instability 
 

The sheath near the electron-emitting surface may become 
unstable due to the strong departure of EVDF from a 
Maxwellian EVDF21. PIC simulation of Hall thruster 
plasmas in the plane geometry model shown schematically 
in Fig. 1 (the description of the code is given elsewhere23) 
reveals a plasma-sheath instability manifesting itself as a 
rearrangement of the plasma sheath near the thruster 
channel walls accompanied by a sudden change of many 
discharge parameters. The instability develops when the 
sheath current as a function of the sheath voltage is in the 
negative conductivity regime. The major part of the sheath 
current is produced by beams of secondary electrons 
counter-streaming between the walls. The negative 
conductivity is the result of nonlinear dependence of 
beam-induced secondary electron emission on the plasma 

potential. The intensity of such emission is defined by the beam energy. The energy of the beam in crossed axial 
electric and radial magnetic fields is a quasi-periodical function of the phase of cyclotron rotation, which depends on 
the radial profile of the potential and the thruster channel width. There is a discrete set of stability intervals 
determined by the final phase of the cyclotron rotation of secondary electrons. As a result, small variation of the 
thruster channel width may result in abrupt changes of plasma parameters when the plasma state jumps from one 
stability interval to another. In PIC simulations, we found that also the relaxation sheath oscillations (RSO) may 
appear.  

H
z, Ez
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SEE
y

dielectric
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FIG. 1: Schematic diagram of the Hall thruster 
model. The two dielectric walls represent the 
coaxial ceramic channel of a Hall thruster. 

 
A PIC simulation of a thruster-like system was carried out as follows. The constant simulation parameters were the 
distance between the walls H=2.5 cm, the axial electric field Ez = 200 V/cm, the magnetic field Bx = 100 Gauss, the 
neutral xenon atom density na = 1012 cm-3, and the turbulent collision frequency νt= 2:8 106 s-1. Initially, the plasma 
(xenon) has uniform density n0 = 1011 cm-3 and isotropic electron temperature Tex = Tey = Tez = 10 eV. The electron 
component had a drift in the y-direction with the velocity Vdr. The simulation parameters were not chosen so as to 
reproduce some regime of a real Hall thruster, but rather to investigate the plasma-wall interaction and the regime of 
the sheath with SEE while under the condition of intense turbulent heating. In particular, the space-charge limited 
(SCL) SEE regime13 with γ > γcr (for xenon plasma γcr = 0:983) and a non-monotonic potential profile in the sheath 
was expected. In the simulation, the plasma became energetic and strongly anisotropic with the 53 eV of the average 
energy of electron motion in the y-direction, 42 eV of that in the z-direction, and 4.2 eV in the x-direction. The SCL 
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SEE regime was observed in the simulation, but it never established as a stationary state. Instead, it was found that 
the system reaches a quasi-periodic regime, where it oscillates between the SCL and non-SCL states. The SCL state 
lasts for a short time, while the non-SCL state lasts much longer (the width of the spikes in Fig. 2a is much smaller 
than the intervals between the spikes). In the SCL state, the primary electron flux grows abruptly and is several 
times higher than during the non-SCL state (see Fig. 2b) and the plasma potential decreases (see Fig. 2c). 
 
In Fig.3 (b) and (c), we represent the bulk plasma electron distribution function over the x and z velocities in the 
midplane, f(vx,vy,H/2), obtained during the non-SCL stage of one RSO period shown in Fig.3(a). At the time tA 
marked by vertical line A in Fig.3(a), which is immediately after the end of the SCL stage, the EVDF has high-
amplitude spikes created by numerous cold secondary electrons trapped by the restored plasma potential, see 
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FIG. 2: Evolution of general plasma parameters with time in the RSO regime. (a) Total emission coefficient γ  at 
the wall x=H (solid curve) and the threshold emission coefficient for the SCL SEE (dashed line). (b) Total primary 
electron flux Γ1 to the wall x=H. (c) Electrostatic potential in the middle of the plasma Φp. (d) Average electron 
energy <w>. 

 

   FIG. 3: (a) The primary electron flux to the wall x=H during one RSO period, vertical lines A and B mark the 
beginning (time tA) and the end (time tB) of the non-SCL state. (b) and (c) The EVDF over vx and vz in the middle of 
the plasma 10 mm <x<15 mm obtained at times tA (b) and tB (c). (d) The dependence at times tA (solid curve) and tB 
(dashed curve). Vertical lines in (d) mark the electron confinement threshold Φp. Graphs in (b), (c), and (d) are 
plotted in energy coordinates, negative energy values correspond to propagation in the negative direction. 
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Fig.3(b). With time, these spikes disperse because electrons (i) suffer turbulent collisions (the anisotropic Joule 
heating), and (ii) are mixed in the phase space x-vx by a weak two-stream instability.13 By the end of the non-SCL 
stage [time tB marked by vertical line B in Fig.3(a)] the amplitude of the spikes in the EVDF decreases by a factor of 
two, see Fig.3(c). To give a quantitative characteristic of the local EVDF modification, in Fig.3(d) we plotted 
dependences <wz(vx)> for the plasma bulk electrons with wx<eΦp at times tA and tB, where 

.)2/,,(
2

)(
2

∫
∞

∞−

= Hvvfmvdvvw zx
z

zxz  

The dashed curve <wz(vx)> obtained at time tB is clearly higher than the solid curve obtained at time tA in the region 
10 eV < wx <12.5 eV. In other words, by the end of the non-SCL stage, the electrons with Φp-δΦ<wx< Φp , where 
δΦ=2.5eV<<Φp, significantly increase their energy of motion parallel to the walls. This energy becomes the source 
for the upcoming SCL stage. 

III. Conclusions 
 

The plasma potential, the wall electron flux, and the electron temperatures calculated making use of these formulas 
agree well with the values obtained in particle-in-cell simulations. The SEE effect on power losses in a thruster 
discharge is shown to be quite different from what was predicted by previous fluid and kinetic studies. Kinetic 
calculation gives the values of the electron flux of a few orders of magnitude smaller than the values obtained using 
the fluid approach. The difference is attributed to the presence of a large depleted loss cone in the electron velocity 
distribution function. The EVDF in the loss cone is determined by elastic scattering of electrons due to collisions 
with atoms and Coulomb collisions. Our results suggest that even in the presence of a strong SEE from the walls, a 
contribution of the wall energy losses to the electron energy balance is much smaller than predicted by fluid theories 
and is proportional to the elastic scattering of electrons on collisions with atoms and ions and not inversely 
proportional to the electron time of flight to the walls, as is commonly assumed. It means that the wall flux is 
proportional to the gas density and is independent on the channel width (as long as H<<λc). This is very different 
from plasmas with the isotropic electron EVDF, including Maxwellian and non-Maxwellian EVDFs. 
 
Another important result of these kinetic studies is that the SEE contribution to the current balance at the walls is 
self-canceled and, therefore, the plasma potential with respect to the wall and the electron energy losses on the walls 
are almost insensitive to the SEE. Secondary electrons emitted from the walls form two counter-streaming beams. 
The effective coefficient for penetration of the SEE beams from one wall to the opposite wall is equal to unity. One 
may assume the complete penetration of the emitted electrons because the beam electrons, which lose energy due to 
the two-stream instability and cannot leave the plasma in one pass between the channel walls, will eventually gain 
energy and escape the plasma. The SEE beams may carry a considerable portion of the cross-field electron current 
due to their cycloid trajectory in ExB field. This effect should depend on SEE properties of the channel wall 
material.  
 
The results of these theoretical studies may explain the influence of wall material on the thruster operation and 
plasma parameters observed in experiments1,2,18 as well as the influence of the channel width on the electron 
temperature22 by the enhancement of the electron conductivity due to contribution of the SEE electrons, rather than 
the enhancement of the energy losses to the walls. This conclusion is in qualitative agreement with the analysis of 
experimental data in Ref. 17. Future studies should be focused on generalization of this model to the two-
dimensional geometry. 
 
The sheath near the electron-emitting surface may become unstable if it is characterized by the negative electron 
conductivity. In this paper, the negative conductivity effects in Hall thrusters are studied making use of a one-
dimensional particle-in-cell code. In case of intense turbulent heating, a new regime with relaxation sheath 
oscillations is observed. In this regime, the plasma switches between a state with non-space charge limited emission 
and a state with space charge limited emission. Transition to the latter state occurs when the negative conductivity 
appears due to modification of the velocity distribution of plasma bulk electrons. 
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