
PHYSICS OF PLASMAS 13, 014501 �2006�
Kinetic simulation of secondary electron emission effects in Hall thrusters
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The particle-in-cell code has been developed for kinetic simulations of Hall thrusters with a focus
on plasma-wall interaction. It is shown that the effect of secondary electron emission on wall losses
is different from predictions of previous fluid and kinetic studies. In simulations, the electron
velocity distribution function is strongly anisotropic, depleted at high energy, and nonmonotonic.
Secondary electrons form two beams propagating between the walls of a thruster channel in
opposite radial directions. The beams produce secondary electron emission themselves depending
on their energy at the moment of impact with the wall, which is defined by the electric and magnetic
fields in the thruster as well as by the electron transit time between the walls. The condition for the
space-charge-limited secondary electron emission depends not only on the energy of bulk plasma
electrons but also on the energy of beam electrons. The contribution of the beams to the particles
and energy wall losses may be much larger than that of the plasma bulk electrons. Recent
experimental studies may indirectly support the results of these simulations, in particular, with
respect to the electron temperature saturation and the channel width effect on the thruster
discharge. © 2006 American Institute of Physics. �DOI: 10.1063/1.2158698�
Operation of a Hall thruster is strongly affected by the
secondary electron emission �SEE� from thruster channel
walls. SEE decreases the plasma potential and thus increases
the flux of electrons from plasma to the wall.1 With the
growth of plasma electron temperature the emission coeffi-
cient � increases until at some critical electron temperature
Tcr it reaches the critical value �cr and the SEE turns to the
space-charge-limited �SCL� regime. Here �=�2 /�1, �1 and
�2 are the primary and the secondary electron fluxes, �cr

�1–8.3�m /M�1/2, and m and M are the electron and the ion
mass. In the SCL regime part of emitted electrons is reflected
by the negative potential drop near the wall. Transition to the
SCL regime is accompanied by the considerable growth of
the primary electron flux and is an important factor limiting
the electron temperature. For boron nitride ceramics grade
HP, which is used in some Hall thrusters, the critical electron
temperature of a plasma with a Maxwellian electron velocity
distribution function �EVDF� is Tcr=18.26 eV.2 The fluid
theories describing Hall thrusters3–6 assume that the EVDF is
Maxwellian and predict fast electron cooling due to wall
losses and saturation of the electron temperature with the
growth of the discharge voltage. In fact, such saturation was
recently measured in a 2 kW Hall thruster;7 however, the
electron temperature inside the thruster channel was several
times higher than Tcr.

7,8 Kinetic studies of plasmas in Hall
thrusters9,10 reveal the depletion of the high-energy tail of
EVDF and the reduction of the electron losses to the wall
compared with fluid theories. It was shown in Ref. 11 for
electron cyclotron resonance discharges that EVDF near a
wall is non-Maxwellian and strongly anisotropic. Thus, the
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proper analysis of EVDF in Hall thrusters requires kinetic
plasma simulations.

In the accelerating region of a Hall thruster the radial
magnetic field is strong and the EVDF is established on a
spatial scale much smaller than the accelerating region
length. Therefore, to obtain the EVFD it is sufficient to con-
sider a thin radial section of the accelerating region, which
may be approximated by a one-dimensional model. Consider
a plasma bounded by two infinite parallel dielectric walls
with SEE, see Fig. 1. Axis x is directed normal to the walls.
The system is uniform along axes y and z. The plasma is
immersed in the external constant uniform magnetic field Bx

and electric field Ez. The described system is simulated with
the parallel electrostatic particle-in-cell code12,13 developed
on the basis of the direct implicit algorithm.14,15 The code
resolves one spatial coordinate x and three velocity compo-
nents �x, �y, and �z for each particle. Elastic, excitation, and
ionization collisions between electrons and neutral xenon at-
oms are implemented, making use of the Monte Carlo model
of collisions.16 The uniform neutral gas density is constant
during simulations. To account for the anomalously high
electron mobility across the magnetic field in Hall thrusters,
the additional “turbulent” collisions are introduced,4,17 which
randomly scatter particles in y-z plane without changing their
energy.18 Coulomb and ion-neutral collisions are neglected.17

The SEE model is similar to that of Ref. 19. The total emis-
sion coefficient � agrees with the available experimental data
for boron nitride ceramics grade HP.20 The ions are neutral-
ized after collision with the wall increasing the surface
charge.

Parameters of simulations correspond to the values ex-

perimentally measured in the 2 kW Hall thruster for dis-
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charge voltages from 200 to 350 V.21 The axial electric field
Ez and the radial magnetic field Bx are taken at the point with
maximal electron temperature, which is inside the thruster
channel for the considered discharge voltage range. The neu-
tral gas density na determines the frequency of electron-
neutral collisions �en. The turbulent collision frequency �t is
adjusted such that the electron mobility �c due to both tur-
bulent and electron-neutral collisions corresponds to the ex-
perimental value of the electron electric current density Jexp,

Jexp = ene�cEz = ene
e��t + �en�

m���t + �en�2 + �c
2�

Ez,

where −e is the electron charge, ne is the electron density,
and �c is the electron cyclotron frequency. Below the major
results are highlighted, presenting for illustrations the simu-
lation data corresponding to the discharge voltage of 350 V.
In this simulation L=2.5 cm, Ez=200 V/cm, Bx=100 G, na

=2�1012 cm−3, and �t=1.46�106 s−1; the plasma density
averaged over the width of the plasma slab is �ne�=3.2
�1011 cm−3 after 6.9 �s of the system evolution.

The simulations reveal that in thruster plasmas the
EVDF is anisotropic and far from Maxwellian �see Fig.
2�.13,22 The average energy of electron motion in the direc-
tions parallel to the walls �wy,z�= �m�y,z

2 /2� is several times
larger than the average energy of electron motion in the di-
rection perpendicular to the walls �wx�= �m�x

2 /2�. The EVDF
presented in Fig. 2 has �wx��5.7 eV and �wz��24.5 eV.

Qualitatively, the anisotropy of the EVDF can be ex-
plained as follows.13,22 The electrons gain their energy from
the accelerating electric field Ez as a result of turbulent col-
lisions and collisions with neutral atoms. After a collision
occurs the guiding center of electron’s orbit displaces along z
and the electron energy increases by �w�eEzrL, where rL is
the electron’s Larmor radius. This energy increment �w is
distributed between wy and wz due to cyclotron rotation;
thus, the heating occurs in the direction parallel to the walls.
In addition, the electron-neutral collisions may turn the elec-
tron towards the wall. Electrons with wx	e
, where 
 is
the plasma potential relative to the wall, form the loss cone,
and quickly leave the plasma. Electrons with total kinetic
energy w=m��x

2+�y
2+�z

2� /2 below the confinement threshold
e
 have to be heated before they can be scattered to the loss
cone by electron-neutral collisions.11,13 The electron-neutral
collisions tend to make the EVDF isotropic in the energy
region w�e
. However, if �t��en the electrons gain energy
in the directions parallel to the walls much faster than this

FIG. 1. Schematic diagram of the simulated plasma system. The two dielec-
tric walls represent the coaxial ceramic channel of a Hall thruster.
energy is transferred via electron-neutral collisions to the
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motion normal to the walls, resulting in the anisotropic
EVDF.11,22 The dominating anomalous conductivity is typi-
cal for simulations of the low discharge voltage regimes of
200–300 V. In simulation of the higher discharge voltage
regime of 350 V the difference between the classical and the
anomalous axial electron mobility decreases so that �t��en.
Here the anisotropy develops because the axial electric field
Ez is so strong that after a collision the increment of the
energy of motion parallel to the walls is �w	e
. As a result
the subsequent electron-neutral collision may scatter this
electron to the loss cone and the isotropization does not oc-
cur. Note that the low-energy electrons are permanently re-
plenished due to ionization.

Although the SEE decreases the drop of potential across
the sheath, the potential of plasmas with an isotropic Max-
wellian EVDF remains above the electron temperature even
in the SCL regime. In the present simulations the plasma
potential, on the one hand, exceeds average energy of elec-
tron motion normal to the walls �compare curves 3 and 2 in
Fig. 3�. On the other hand, the plasma potential is small
compared to the average energies of electron motion in the
directions parallel to the walls e
� �wy,z� �compare curves 3
and 1 in Fig. 3�. Thus, for a given average electron energy
the electrostatic potential of the plasma with the anisotropic
EVDF is far less than that of the plasma with the isotropic
Maxwellian EVDF. Also, in the present simulations the elec-
tric field and the dynamics of plasma particles are calculated
self-consistently across the whole plasma slab. As a result,

FIG. 2. EVDF over �x and �z in the middle of the plasma 10 mm�x
�15 mm plotted in energy coordinates �the sign marks the velocity direc-
tion�. �a� 3D plot; �b� the corresponding 2D plot with contour lines. Any two
neighbor contour lines in �b� have a level difference of 0.1. The plasma
potential relative to the wall is 
=20 V.
the source sheaths, which are inherent in simulations with a
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plasma source and represent the distinct potential drop near
the plasma source,23,24 do not appear and the potential profile
is smooth �curve 3 in Fig. 3�.

For the neutral density used in simulations the average
frequency of electron-neutral collisions is �en�1.4
�106 s−1, the mean free path in x direction between the two
collisions with neutral atoms �which may scatter an electron
towards the wall� is 
c�1 m. The mean free path is much
larger than the width of the plasma slab 
c�L, that is why
the EVDF is strongly depleted for the energies wx above the
plasma potential wx	e
�x�, i.e., in the loss cone.11 The loss
cone is populated by the electrons from the plasma bulk
collided with neutral atoms, as well as by the electrons emit-
ted from the bounding walls and accelerated in opposite di-
rections by the sheath potential.

The emitted electrons form two counterpropagating elec-
tron beams. The electrons of these beams move along the
spiral-like trajectories: the acceleration and deceleration in x
direction �between the channel walls� are combined with the
cyclotron rotation in y-z plane and Ez�Bx drift in y direction
�see Fig. 4�a��. The near-wall conductivity �NWC� theory
relies on such motion explaining the increase of the electron
mobility across the magnetic field.25 In the simulation pre-
sented here the 200% increase of the axial electron mobility
due to NWC compared to the mobility determined by colli-
sions with neutral atoms and turbulent collisions is
observed.13,22 When NWC is significant, the profile of the
axial electron current density Jz�x� becomes modulated, as it
is predicted in Ref. 25; see Fig. 5.

The energy of motion of emitted electron parallel to the
walls also oscillates along the electron trajectories �see Fig.
4�b��. At the time of collision with the wall the average en-
ergy of beam electrons wb exceeds the initial average energy
of emission by the value of the order of m�Ez /Bx�2 due to the
drift motion. Therefore, in large electric field the emitted
electrons may produce intense secondary electron emission
themselves.13,22 From Fig. 4�b� it follows that wb depends on
the phase of cyclotron rotation of electrons at the moment of
their impact with the wall. This phase depends on the time of
transit of the emitted electrons between the walls and is de-
fined by the distance between the walls and by the potential

FIG. 3. Spatial profiles of the average electron energy of motion in z direc-
tion �curve 1� and in x direction �curve 2�, and of the electrostatic potential
�curve 3�. The walls are at x=0 and x=25 mm. Note that everywhere �wx�
�e
� �wz�.
profile. Recently the strong effect of the channel width on
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thruster operation has been observed,21 which may be related
with the dependence of the energy of the secondary electron
beams on the width of the channel.

The plasma bulk electrons and the beam electrons are
characterized by different average energies wp and wb at the
moment of impact with the wall, and thus produce SEE with
independent partial emission coefficients �p and �b. Here,
subscripts p and b correspond to the plasma bulk and the
beam electrons. Consider the stationary state of the system
with symmetric monotonic potential profiles near the walls.
For each dielectric wall the ratio of the fluxes of electrons of
the bulk plasma and of the secondary electron beam towards
one of the walls is13,22

�b

�p
=

��p

1 − ��b
, �1�

where �p is the primary electron flux due to the bulk plasma
electrons, �b is the primary electron flux due to the beam of
electrons emitted from the opposite wall, �=�b /�2�1 is the
coefficient of penetration of the electron beam through the
plasma slab, and �2 is the total secondary electron flux emit-

FIG. 4. For the electron beam emitted from the wall x=0: �a� represents the
local flow velocities uy �black triangles� and uz �open triangles� vs x coor-
dinate and �b� represents the local average energy wy +wz vs x coordinate.
The walls are at x=0 and x=25 mm.

FIG. 5. Modification of the profile of the electron current density in z di-

rection due to NWC. The walls are at x=0 and at x=25 mm.
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ted by that opposite wall. Equation �1� is valid if
��b�1—otherwise the stationary stage is not possible.
From �1� it follows that if ��p�1−��b then �b��p and
most of the electron flux to the wall is created by the sec-
ondary electron beams. The expression for the total emission
coefficient is13,22

� =
�2

�p + �b
=

�p

1 + ���p − �b�
. �2�

The exact values of fluxes and emission coefficients in simu-
lations satisfy these analytical relations. For the simulation
presented in this section the total emission coefficient is �
=0.97. Note that ���cr=0.983 although the average energy
of plasma electrons �w�=66 eV considerably exceeds the
critical electron temperature Tcr=18.26 eV obtained for the
Maxwellian EVDF. The partial emission coefficient due to
the plasma bulk electrons exceeds unity �p	1. The primary
electron flux due to the emitted electrons �b about 6.8 times
exceeds the primary electron flux of the bulk plasma elec-
trons �p.

The problem of the sheath formation in a bounded
plasma slab in presence of the counterpropagating secondary
electron beams has been considered in the fluid framework in
Ref. 26. The effect of SEE produced by the beams of sec-
ondary electrons was not considered; thus the conclusions
made in Ref. 26 relate to the case of weak accelerating fields.
The results of Ref. 26 may be obtained as a particular case of
more general equation �2�.

The considered model reveals several features of
plasma-wall interaction in Hall thrusters, which are missed
by fluid theories as well as by kinetic simulations of near-
wall regions carried out with the assumption that the bulk
plasma has a Maxwellian EVDF. It is found that the thruster
plasma is anisotropic, the secondary electrons almost freely
propagate between the walls and produce secondary emis-
sion themselves. The criterion of the space-charge-limited
secondary electron emission is modified: the average energy
of electrons confined by the plasma potential may be large,
while SEE remains in the non-SCL regime. There are several
practical implications of these studies: �i� the strong SEE
effect on power losses and near-wall conductivity in the
thruster discharge is expected to occur only when the axial
electric field provides the emitted electrons with sufficient
additional energy; �ii� the SEE effect depends on the channel
width because the energy of secondary electron beams at the

moment of their impact with the walls depends on the time
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of electron transit between the walls. These predictions ap-
pear to be in an agreement with experimental studies.
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