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ABSTRACT
The discharge current and the ion current in the plume
of a Hall thruster are generally known from experiments.
The difference between these two currents is the axial upstream electron current. This work discusses the physical
processes that determine the ion and electron currents,
paying special attention on the role of secondary electron emission and plasma-wall interaction. Using an upgraded version of the hybrid HPHall-2 code, we show the
relevance of the Bohm-type turbulence on the electron
perpendicular transport, and we remark the influence of
the numerical models of the plasma-production and the
plasma-wall interaction on the performace of the thruster.
We also estimate the ionization produced by the free secondary electron beams within the plasma.

1.

INTRODUCTION

An operational point of a conventional Hall thruster is
characterized generally by the discharge voltage, the
mass flow of injected gas, and the current through the
magnetic circuit that sets the magnetic strength in the
discharge channel. The two main output magnitudes are
the discharge current Id and the current of the ion beam.
The discharge current is the electron current emitted by
the neutralizing cathode placed in the near plume. This
electron current splits in an outgoing fraction that neutralizes the ion beam and an inward current that is responsible of the ionization of the injected neutral gas.
Thus, the plasma discharge between the anode and the
virtual neutralization surface is characterized by the outwards ion and inwards electron currents there, IiP and
IeP = Id − IiP , respectively.
The inwards electron current is channeled azimuthally by
the combination of the mainly-radial magnetic field and
the axial electric field. The transport of the electron flow
perpendicular to the magnetic field (i.e. B-perpendicular)
is very limited and caused by collisional effects. The
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ratio of axial-to-azimuthal electron currents is equal to
the Hall parameter or ratio between total collision frequency and electron gyrofrequency. The diffusive axial
electron motion at the exit of the chamber is characterized by an Ohm’s law stating that the axial electron is
equal to the B-perpendicular conductivity times the electric field. Early measurements at the dawn of the research
in het, already found that the classical diffusion, based
on electron-neutral and electron-ion collisions, was too
small to justify the large electron current. Either turbulent diffusion or wall-interaction phenomena were postulated as probable mechanisms for that anomalous diffusion [1]. Since then, the innumerable experiments on
het discharges confirm that anomalous diffusion seems to
exist.
Both turbulent diffusion and wall diffusion are included
customarily in fluid and particle models of the het discharge. Advances in the understanding on the wallinteraction phenomena have permitted to model approximately anomalous diffusion caused by plasma-wall interaction, in terms of other plasma magnitudes [2]. Implementing that wall-interaction model in fluid and hybrid codes, Ahedo and coworkers [3, 4] found that wall
collisionality by itself is not able to provide the anomalous diffusion suggested by experiments, leaving turbulent diffusion as the main candidate for the anomalous
behavior. Later, Garrigues et al. [5] reached the same
conclusion.
There does not exist yet any satisfactory theory explaining and modeling turbulent diffusion. There is the vague
idea that turbulent diffusion is due to the correlation of
low-frequency azimuthal perturbations of plasma density
and electric potential [6], although other authors claim it
to be caused by high-frequency oscillations of the plasma
[7]. Hence, full models of the plasma discharge include
turbulent diffusion as an extra phenomenological term on
the total collisional frequency. This term is proportional
to the electron gyrofrequency, as in Bohm-type diffusion
[8]. The models just tune the Bohm coefficient in order to
match the total collision frequency (in fact, the discharge
current) to experimental values. In most HET models, the
Bohm coefficient seems to be several times smaller than
1/16.

2
Recently, some authors have treated the Bohm coefficient as variable along the chamber and have adjusted
this Bohm parameter function in order to fit better the
plasma axial profiles. The interest of this ad hoc adjustment would merely be to identify whether the turbulent
diffusion is concentrated in one region of the discharge.
Unfortunately, there is no agreement among authors, who
are divided into placing turbulent diffusion preferentially
inside the chamber [9], outside the chamber [10, 11], or
out of the maximum electric field region [12, 13].
Katz and coworkers [14], working with the hybrid simulation code HPHall-2 [4] and trying to simulate the SPT100 thruster [15], point out that the estimate of the ion
current is too low and discuss possible ways of ion current
enhancement. First they note that the ionization crosssection data for double ions used by the code is much underestimated and implement a better data. Second, they
propose ion reflux in the plume as an enhancement mechanism. As a result of these changes, IiP increases. Then,
in order to keep Id constant, IeP must decrease, which
is achieved by decreasing the Bohm coefficient. The results they get lead them to conclude that the need to invoke turbulent diffusion as a relevant mechanism in the
HET discharge is highly reduced. This conclusion seems
clearly at odds with experimental evidence and suggests
that somehow the implemented changes are overestimating the ion current.
The reality is that ion and electron currents are affected
by a variety of physical mechanisms, generally in a complex way. In addition, the reliability or accuracy of the
modelling of these mechanisms is not good enough in
all cases. This paper attempts to discuss the influence
of those mechanisms and the way they are modelled. The
hybrid code used here for the simulations is an evolution of HPHall-2. The main improvements are reported
in Refs. [16, 17, 18].
The layout of the paper is the following. In section 2
we discuss the physical processes concerning the ion and
the electron currents. In section 3 we study the influence
of the plasma-wall interaction on these currents, and the
effect of secondary electrons in the plasma production is
estimated in section 4. Finally, conclusions are presented
in section 5.

the plume of the thruster. This ion current is mainly determined by the mass flow and the discharge potential of
the thruster. Studies about the influence of these operational parameters on the ion beam current, and hence on
the performance of the thruster, can be found in many
works [20, 21].
We focus on the physical processes that affect the ion
beam current and the mechanisms to control it. The most
important process is the ionization of neutrals by the primary electron population within the thruster. Although
many models only take into account the simple ionization from the ground state, many studies point out the
relevance of the multiply charged ions in the physics of
the thruster.
Our hybrid code used in the simulations computes the
simple and double ionization of the neutrals, which
means three ionization events. First, the simple ionization
of neutrals, which we compute taking the Drawin ionization model [22]. Second, the double ionization of neutrals, which is based on the experimental data of Mathur
and Badrinathan [23], and is computed approximately according to the Drawin ionization formula [22]. And third,
the ionization of simple ions, that is from Xe+ to Xe++ ,
which, following Katz et al.[14], is based on the work of
Bell et al.[24], who provided experimental data and a fitting expression for the ionization rate. In all cases, the
electrons are assumed Maxwellian.
The resulting ion production is:
ṅi1 = nn ne hRi i0→1

(1)

ṅi2 = nn ne hRi i0→2 + ni1 ne hRi i1→2

(2)

where ṅi1 is the production of simple ions, ṅi2 is the production of double ions, nn is the neutral density, ne is the
electron density, and hRi i is the ionization rate of the different ionization events for Maxwellian electrons. Figure
1 shows the different ionization rates for a typical range
of the electron temperature.
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BASIC EFFECTS

2.1. The ion beam current
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The ion flow in a Hall thruster is almost collisionless and
unmagnetized, thus ions are free accelerated by the ambipolar electric field. It is well known by the community
that the structure of the ion flow consists of three regions
[19]: the ion backstreaming region near the anode, the
ionization region, and the acceleration region, which in
general includes part of the channel and part of the plume.
The ion beam current is defined as the flux of ions through
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Figure 1. Ionization rates for Maxwellian electrons.
Another important process that governs the ion beam current is the plasma-wall interaction, where the ion outflow
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Hofer et al. [11] suggested the modification of the accommodation model based on the fraction of the neutrals affected by the accomodation rather than a change in the accommodation coefficient used. This new model increases
the neutral density, and thus the ion production, in a similar way as the variation of the accommodation coefficient
does. The effect on propellant utilization is not negligible. However there are scarce data on the matter, and we
think that the suggested modification is not clear enough
according to the physics of the plasma-wall interaction,
thus we take the original wall accommodation model of
[4].
The remaining collisional processes that affect the ion
beam current are the bulk recombination and the charge
exchange (CEX) collisions. The bulk recombination of
ions is very small compared to the ionization, and can be
neglected in the simulations. The CEX collisions may
be important in the near-plume region of the thruster.
However, in our simulation code this kind of collisions
is not implemented yet, and its analysis remains for future work.
The charge conservation equation for the ions, once integrated in the whole simulation region and averaged in
time, reads,
Ii,b = Ii,tot − Ii,a − Ii,w ,

electron-neutral collision frequency and νei the electronion collision frequency. The typical magnetic field lines
and the geometry of the SPT-100 Hall thruster are shown
in figure 2.
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imposed by the presence of the negative sheaths at walls,
is recombined into a flux of neutrals coming back to the
bulk region. The recombination at walls fulfills mass and
flux conservation, and is responsible of a decay in the propellant utilization, because the new neutrals are affected
by the wall accommodation process.
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Figure 2.
thruster.

Magnetic field lines of the SPT-100 Hall

However, experimental data have shown that the classical collision frequency is insufficient to explain the high
electron current measured inside the channel[1, 6]. To
increase the axial drift velocity ue of the electrons, an effective collision frequency νe is defined, which takes into
account the plasma-wall interaction and the presence of
turbulence within the plasma. The resulting momentum
equation of the macroscopic-fluid model of the electrons
across the B-field (axial direction) leads to the generalized Ohm law:

(3)

where Ii,b is the averaged ion beam current, Ii,tot is
the averaged charge production along the total simulation
time, Ii,a is the averaged backstreaming ion current to the
anode, and Ii,w is the averaged ion current to the laterals
walls of the thruster.
The Ii,a current is small compared with Ii,tot and Ii,w .
Thus to increase the Ii,b current there are two mechanisms, a greater production, or smaller ion wall losses.
The effect of these mechanisms is numerically studied,
and the discussion of the results is presented in section
2.3.

2.2. The electron current
The electron current is the inwards electron flow from the
cathode to the anode. Electrons are highly magnetized
and effectively confined by the thruster lateral walls, with
the thermalization frequency being much greater than the
electron transit time in the channel. Thus a diffusivefluid model for the perpendicular transport to the magnetic field is adopted, where the azimuthal E × B drift is
recovered, and the small axial drift is determined by the
classical collision frequency νc = νen + νei , with νen the

je⊥ = σ⊥




1
∇⊥ (ne Te ) ,
E⊥ +
ene

(4)

with σ⊥ = e2 ne νe /(me ωe2 ) the perpendicular conductivity, and
αturb
νe = νc + νw +
ωe ,
(5)
16
where νw is the wall-collisionality frequency, and
αturb /16 is a parameter measuring the relative turbulence
level [25]. The other parameters in the equations are typical in the literature.
The integral of eq. 4 along the virtual neutralization surface, ΓP , provides the backstreaming electron current,
Z
dχrje⊥ .
(6)
Ie,P = 2π
ΓP

The wall-collisionality [1, 2] is related to the secondary
electron emission from the wall. The secondary electrons enter into the channel as two unmagnetized beams
and produce a ’frictional’ effect on the azimuthal drift of
the bulk primary electrons. Then, the axial drift has to
increase in order to fulfill the momentum conservation
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of the electron flow. Although this effect increases the
electron current, it is far from satisfying the value that
matches the experimental data, and makes the turbulent
transport the dominant mechanism in our simulations.
The presence of turbulence, a non-zero effect of phasecorrelated azimuthal fluctuations in time, was early observed [6], and was confirmed by the experimental and
numerical work of many authors. There is neither a theoretical nor experimental expression for αturb , and normally is tuned to match the experimental discharge current of the thruster Id , that is the backstreaming electron
current, Ie,P . It has been observed that tailoring appropiately αturb , simulation profiles agree better with experimental ones, but there isn’t consensus on the expression
for αturb . We assume simply that αturb is constant along
the simulation domain. Figure 3 shows the typical values
in our simulations of the classical, wall-collisionality, and
turbulence frequencies along the thruster.
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and second, to compute the contribution of the double
ions in the ion beam current. Table 2 contains the results.
The αturb parameter is adjusted to match the experimental discharge current Id = 4.5A.
i1
i1 + i2

αturb
0.185
0.165

Id
4.50
4.52

Ie,P
1.48
1.12

Ii,P
3.02
3.40

Ii,w
1.86
1.68

η
0.334
0.358

Table 2. Simulation 1 results. Comparison between the
reference simulation with only simple ions with the reference simulation with simple and double ions.
The effect of double ions is clear, with a contribution of
∼ 23% in the ion beam current, which increases ∼ 13%
from the simple ion simulation. To keep Id = 4.5A in
both simulations, the αturb parameter is reduced about a
10% when double ions are present, which suggests that
αturb is an eigenvalue related to the physical parameters of the thruster, but still with a dominant effect on
the effective collision frequency νe . Moreover, if αturb
remains constant in both simulations, Ie,P is slightly altered, which reinforces the idea that the electron current
is highly dependent on turbulent transport.
The comparison between the experimental and simulated
results of table 2 points out two important issues:
• The simulated ion beam current for the simple ions
case is lower than the experimental one. The activation of double ions improves the results.

Axial distance (m)

Figure 3. Typical collisional frequencies in our simulations of the SPT-100 Hall thruster.
In this work we focus on the turbulence transport to study
the electron current Ie,P . The numerical experiments and
the discussion of results are presented in section 2.3.

• The turbulent transport is necessary to recover the
experimental electron current.
In order to study these two issues, and the relation between them, we have made two numerical experiments:
• The artificial modification of the rate of ionization,
with an increase of 10%, 30%, and 50%.

2.3. Numerical experiments and discussion
We take the SPT-100 experimental data from ref.[15] to
compare and validate our simulation results. The reference simulation parameters of the code are shown in table
1. All the simulation results are averaged along the total
simulation time, of the order of 1ms.
Discharge voltage (V)
Anode mass flow rate (mg/s)
Maximum radial magnetic field (G)
Simulation time step (s)
Number of particles in simulation

300
5
250
5 · 10−8
∼ 105

• The variation of αturb in simulations.
In the first case, the simulation 2, we increase homogeneously the ionization rate hRi i of all ionization events
in the whole simulation domain, that is, we simply multiplicate the ionization rates by a constant factor fi . In all
cases αturb = 0.15 and double ions are activated. The
results are shown in table 3.

Table 1. Reference input parameters for plasma simulations.

The ionization is greater, with an increase of a 46% in
Ii,tot for the case fi = 1.5. But this larger ionization
does not mean more Ii,P current, with a slight increment
of 7% in the best case. There seems to be a competition
between the charge production and the wall losses, who
has increased a 106% for fi = 1.5.

The first simulation is performed with two goals. First, to
compare the experimental data with the numerical ones,

In fig.4 we plot the density profiles for different values of
fi . The increase of Ii,w is explained by the increase of the

5
Id
4.18
4.40
4.63
4.70

Ie,P
0.85
0.99
1.08
1.14

Ii,P
3.33
3.41
3.55
3.56

Ii,w
1.32
1.66
2.01
2.72

Ii,tot
4.79
5.21
5.76
7.00

η
0.401
0.367
0.400
0.373

αturb = 0.15
αturb = 0.16
αturb = 0.165
αturb = 0.17

35
30
25

Te (eV)

fi
1.0
1.1
1.3
1.5

Table 3. Simulation 2 results: Variation of the ionization
factor fi . The simulation is performed with reference inputs and double ions activated.

20
15
10
5
0

plasma density inside the channel. The energy wall losses
increases too as the ionization ratio becomes greater. This
fact plus the higher discharge current Id in the thruster
and the higher ionization cost are responsible of the decay
in the efficiency of the thruster.
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Figure 5. Temperature profiles of simulation 3.
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Figure 6. Electric potential profiles for simulation 3.
Figure 4. Density profiles of simulation 2.
Simulation 3 is devoted to study the dependence of the
electron discharge current with the turbulent transport.
The results are shown in table 4.
αturb
0.150
0.160
0.165
0.170

Id
4.18
4.39
4.52
4.57

Ie,P
0.85
1.06
1.12
1.18

Ii,P
3.33
3.33
3.40
3.39

Ii,w
1.32
1.59
1.68
1.70

Ii,tot
4.79
5.06
5.19
5.20

η
0.401
0.356
0.358
0.355

Table 4. Simulation 3 results: variation of the αturb parameter. The simulation is performed with reference inputs and double ions activated.
The discharge current Id and the ion beam current Ii,P
are reasonably obtained for αturb = 0.165. As expected,
the electron current increases as the turbulence parameter
is greater, but Ii,P remains almost constant. This is because the acceleration region is greater for high values of
αturb , see fig. 6, thus the larger ion production observed,
Ii,tot , is in competition whith the larger ion wall losses,
Ii,w . The increase of Ii,tot obey the larger electron temperature achieved with high values of αturb , fig. 5, and
the increase of Ii,w is a consequence of the larger plasma
density in the channel.

As a conclusion, we find that the ion beam current does
not depend much on the turbulence parameter.

3.

PLASMA-WALL INTERACTION

3.1. Fulfillment of the Bohm Condition
The results obtained in the simulations show that the
plasma-wall interaction has an important role in the
physics of the ion and electron currents. This plasmawall interaction is dominated by the presence of the
sheaths adjacent to the walls. These sheaths are nonneutral boundary layers where the electric potential drops
abruptly in order to fulfill the boundary conditions imposed by the walls, that is, zero current for dielectric
walls, and a known potential φW for metallic walls.
It is well known that valid solutions of the electric potential within the sheath are only achieved when the Bohm
condition is fulfilled [26]. This condition states that ions
must enter into the sheath with a minimum ion velocity,
which expression varies depending on the frame theory
used: hydrodynamic or kinetic [27].
This issue is important for its numerical implementation

6
in PIC-based codes of simulation. For that purpose, we
have developed an algorithm that weighs correctly the
fluxes at the sheaths edges and enforces the kinetic Bohm
condition. It is based on the surface weighting algorithm
[28], with time-filtering techniques and a electric potential adjustment in a thin layer next to the sheath. This adjustment on the potential is small enough to assure a good
matching with the sheath solution, but also to reproduce
the high non-linearity of the electric field.
Table 5 shows the simulation results using this algorithm
in the computations. We observe that Ii,w is reduced
about a 40%, and Ii,P is increased about a 4%, approximately the same increment obtained for an increase of a
50% in the ionization rate. This reduction is mainly explained by the lower plasma density inside the thruster
channel, as is shown in fig.7. We conclude that the fulfillment of the Bohm condition has an effect on Ii,b more
important than the increase of the ionization.

αturb
0.150
0.160
0.165
αturb
0.150
0.160
0.165

Id
4.25
4.45
4.52

Fulfillment of BC
Ie,P Ii,P Ii,w
0.77 3.48 0.87
0.93 3.52 1.02
0.99 3.53 1.06

Ii,tot
4.54
4.65
4.70

η
0.454
0.438
0.432

Id
4.18
4.39
4.52

No fulfillment of BC
Ie,P Ii,P Ii,w
0.85 3.33 1.32
1.06 3.33 1.59
1.12 3.40 1.68

Ii,tot
4.79
5.06
5.19

η
0.401
0.356
0.358

Table 5. Simulation 4 results: effect of the fulfillment of
the Bohm condition. The simulation is performed with
reference inputs and double ions activated.

wall and excite the atomic structure of the ceramic material (BN − SiO2 , SiC, Al2 O3 ), releasing a new electron
that is emitted from the wall, normally at an energy of 1-3
eV. These electrons are the so-called true secondary electrons. The secondary electron emission usually includes
primary electrons backscattered at walls.
The SEE yield is determined experimentally, and relates
the secondary electron current emited from the wall with
the primary electron current. The model we use for the
SEE yield in our simulations is
 p
Tp
δw (Tp ) =
,
(7)
T1
where Tp is the temperature of the confined electron population in the bulk region, T1 is the crossover temperature
for a 100% of SEE yield, which depends on the type of
material, and p ∼ 0.5.
The charge saturation limit makes zero the electric field
at the wall, and the total charge within the sheath. In
this limit, the effective SEE is maximum and the energy
losses are very large.
In order to study the effect of the SEE on the ion and
electron currents, we simulated the SPT-100 thruster with
different values of T1 in eq. 7, but maintaining αturb =
0.15 in all cases. Table 6 shows the simulation results.
T1 (eV )
13.9
26.4
55.5
110.9

Id
3.88
4.18
4.40
4.34

Ie,P
0.56
0.85
1.02
0.99

Ii,P
3.32
3.33
3.38
3.35

Ii,w
0.53
1.32
1.87
2.09

Ii,tot
3.98
4.79
5.44
5.70

η
0.479
0.401
0.369
0.356

Table 6. Simulation 5 results: effect of the secondary
electron emission. The simulation is performed with reference inputs and double ions activated.
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Figure 7. Density profiles for simulation 4.

3.2. Secondary electron emission
Secondary electron emission (SEE) is produced by the
interaction of the plasma with the dielectric walls of the
thruster. The bulk (or primary) electrons collide with the

It is important to observe that Ii,P is almost constant and
equal to 3.35A, which means that is not affected by SEE.
Once again, there seems to be a certain balance between
the gain observed in the ion production Ii,tot and the increase of wall losses. The dependency of Ii,wall with
the SEE is quite surprising, and is mainly explained by
the different density profile observed in figure 8. Lower
values of T1 produce the shift of the ionization region
upstream, and the decrease of the plasma density inside
the channel, which leads to a lower ion flux reaching the
walls. Figure 9 shows the potential profiles for different
values of T1 . Moreover, there not seems to be a simple
reason for the increase of Ie,P with T1 , but the change in
the plasma density profile can explain the higher electron
conductivity across the B-field.
Figure 10 shows the electron energy flux to the outer wall
of the thruster for different values of T1 . The high wall
energy losses for low values of T1 does not explain the
increase on the thruster efficiency. A similar result was
found by Kim et al.[29]. A priori, it is reasonable to think
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Figure 8. Density profiles for simulation 5.
T1 = 13.9 eV
T1 = 26.4 eV
T1 = 55.5 eV
T1 = 110.9 eV

350
300

φ (V)

250
200
150
100
50
0

0

0.01 0.02 0.03 0.04 0.05 0.06

Axial distance (m)

Figure 9. Potential profiles for simulation 5.

that a better performance of the thruster is achieved for
high values of T1 . However our simulations show the
opposite trend.
We can conclude that the SEE model is an important
mechanism to explain and control the electron current in
a SPT Hall thruster.

4.
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IONIZATION BY SECONDARY ELECTRON
EMISSION

The ionization observed in simulations is slightly lower
than experimental results. We postulate that this difference can be explained by the ionization produced by the
SEE.
Secondary electrons, once accelerated by the sheath potential fall, enter as monoenergetic beams into the main
plasma where they are magnetized. The dynamics of secondary electrons is determined by the electric field, the
magnetic topology, the collisional processes acting upon
them, and plasma instabilities.
We concluded in ref.[30] that a trapping effect on the secondary beam is possible for curved and straight oblique

Figure 10. The electron energy flux to the outer wall of
the thruster for simulation 5.

magnetic fields, although the determination of the trapped
fraction within the bulk of the plasma and the recollected
fraction by the walls is hard to predict because of the electron gyromotion.
In this work we assume that secondary electrons are totally thermalized after a typical collision time τcol . The
determination of τcol is out of the scope of this paper,
and we simply make and educated guess, τcol = 10−7 s.
Since the sheath-to-sheath flights of the secondary electrons have a typical frequency of 108 s−1 , the secondary
electrons perform about 10 trips before being thermalized with the primary electron population. Of course this
number of trips varies with the angle of the magnetic field
at the wall and the sheath potential fall, but 10 seems to
be an appropiate order of magnitude.
Along they orbit, secondary electrons conserve the total energy E and the magnetic moment µ = me u2⊥ /2B
[8]. Since the sheath potential fall φsh is typically several times greater than the energy of emission of the secondary electrons from the wall, the conservation of electron energy within the bulk region reads
E = eφsh =

1
me u2k + µB − eφ.
2

(8)

In the last expression the mirror effect is included in the
µB term.
The recollection of a secondary electron takes place when
its kinetic energy perpendicular to the wall, Kw , is greater
than the sheath potential barrier eφsh . This kinetic energy can be estimated at the first trip of the secondary
electron’s flight. Three typical cases for the phase of gyromotion are:

• a) The velocity vector of the secondary electron
has the B-perpendicular component pointing at the
wall. In this case Kw is maximum and its expres-
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sion is
Kw =

1
me u2 cos2 (αQ ) + µB sin2 (αQ )
2 r k
1
(9)
me u2k µB sin2 (2αQ ),
+2
2

where αQ = B · N is the magnetic angle at the
sheath edge.
• b) The velocity vector of the secondary electron has
the B-perpendicular component parallel to the wall.
In this case Kw is
Kw =

1
me u2k cos2 (αQ ) .
2

(10)

• c) The velocity vector of the secondary electron has
the B-perpendicular component pointing out off the
wall. In this case Kw is minimum and its expression depends on the sign of αQ ,
Kw =

1
me u2k cos2 (αQ ) ± µB sin2 (αQ )
2
r
1
∓2 sin (2αQ )
(11)
me u2k µB,
2

where the first case is for αQ > 0 and the second
for αQ < 0. Negative values of Kw are a numerical
artifact to show that actually the secondary electron
does not reach the wall.


ns
=1−
1 +
ne

δw exp φ̂sh


q  q

φ̂sh
1 + erf
π φ̂sh

Other sheath models[18] take into account the presence
of free secondary electron beams bouncing between the
walls, that means the partial thermalization of secondary
electrons. Although these sheath models are more consistent with the analysis of the ionization produced by the
SEE, we leave that issue for future work.
The ionization rates for secondary electrons are:
Ri,0→1 = σ01 vsh
Ri,0→2 = σ02 vsh
Ri,1→2 = σ12 vsh

(13)
p
with vsh ≃ 2eφsh /me , and the σ’s are the cross sections for the different ionization events: neutral to simple
ion, neutral to double ion, and simple ion to double ion.
These cross sections are computed from the experimental
cross section models of section 2.1. Figure 12 shows the
ionization rates of eq.13.
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Figure 11. Kw − eφsh at the outer wall of the thruster
for the three cases of incidence of the secondary electron
into the sheath.
Since we are only interested in a first approximation for
the ionization produced by SEE, we assume that secondary electron density is constant along the magnetic
field lines. This is not really true, but just an estimate.

, (12)

where φ̂sh = eφsh /Tp , and the error function is used.

R i (m3 s-1)

Figure 11 shows Kw minus the sheath potential barrier
φsh in the three cases for the reference simulation of section 2.3. Secondary electrons are emitted from the inner
wall and Kw is computed at the outer wall. Results indicate that the effective confinement of secondary electrons
is justified in the regions where Kw − eφsh < 0, which
is almost the whole chamber wall except near the exit region.

In our simulations, we adopt the sheath model of Ahedo
[16], which takes into account the total thermalization
of the secondary beams, and supersonic conditions for
ions. The secondary electron density is obtained from
the sheath solution, and is related to the sheath potential
fall, the SEE yield, and the electron temperature. At the
sheath edge, the secondary electron density is
−1

 

0

50

100

150

200

T e (eV)

Figure 12. Ionization rates for secondary electrons.
The ion production due to SEE is analogous to eq.1 and 2
updating the new ionization rates of eq.13, and replacing
the electron density ne by the secondary electron density
ns . Is important to note that the lateral wall sheaths are
not symmetric, thus the contribution of inner and outer
sheaths are different in the total ion production by the
secondary electrons.
Figures 13 to 15, show the different ionization fractions
ri = Ri ns / hRi i ne caused by secondary electrons. The
blank zones in figures represent a ratio lower than a 5%.
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Figure 13. Ratio ri of the ion production 0-1 by secondary electrons.
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Figure 15. Ratio ri of the ion production 1-2 by secondary electrons.
odds with common opinion, but agrees with some experimental results. Finally, the estimation of the ionization
produced by the secondary electrons has been studied in
order to explain the difference between the ionization results of simulations and the experimental ones. However,
our estimation does not let us to reach a clear conclusion
on that matter.
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