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Abstract

A 3D hybrid model is introduced and applied to the simulation of the xenon plasma
plume extraction, formation, and neutralization in a gridded ion thruster. The acceleration
voltage is 1100V and the inflow Xe+ per hole ranges from 0.07 to 0.92 µg/s. While ions
and neutrals are treated with a particle-in-cell formulation, electrons are modeled as two
independent isothermal populations: one inside the discharge chamber and one in the plume.
The definition of a thermalized potential allows to solve the electron currents in the high-
conductivity limit of the Ohm’s law. The space charge neutralization distance is observed to
be short and thus essentially independent of the acceleration grid-neutralizer distance, which
is varied from 10 to 25 mm axially. However, this position strongly affects the electric current
neutralization paths in the near plume for each ion beamlet. Electron inertial forces are shown
to be comparable to collisional forces in certain plasma regions. A semi-analytical 1D fluid
model of the plume, matched to the hybrid model, allows to complete the far plume expansion
down to infinity. Grids with an infinite and finite number of apertures are simulated and
compared with each other and with the 1D model. The numerically obtained divergence angle
of the ion plume is compared with experimental measurements, observing relative errors of
around 7% in the position of the optimal perveance, and smaller than 4% in the divergence
angle average value.

1 Introduction

Electric propulsion is an essential mission-enabling technology in space engineering. The large
specific impulse of plasma thrusters permits a significant extension of the spacecraft lifetime and the
development of more ambitious missions. Among the different existing technologies, the Gridded
Ion Thruster (GIT) can be considered a consolidated one, having flown in numerous space missions
since 1964 [1]. The GIT is characterized by a particular ion extraction-acceleration mechanism,
which is carried out by a grid assembly. This confines the electrons inside the chamber, while
extracting, accelerating and focusing an ion beam. Afterwards, the ion current is neutralized by
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the electrons emitted by an external hollow cathode [2], thus avoiding charge build-up inside the
thruster, which would otherwise lead to beam stalling.

The design and optimization of this type of thrusters leans on the already existent flight expe-
rience and ad hoc experiments or tests. Yet, the iterative design process cannot uniquely rely on
expensive experiments, in terms of both time and money. Instead, computer simulations, providing
a mean to understand the underlying plasma physics, appear as a must in the design and charac-
terization process. The design and operation parameters that plasma simulations must be capable
of reproducing correctly are several: perveance, beam divergence angle, electron backstreaming
voltage, beam flatness, efficiencies, etcetera [3]. This paper is focused on the first two, and also
on the important phenomena of charge and current density neutralization in the very near-plume
region.

The flight heritage and success of GITs has led to the development of numerous and miscel-
laneous tools for their ion optics and plume simulation. Among the different existing models to
simulate the ion beam extraction, formation and neutralization, the most successful are hybrid
models [4–10], based on particle-in-cell (PIC) modeling of the ions, and fluid modeling of the
electrons. Yet, there exist also full-PIC codes attempting to overcome the inherent limitations of
the electrons fluid approach [11–16], with the corresponding computational burden and some yet
unresolved modeling difficulties, such as the imposition of proper electron boundary conditions
(with some existing proposals [17]) to avoid using too large simulation domains. While simulations
featuring a whole grid assembly [18] are relatively uncommon, most codes normally consider a
small, and yet significant, portion of the ion optics. Moreover, both 2D and 3D codes exist; while
the former feature a reduced computational cost [19], the study of some important phenomena,
such as the grids erosion with certain non axi-symmetric patterns, requires the use of 3D codes
[7, 20]. Regarding the numerical schemes and meshing strategies, they vary from finite differences
in a Cartesian mesh or in a octree mesh [21], to the IFE (Immersed Finite Elements) method [8].
Finally, diverse strategies are also observed in the treatment of neutrals, since their low speed does
importantly delay reaching a stationary state, when modeled as macro-particles of the PIC model.
Existing alternative approaches in the literature feature the use of a constant density background
[22], the neutral density correction with Clausing factors [6], and also optical methods, based on
view factors [23, 24].

In this paper, a 3D hybrid code named EP2PLUS (Extensible Parallel Plasma PLume Sim-
ulator) [25], is adapted to perform simulations on the formation and neutralization of an ion
thruster beam. The code is capable of solving the non-linear Poisson’s equation for the electric
potential coupled with the electric current continuity and electron momentum equations for the
electron/electric current densities. In the last equation, retaining collisional and inertial effects,
together with the use of a thermalized potential, permits the computation of the electron current.
To the best of the authors’ knowledge, the inclusion of inertial effects is novel in GIT plume mod-
eling with fluid electrons, and it turns out that they are of the same order as collisional effects in
this rarefied plasma.

A GIT grid with an infinite number of apertures, and a small GIT grid with a small number
of apertures, are simulated. Several aspects of the formation and neutralization of a GIT are
explored with the simulations and contrasted with existing data: (i) the relation between perveance
and divergence angle, (ii) the effect of the ion beamlet coalescence on near-plume properties and
beam divergence, (iii) the comparison between infinite-apertures and finite-apertures simulations,
(iv) the influence of electron inertia on the electron current, and (v) the influence of the neutralizer
position on the electric current and charge neutralization phenomena. Regarding (iii), the

2

AUTHOR SUBMITTED MANUSCRIPT - PSST-104670.R1

Ace
pte

d M
an

us
cri

pt



comparison presented here is complementary to other existing works in the literature [18], and with
the main difference that the simulated apertures are squared-shaped (not circular as in Ref. [18]), a
geometry that is being considered in new designs with materials like composites [26]. The 3D hybrid
model is completed with a 1D semi-analytical model of the plasma plume allowing to characterize
the far-plume expansion.

Regarding the structure of the paper, firstly both the PIC and the electron fluid models are
presented in Sec. 2; the boundary conditions for the PIC and electron models are introduced
respectively in Sec. 2.1.1 and 2.1.2, while the relevant model parameters are shown in Sec. 2.1.3.
Infinite and finite-apertures simulations are presented in respectively Secs. 3 and 4. Electron inertial
effects are specifically treated in Sec. 3.1. The semi-analytical 1D model is described in Sec. 5. Then,
both numerical approaches and the 1D model are compared, and a comparison of the simulation
results to experimental data, in terms of the divergence angle, is presented in Sec. 6. Finally, the
main conclusions are summarized in Sec. 7.

2 3D hybrid model

EP2PLUS is a 3D hybrid code, in which ions and neutrals (heavy species) are treated as macro-
particles within a PIC formulation and electrons are treated with a fluid model. So called I- and
E-modules take care, respectively of these models. The physical domain is discretized based on a
single structured mesh.

Regarding the PIC formulation, the reader is referred to Ref. [25] for a detailed description of
the algorithms used. Here, only two heavy populations are considered: singly-charged Xe ions
and Xe neutrals, and collisions between heavy species are neglected, since grid erosion is out of
the scope of this work [22, 27]. Finally, the heavy species bulk properties, like density and fluid
velocities, are obtained at the structured mesh nodes, through a standard first-order weighting
algorithm.

The E-module incorporates the electron fluid model and the Gauss law, and solves for the
electron density (ne), temperature (Te), current density (je = −eneue), and the electric potential
field (φ); the electric field E = −∇φ is necessary to move the ion macro-particles. In fact, as
shown in Fig. 1 (a), the E-module distinguishes between two electron populations: one inside the
discharge chamber (j = 1), and one in the plume (j = 2), effectively separated by the large electric
potential well (compared to the electron temperature) that forms around the acceleration grid
and prevents most electrons from traversing the inter-grid region. This potential well makes both
populations effectively confined and justifies their treatment in the present work as isothermal
fluids. Indeed, the electron kinetic effects that the fluid modeling is missing are arguably not
essential for the physics studied here. In fact, Ref. [15] shows that the disagreement between full-
PIC and quasineutral hybrid models is significant only in the peripheral and backflow regions of
the plume (important for CEX ions and erosion studies, out of the scope of this work), while
in the plume core and in the near plume regions, both hybrid and full-PIC models yield similar
density and electric potential profiles. Moreover, the kinetic simulations for a DC ion source of
Ref. [16] show much more isotropic and thermalized electrons with only minor deviations from a
Maxwellian at the plume boundaries, a fact that can be justified by the inclusion in the simulation
of electron-neutral collisions, as also considered here.
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The system of equations for electrons is [25]:

0 = ∇ · (je + ji) , (1)

0 = −∇(neTe) + ene∇φ+
meνe

e
(je + jc)−me∇ · (neueue) (2)

Te/n
(γ−1)
e = const (3)

∇2φ =
e

ε0
(ne − ni) , (4)

Here most of the symbols are conventional. All heavy-species magnitudes, such as densities and
fluid velocities (ns and us) are provided by the I-module. In general, ni =

∑
s Zsns and ji =∑

s eZsnsus, where Zs is the sth heavy species charge number, however, in this work, the only
non-vanishing terms in the summations refer to singly-charged ions. In the electron momentum
equation (2): meνe (je + jc) /e is the resistive force between electrons and heavy species, with
νe =

∑
s6=e νes the total electron collision frequency, νes the collision frequency between electrons

and the sth heavy species (neutrals or ions), and jc = ene

∑
s6=e(νes/νe)us a collision-based current

density from heavy species. The last term of Eq. (2) is the electron inertia, which, as shown in
Sec. 3.1, is generally non-negligible and will be treated in an iterative way.

Equation 3 is a polytropic closure of the electron fluid model with the constant polytropic
index γ equal or larger than 1. This closure allows us to introduce a barotropic function he, whose
gradient ∇he = ∇(neTe)/ne is an exact differential that can be integrated yielding [28]

he(ne) =


hej + Tej ln

ne

nej
, for γ = 1

hej −
γTej

γ − 1

[
1−

(
ne

nej

)γ−1
]
, for γ > 1

(5)

where, for each jth electron population, the constant hej/e represents the electric potential at the
reference point of that population, where the electron density and temperature are respectively nej

and Tej . Numerically, at the separation plane between populations, both the electron density and
temperature are discontinuous and this produces a small discontinuity in the barotropic function
he, which however has no significant physical consequences, given the vanishing value of the electron
density there.

As the plasma is weakly collisional, the two dominant terms in the electron momentum equation
are the electric force and the pressure gradient. If the small resistive and inertial forces were both
dropped in that equation, a Boltzmann relation between ne and φ would be obtained, but the
resulting model would not allow to compute je from the electric current continuity equation alone.
Ref. [29] defined the so-called thermalized potential Φ, whose gradient is ∇Φ = ∇φ − ∇he/e, so
that:

Φ = Φj + φ− he/e (6)

where Φj is the thermalized potential value at the reference node of the jth electron population.
In terms of Φ, Eqs. 1 and 2 become:

σe∇2Φ +∇Φ · ∇σe =∇ · (ji − jc + jiner), (7)

je =− σe∇Φ− jc + jiner, (8)
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Figure 1: (a) 2D schematic view of the simulation setup in the x−z plane (the y−z cross section is
analogous) and (b) expected evolution of the electric potential along the beamlet centerline (dashed
line) and across the grids (solid line). In subplot (a), the two electron populations domains are
highlighted in different shaded colors. The geometric magnitude of the grids used in the 2D
simulations are ds = 2mm, ts = 0.4mm, da = 1.2mm, ta = 0.8mm, lg = 2mm, and the distance
between hole centers, dhc, is 2.8mm. In subplot (b), point F is the sheath edge defined in the 1D
semi-analytical model (described in Sec. 5).

where σe = e2ne/meνe is the electron conductivity, and

jiner = (eνe)−1∇ · (jeje/ne) ≡ (eνe)−1∇ · (neueue) (9)

is an equivalent current accounting for inertia effects. Neglecting collisional effects yields σe →∞
and ∇Φ → 0 and, as anticipated, je cannot be solved for. Eqs. 4, 6, 7, and 8 complete the
mathematical model for φ, ne, Φ, and je to be solved here. Notice that the plasma is considered to
be non-neutral and that the electron density is a function of the electric potential through Eq. 6,
thus making Eq. 4 a non-linear Poisson’s equation. For the isothermal case (γ = 1) considered here
(except in the 1D model of Sec. 5), one has

ne (φ,Φ) = n̂ej exp

(
e (φ− Φ)

Tej

)
, (10)

where n̂ej = nej exp[(eΦj −hej)/Tej ]. Although by keeping νe 6= 0 the electron current density can
be determined, still ∇Φ � ∇φ, and the correction provided by ∇Φ to the Boltzmann relation is
rather marginal.
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The two elliptic equations 4 and 7 for φ and Φ are coupled through the electron density ne(φ,Φ),
while Eq. 8 is used to determine the electron current density. Nonetheless, for numerical simplicity,
these two equations are not solved simultaneously: Eq. 7 is solved first to obtain Φ, assuming the
electron density of the previous time step, and then, after updating Φ, Eq. 4 is solved to update the
values of φ and ne(φ,Φ). We underline that this numerical approach does not affect the stationary
solution.

Both elliptic equations are solved by discretizing the differential operators in a structured mesh
with second order schemes, and with the boundary conditions for φ and Φ described in Sec. 2.1.2.
Ref. [25] describes in detail the iterative approach followed to solve the non-linear Poisson’s equa-
tion. The only difference here is that the position of the separation plane between the two electron
populations is actively controlled to be always at the electric potential minimum found along the
beamlet centerline, as also shown in Fig. 1 (b). This active control of the separation plane axial
position is performed at each time step, using the previous solution of the electric potential. This
approach enhances the solver convergence, without the need of linearizing the exponential depen-
dence of the electron density on the electric potential for φ > hej/e, as done by several codes in
the literature [6, 13]. In fact, φ < hej/e always in the vicinity of the separation plane, and no
numerical issues arise due to the exponential function ne(φ).

The equation for Φ, Eq. 7, is also solved iteratively, given its non-linearity due to the inertial
term on its right-hand side, which is a function of Φ (through je). The numerical schemes used
for the solution of Eq. 4 and Eq. 7 are explained in detail in the Appendix.

2.1 Boundary conditions and model parameters

2.1.1 PIC model boundary conditions

The boundary conditions for the ion and neutral macro-particles are shown in Fig. 1 (a). From the
upstream boundary, located inside the discharge chamber, ions and neutrals are injected thermally,
thus simulating the incoming particle flux from the inner ionization chamber (many simulation
codes assume a sonic ion injection here, thus missing the pre-sheath formation [13, 30]). At the
material wall boundaries of the screen and acceleration grids, neutral macro-particles are reflected
diffusely and ions are recombined into neutrals, and re-injected into the domain following a Lam-
bertian emission law [31] with full energy accommodation with the wall. Then, when neutrals or
ions reach the lateral external boundaries, they are either specularly reflected (in infinite-apertures
simulations) or simply removed (in finite multi-apertures simulations). In the former case, the
specular reflection simulates the symmetric interaction of the simulated beamlet with the sur-
rounding ones of the grid, while in the latter case, the lateral boundary is an open free loss surface,
transparent to macro-particles. Finally, macro-particles are always removed from the domain when
they cross the downstream boundary.

2.1.2 Electron model boundary conditions

In order to solve the differential equations 4 and 7, appropriate boundary conditions for both φ
and Φ must be implemented. Referring to Fig. 1, the following boundary conditions are applied on
φ to solve Poisson’s equation:

• Reference points of the electron populations. At the 1st population reference point, φ is set to
0. At the 2nd population reference point, φ is set equal to −VN, which is the net acceleration
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voltage of the beam. At these two points, the local electron density is also specified assuming
quasineutrality: ne = n∗e = ni, with ni given by the I-module.

• Material grid boundaries. The value of φ is set equal to the electric potential of either the
screen or acceleration grid, respectively. Therefore, referring to Fig. 1 (b), the screen grid
walls are at the potential φ = −VS, while at the acceleration grid φ = −VE.

• Upstream, downstream and lateral boundaries. A zero normal electric field is applied.

Introducing a normal unit vector 1n at the simulation boundaries directed towards the plasma,
the boundary conditions for Φ are then the following:

• Neutralization surface plane. A Dirichlet condition Φ = const is applied, which means that
the electron current density in the direction normal to the neutralizer is left free.

• Material grids boundaries. A thermal electron flux is imposed, that is: je · 1n = je,th =

ene

√
Te/(2πme), which is equivalent to the non-homogeneous Neumann condition

∂Φ

∂1n
= − (jc − jiner) · 1n + je,th

σe
. (11)

• Upstream, downstream and lateral boundaries. A zero normal electric current density is
assumed: (je + ji) · 1n = 0, which means

∂Φ

∂1n
=

ji − jc + jiner

σe
· 1n. (12)

2.1.3 Model parameters

The presented 3D model features a certain number of parameters, which belong to two categories:
fixed parameters that are not varied in the study, and variable parameters that are modified in
certain simulations to investigate their effect (parametric analysis).

Referring to Fig. 1 (a), the grids geometry is defined by specifying the diameter ds = 2 mm
of the screen grid holes, the diameter da = 1.2 mm of the acceleration grid holes, the distance
dh = 2.8 mm between the centers of two neighbouring holes at the screen grid (which is uniform,
given the hexagonal holes distribution), the thickness ts = 0.4 mm and ta = 0.8 mm of respectively
the screen and acceleration grids, and the distance lg = 2 mm between the screen and acceleration
grids. These geometric parameters are kept constant in all simulations. Moreover, the problem
geometry is completely specified by providing the position of the neutralizer surface and its size.
In particular, this either occupies the full cross section (at a constant axial coordinate z) of the
simulation domain, like in the case of infinite apertures simulations, or just represents a small
emission surface on the lateral boundary of the simulation domain, like in the case of the finite-
apertures simulations. Two different axial positions of the neutralizer are considered in both infinite
(15, 30 mm) and finite-apertures (15, 20 mm) setups.

Still referring to Fig. 1 (b), the applied voltages are VE (electric potential difference between the
discharge chamber plasma and the acceleration grid), VS (potential difference between the discharge
chamber plasma and the screen grid), and VN, which fixes the total potential drop between the
discharge chamber and the external cathode. These voltages are kept fixed in all simulations.
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Regarding the electrons, the only parameters required by the model are the electron tempera-
tures Te1 and Te2 of respectively the discharge chamber and plume populations. The Xe neutrals,
which affect only the electron collision frequency, are injected with a constant thermal flux and
temperature from the discharge chamber, and, for finite-apertures simulations, also from the neu-
tralizer surface. For what concerns the ions, they are injected from the discharge chamber by
providing the value of their injection temperatures and fluxes. While the former are kept constant,
the latter are varied between simulations: an increase of the injected ion mass flow per hole pro-
duces a larger beamlet current ib. A relevant parameter that is related to this, is the normalized
perveance per hole, Π, which is defined as [32]:

Π =
ib

V
3/2
E

[(
lg
ds

)2

+
1

4

]
V

3/2
E,0

ib,0
(13)

where VE,0 = 1000 V, ib,0 = 10−4 A are the reference voltage and current values. The normalized
perveance per hole (herefater, the perveance) permits us to assess the influence of space charge
effects, relative to the influence of the grid assembly electrical properties, on the extraction process.
A relatively large value of Π leads to an under-focused beam, whereas a small value creates an
over-focused beam with ion crossover trajectories [3]. The variation of the ion mass flow per hole
commented above results in a variation of Π across different simulations.

Finally, the interaction between ions/neutrals and the material walls of the ion grid optics
requires the definition of two additional parameters that are the accommodation coefficient αW

for both neutral reflection and ion recombination (refer to Ref. [25] for a detailed description of
the model), and the walls temperature TW. Both parameters are kept constant in all considered
simulations.

3 2D case: grid with infinite apertures

The main simulation and geometric parameters considered for this case are shown in Tab. 1. As
mentioned in Sec. 2.1.3, several simulations are performed by varying the value of the ion flux in-
jected upstream, and hence the perveance. The simulation setup, depicted in Fig. 1 (a), consists of
a single aperture with specular reflection conditions for the heavy species at the lateral boundaries,
which reproduce the interaction with an infinite number of surrounding beamlets. The net accel-
eration voltage is set to 770 V, while the acceleration grid potential with respect to the ionization
chamber plasma is -1100 V. Ions and neutrals are injected thermally from the upstream boundary,
with a temperature of 0.04 eV [33]. No gas is injected from the neutralizer surface downstream, a
modeling choice that might affect the physics related to CEX collisions, relevant in the ion backflow
region and, hence, for grid erosion studies [27, 34, 35], which are out of the scope of this work. The
electron temperature of the source electrons is 3.5 eV, while the neutralizer electron temperature
is 2 eV [33, 36].

Figs. 2 (a) to (c) show the contour map of the ion density at x = 0 for three different values
of Π. As expected, the focusing of the ion beamlet decreases when the perveance grows. Indeed,
when the perveance is the highest, Fig. 2 (c), meaning that space charge effects dominate over
the grids electric influence, peripheral density peaks can be spotted, because the beam is under-
focused. On the contrary, when the perveance is the lowest, Fig. 2 (a), the beamlet features a
centered density peak in the inter-grid region, which is due to crossover trajectories: the beamlet
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Table 1: Simulation parameters for both infinite and finite-apertures simulations. The upstream
and downstream plasma densities represent the electron number densities at the reference points of
the upstream and downstream electron populations. Voltage values represent the electric potential
drop from the upstream chamber plasma. Xenon gas is considered as propellant.

Parameters Units
Infinite

apertures

Finite

apertures

Number of apertures simulated (-) 1 19

Domain physical size (x, y, z) mm [2.8,2.8,30] [20,24.4,30]

Number of cells along (x, y, z) - [28,28,150] [100,122,150]

Number of macro-particles
(ions, neutrals) in the domain

- [3.7, 3.4]·106 [7.0,4.0]·106

Neutralizer center position (x, y, z) mm [0,0,14.8-30] [0,14,14.8-20]

Chamber electron temperature, Te1 eV 3.5

Plume electron temperature, Te2 eV 2.0

Acceleration grid voltage, VE V 1100

Cathode voltage, VN V 770

Screen grid voltage, VS V 15

Inflow Xe+ temperature eV 0.04

Inflow Xe+ mass flow per hole µg/s [0.07-0.34] [0.18-0.92]

Inflow Xe mass flow per hole µg/s [0.007-0.034] [0.018-0.092]

Neutralizer Xe mass flow µg/s 0.0 0.001

Normalized perveance Π per hole (-) [0.28-0.94]

Upstream plasma density, ne1 m−3 [26.0-124.3]·1015

Downstream plasma density,
at neutralizer center, ne2

m−3 [1.1-2.4]·1015 6.5·1014

Grids material temperature, TW K 500

Accommodation coefficient, αW (-) 1.0

is over-focused. These considerations are confirmed in Figs. 2 (d) to (f), showing the individual ion
trajectories: in the lower perveance cases (d) and (e), some cross-over trajectories can be spotted,
while in the highest perveance case, there is a non-negligible number of ions that hit the acceleration
grid. The reason behind the under-focusing and over-focusing can be better appreciated in Figs. 2
(g) to (i), and (j) to (l), showing respectively the difference between ion and electron density
(thus proportional to the charge density), and the electric potential, in a region close to the grids
assembly. Although φ eventually tends to the imposed value of −VN, the curvature of its iso-lines
and hence the radial electric field is strongly affected by the perveance. Indeed, both the upstream
and downstream isolines are more curved when Π is lower, because plasma space charge effects
are less relevant. The curvature of the electric potential iso-lines or, equivalently of the extraction
sheath, is directly related to the beamlet divergence. When the curvature is excessive/too low,
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Figure 2: (a,b,c) Ion density ni, (d,e,f) ion macroparticle trajectories, (g,h,i) ni − ne and (j,k,l)
electric potential φ (zoomed in, around the grid assembly), at x = 0, for different values of the
normalized perveance per hole: Π = 0.60 (column 1, subplots (a, d, g, j)), Π = 0.83 (column 2,
subplots (b, e, h, k)) and Π = 0.94 (column 3, subplots (c, f, i, l)).

the beamlet becomes over-focused/under-focused and an increase in divergence is always observed.
The intermediate perveance case of Fig. 2 represents an optimal one, minimizing the divergence
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angle. This behavior can be appreciated in Fig. 16, showing the evolution of the divergence angle
with the normalized perveance (square markers line), and it agrees well with the results found in
literature [6, 8].

The ion, electron, and electric current density and streamlines are then displayed in Fig. 3 for
Π = 0.83. As expected, the ion current density is largest at the acceleration grid position, where

Figure 3: (a) Ion current density, (b) electron current density and (c) electric current density at
the x = 0 plane, for Π = 0.83. Contour levels (dashed lines) and current streamlines (solid lines)
are displayed.

the focusing is the highest, and downstream tend to become parallel to the lateral simulation
boundaries, due to the influence of the surrounding ion beamlets. The electron current density
is negligible in the inter-grids region, due the screening action of the grids electric potential, so
electrons barely travel through the grids. The electrons injected into the domain at z = 0 only travel
towards the screen grid, so that je originates there and travels upstream inwards. The electrons
emitted at the current neutralization surface, on the other hand, flow downstream to neutralize
the ion beam. The resulting electric current streamlines are shown in Fig. 3 (c). They originate at
the screen grid, flow through the grids, and disappear almost completely at the neutralizer plane.

It is important to remark here that je is obtained through the gradient of Φ, with Eq. 8. Small
variations of the thermalized potential, of the order of mV, are sufficient to produce the observed
je. Therefore, the influence of Φ on Poisson’s equation is negligible. Yet, the fact that the gradients
of Φ and φ differ by several order of magnitudes does not mean that the problem of determining
Φ and φ is ill-conditioned. In fact, Φ is directly solved for with Eq. 7. In this equation, the
thermalized potential, and hence the electron current density, are well determined, except when
ne = 0, or, equivalently, σe = 0. A minimum σe is therefore used to avoid this numerical problem.

Fig. 4 shows the relative space charge of the plasma, |ni − ne|/ni, for two different positions of
the current neutralization plane (where the reference point for the downstream electrons population
is also located). The non-neutral region is clearly not affected by the position of the neutralization
surface, provided that this is located sufficiently downstream, where the plasma is essentially
quasineutral. This is the consequence of the fact that the electric potential downstream is only
weakly affected by this shift. On the other hand, the electric current neutralization is achieved
only at the neutralization plane, as shown in Fig. 3 (c). This indicates that the neutralization
surface position only affects significantly the current neutralization phenomena and the electric
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Figure 4: Comparison of the simulations with the neutralization surface in the position indicated
in Tab. 1 (upper part of the subplots) and the neutralization surface shifted downstream to the
boundary (lower part), for the same perveance case, Π = 0.83. The red dashed lines indicate the
position of the neutralization surface.

current streamlines, provided that the neutralizer is emplaced properly, i.e. it is not too far from
the acceleration grid (otherwise beam stalling is expected to occur).

The extension of the space charge region downstream of the acceleration grid, zF − zE, is
then shown in Fig. 5, as a function of the normalized perveance per hole, for both the infinite
apertures (black line, square markers) and finite-apertures (blue line, triangle markers) simulations.
Such a space charge extension is conventionally defined as the axial length of the region where
|ni − ne| /ni > 0.1, although farther downstream the neutrality ratio can increase again due to
beamlets coalescence effects, as seen in Fig. 4. The infinite apertures simulations feature nearly
the same space charge extension as the finite-apertures simulations, which have a very different
neutralizer position, as described in Sec. 4, thus confirming the fact that the cathode location does
not affect importantly the charge neutralization physics.
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Figure 5: Evolution of the downstream sheath axial extension, zF − zE, as a function of Π, for
infinite apertures (black line, square markers) and finite-apertures (blue line, triangle markers)
simulations, and for the 1D model (red lines, circle markers). For the latter, the considered beam
area function assumes two different divergence angle evolutions α(Π): one taken from the infinite
apertures simulations (solid line) and another one from experimental measurements (dashed line).

3.1 Electron inertia effects

Results shown so far include the effects of the electron inertia in the momentum equation, Eq. 2,
or the equivalent Ohm’s law, Eq. 8. This last one can be expressed as the balance,

σe (∇φ−∇pe/(ene)) + (jc + je)− jiner = 0 (14)

for electrons, among (i) the combination of pressure and electric forces, (ii) the resistive force, and
(iii) the inertial force. The inclusion of jiner has been done through a time-consuming iterative
scheme, explained in the Appendix, the first step corresponding to the solution for jiner = 0.

Fig. 6 (a)-(h) compares, for the case Π = 0.83, the terms in Eq. 14 and the resulting je (obtained
including or neglecting the electron inertia), inside the discharge chamber (subplots (a) to (d),
with the grey rectangle representing the screen grid) and downstream of the neutralization plane
(subplots (e) to (h), with the thick dashed line representing the neutralization plane).

The two first rows show that in both regions, inertia and resistivity are typically of the same
order, so electron inertia should not be omitted, in principle, if the resistive force is kept in the
momentum equation. It is also observed that inertia and resistivity force vectors are in the same
direction within the discharge chamber, while they tend to oppose in the plume. The result of this
is visible in the third row figures, showing σe∇Φ. The last row of Fig. 6 shows the net effect of
including inertia on je, which is not affected importantly, neither in magnitude nor in direction.
This is because je is rather constrained by the boundary conditions, and hence, from Eq. 14,
the most affected term is the thermalized potential gradient, which changes to balance out the
additional inertia term. This means that σe∇Φ − jiner is rather independent of jiner. Yet, the
effects of the electron inertia are larger in the plume than in the discharge chamber and they tend
to slightly reduce the spatial gradients and the curvature of the je streamlines.
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Figure 6: Comparison of magnitude and direction of the different terms of Eq. 14 for Π = 0.83: (a,e)
inertial current density, (b,f) collisional force current density, and (c,g) current density associated
to the thermalized potential gradient. Subplots (d,h) show the electron current density contour
lines (dashed) and streamlines (solid) considering (red) or not (black) the electron inertia term.
Results refer to the inside of the discharge chamber (a,b,c,d), and the plume region downstream of
the neutralizer (e,f,g,h). The thick dashed lines indicate the position of the neutralization surface
in the subplots of the right column.
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Finally, it is important to observe that, since ∇Φ� ∇φ, electron inertia and resistivity, which
are of the same order as σe∇Φ, play no relevant role in determining the total electric field and the
plasma density map.

4 3D case: Grids with finite apertures

The main simulation and geometric parameters considered for the finite-apertures simulations are
shown in Tab. 1. Several simulations are carried out varying only the ion flux at the upstream
boundary in order to assess the effect of a varying perveance. The simulation setup now consists in
a whole grid assembly composed by a total of 19 hole-pairs, with square shape, forming a hexagonal
pattern, as shown in Fig. 7, with the same grid layout as in Ref. [32]. The neutralizer is now located
at x = 0, z = 15 mm, on the ymax lateral boundary, and has a square emission surface with 2mm
side.

Figure 7: Schematic of the finite multi-apertures geometric setup. The neutralizer is actually
located slightly downstream of the acceleration grid, as shown in Tab. 1.

Since the entire ion optics is simulated, the lateral boundaries in Fig. 1 are no more specular
reflection surfaces, but simply free-loss ones (ions and neutrals traversing them are simply removed
from the simulation). Moreover, the lateral walls of the ionization chamber are considered to be
dielectric, thus featuring a zero normal electric current density.

In the following, results for an intermediate perveance case, Π = 0.83, are shown. Figs. 8 (a)
and (b) show the ion density at respectively x = 0 and y = 0 while Figs. 8 (c) and (d) show φ at
the same symmetry planes. The external cathode is displayed as a black rectangle, outside the
computational domain, in Fig. 8 (b,d,f) (x=0 plane).

The formation of the ion thruster plume through the gradual coalescence of the individual
beamlets into a singly-peaked plasma beam is observed just a few centimeters downstream the
grids. This beam formation process occurs nearly symmetrically, around the thruster axis. Yet,
a slight deviation from symmetry can be appreciated in Fig. 8 (b) and more clearly in Fig. 8 (d).
This is due to the presence of the cathode, which, in the considered simulation setup, is closer
to the thruster than in a real scenario. For a more realistic cathode position, this disturbance
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Figure 8: Ion density, electric potential and charge density at y = 0 (a, c, e), and x = 0 (b, d, f),
for Π = 0.83.

is expected to be smaller. Figs. 8 (e) and (f) show the charge density at, respectively, y = 0 and
x = 0. The central beamlets are charge-neutralized at the same distance from the acceleration grid,
while boundary beamlets are neutralized slightly farther downstream. In any case, it is apparent
that the charge neutralization process is almost symmetric and, thus, independent of the position
of the cathode, as it will be confirmed later.

Fig. 9 (a) to (c) show the progressive beamlets coalescence and plume formation at increasing
axial distances (12, 20 and 28 mm). At z = 12 mm, the beamlets have not coalesced yet and
they are independent structures. Observe that their shape has become circular, in spite of the
apertures’ shape being square in the present simulation, thus having short memory of its upstream
extraction shape. This observation supports recent numerical and experimental works that have
found no significant difference in the extracted beam using square and circular holes grid assemblies
[26, 37], thus justifying new designs with composite materials that face important difficulties in
manufacturing circular apertures. At z = 20 mm, the beamlets have partially merged and finally, at
z = 28 mm, the beamlets mixing process is almost complete and a single-peaked beam is emerging.
An interesting final observation, referring to Fig. 8 (e) and (f), is that the beamlet coalescence
process occurs when the plume is already charge-neutralized. In fact, charge neutralization is
nearly complete at z ' 10 mm, while the beamlets interaction is completed at higher downstream
distances. Thus, the coalescence process is driven by both the divergence angle of the extracted
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beamlets acquired through the non-neutral acceleration region, and the ambipolar downstream
electric fields induced by density gradients in a quasineutral plasma.

Figure 9: Ion density at different axial cross sections, for Π = 0.83.

Figure 10: (a) Ion current density, (b) electron current density and (c) electric current density,
with streamlines at x = 0, for Π = 0.83. Contour levels (dashed lines) and current streamlines
(solid lines) are displayed.

Fig. 10 shows the ion, electron and electric current density and streamlines at x = 0 (the cross
section containing the neutralizer) for the same perveance case. Referring to subplot (b), the
electrons emitted by the cathode are observed to travel downstream to neutralize the ion beam,
without backstreaming through the grids towards the ionization chamber. Inside the chamber, on
the other hand, upstream electrons are collected by both the screen grid and the lateral thruster
walls. Regarding the electric current (subplot (c)), this originates at the screen grid walls (which
are an electron sink), it flows through the grids transported by the ions (subplot (a)) and is finally
collected by the boundary cathode, which is an electron source. This electric circuit is completed
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by an external segment not shown here: the electrons collected by the screen grid are pushed
towards the cathode by a “beam power” supply [38], where most of the operational thruster power
is actually consumed.

Fig. 11 shows the ion density, the relative charge density and the electric current density at the
same plane, x = 0, for a shifted neutralizer position. Comparing Fig. 11 (b) and Fig. 8 (f), it is

Figure 11: (a) Ion density, (b) charge density and (c) electric current density in the case of the
cathode shifted downstream, for Π̃h = 0.83. In (c), contour levels (dashed lines) and current
streamlines (solid lines) are shown.

clear that the charge neutralization process is nearly unaffected by the cathode position. This is
not the case for the electric current neutralization. as seen by comparing Fig. 10 (c) and Fig. 11 (c):
the closer the neutralizer is to the grids, the more upstream the beamlets become axially current-
free. This can be considered to happen at the position where the electric current streamlines turn
towards the cathode.

The observed difference between charge and current neutralization can be explained as follows.
On one hand, the charge density depends on the local electron and ion densities, which are only
dimly affected by the neutralizer position. In fact, the neutralizer affects the thermalized potential
solution, whose gradient −∇Φ is negligible compared to the Boltzmann electric field −∇pe/(ene).
Therefore, the total electric field and hence the ion density are essentially symmetric with respect
to the thruster centerline, as shown in Figs. 8 (a) and (b) and Fig. 11 (a). As a consequence, the
electron number density is also symmetric, since it depends mainly on the electric potential, being
|∆Φ| � |∆φ| (see Eq. 10). On the other hand, the electron current density is ultimately determined
by the asymmetric and small thermalized potential gradient −∇Φ (pre-multiplied by a large scalar
conductivity σe), as shown in Eq. 8. Since the neutralizer is modeled as a Dirichlet surface for
Φ, as explained in Sec. 2, both the thermalized potential and its gradient are strongly affected by
the neutralizer position. This yields an asymmetric electron current density and neutralization, as
shown in Fig. 10 (b), with an important role of the cathode position. The study of the neutralizer
position, in both infinite and finite apertures simulations, shows that the axial distance between the
acceleration grid and the cathode does not affect the charge neutralization of the beam. At the same
time, the fact that the cathode position has a major impact on the current neutralization physics
does not affect significantly the thruster design, given the negligible influence of the thermalized
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potential gradient (which drives the electric current through Eq. 8) on the thruster performance
figures. However, these can be affected by the cathode radial position: if placed too close radially
to the grid assembly, the cathode can induce a certain asymmetry in the electric potential map,
as shown in Fig. 8 (d), thus affecting the ion beam expansion and, ultimately, the achieved thrust
value and direction (off-axis components can arise).

Finally, the effect of including the electron inertia on the je streamlines in this 3D case is
shown in Fig. 12. As in the 2D case, electron inertia is a relevant contribution to the balance of
Eq. 14, but this contribution is mostly compensated by an adjustment of ∇Φ and the net effect
on je is limited. Still, it is larger than the one shown in Fig. 6 (h) for the 2D case. When inertia

Figure 12: Effect of electron inertia on je streamlines. Red lines correspond to the full solution
with electron inertia. Black lines correspond to the approximation without the contribution of the
electron inertia.

is ignored, the electron streamlines that originate at the neutralizer surface tend to move near-
vertically downwards until reaching the plume centerline, where they undergo an abrupt change
in direction. This effect is visibly reduced when inertia is accounted for: lower spatial gradients
in the electron current density and a lower curvature of the electron streamlines are appreciated.
In summary, although the inclusion of the electron inertia term affects marginally the thruster
performance, it changes noticeably the electric/electron current streamlines and hence the current
neutralization process, especially in this realistic 3D scenario.

5 1D fluid model of the plume

To complement the previous 2D and 3D numerical models and extend them to the far downtream
region, a 1D semi-analytical model of the plasma plume expansion, from the acceleration grid E,
to infinity, is presented here. A sketch of the electric potential evolution considered for this 1D
model is included in Fig. 13 (a).

Neutrals and collisional effects are neglected here. Ions are considered a highly supersonic
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populationandtheircontinuityandmechanicalenergyequationsyield

ui(φ)= u2iE−2e(φ−φE)/mi (15)

ni(φ,z)=
Ii

eA(z)ui(φ)
, (16)

wheretheplumeareavariationA(z),thetotalioncurrentIiandtheionvelocityatE,uiE
areknown. TheneutralizerNismodeledasasheet,withapotentialφ=φN andlocatedat
z=zN,andemitsanelectroncurrentequaltoIiwithatemperatureTeN.Electronsareassumed
isothermalbeforetheneutralizer,forz<zN,buttheyareconsideredpolytropic(withγ>1)in
thedownstreamregionz>zNinordertoreproducetheknownfar-plumecoolingandtoachieve
afinitepotentialfallatinfinity[28].Thustheirdensitysatisfies

ne(φ)

neN
=






exp
e(φ−φN)

TeN
, if z<zN

1+
γ−1

γ

e(φ−φN)

TeN

1
γ 1

, if z≥zN

(17)

Finally,Poisson’sequationcanbeexpressedas

0
d2φ

dz2
=ene(φ)−eni(φ,z). (18)

Thespatialstructureoftheplumeissplitinthreesubregions:(i)aDebyesheathfromthe
gridEtoasheathedgeF,(ii)aquasineutral,zeroelectroncurrentregionfromFtoN,and(iii)a
quasineutral,current-freeregionfromNtoinfinity.
TheDebyesheathsatisfiesEq.18withboundaryconditionsφ(zE)=φEand 0dφ/dz|zF =0.

Asimpleshootingmethodyieldstheprofileφ(z),includingthepotentialatthesheathedge,φF.
ApracticalexampletobecomparedwiththehybridresultsofFig.5isgivenbelow. Meanwhile,a
roughestimateofthesheaththicknesscanbeobtainedbyjustapproximatingtheelectricchargeon
therightsideofEq.18byaconstantaveragevalueρ̃el,thusobtainingφ(̄z)=φE+(̃ρel/20)(2̄zF−
z̄)̄zwithz̄=z−zE. Then,thesheaththicknessisz̄F = 20(φF−φE)/̃ρelor,usingknown
parametersφN−φE( φF−φE)andniE:

z̄F≈3 20(φN−φE)/eniE, (19)

withtheinteger3providingthebestfitfortheresultsofFig.5.
IntheintermediateregionFN,quasineutralityleadsto

ene(φ)ui(φ)=Ii/A(z), (20)

whichistheimplicitequationforthemonotonically-decreasingpotentialφ(z). Evaluatingthe
expressionbetweenFandN,onehas

e(φF−φN)≈TeNln(AN/AF)∼TeN, (21)

thusjustifyingEq.19.InthefarregionN∞,Eq.20appliesagainbutnowne(φ)correspondstothe
non-isothermalcaseinEq.17.Fardownstream,ne(z)→0,andEq.17statesthattheasymptotic
downstreampotentialis

φ∞ =φN−
γ

γ−1

TeN
e
. (22)
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Values of γ ≈ 1.2 and TeN ≈ 2eV are suggested in the literature [36, 39] yielding a potential fall of
12V from the neutralizer sheet to infinity.

In the real case, at the exit E, the plume consists of a set of beamlets which later intersect and
only downstream merge in a single beam as shown in Fig. 13(b). This interaction can be taken into
account by properly defining the area function A(z̄). Assuming conical beamlets of circular cross

Figure 13: (a) electric potential evolution along the plume centerline, and (b) a possible plume
area function to include the effects of beamlets interaction. Model inputs are shown in red. In
subplot (b) the plume area evolution A(z̄) is shown by the shaded area.

section and divergence angle α, which start to coalesce at a distance z̄C, a suitable expression of
the area variation is the following piece-wise function:

A(z̄) =

NbA
′
E

(
1 + z̄

√
π/A′E tanα

)2
, if z̄ ≤ z̄C,

NbA
′
C

(
1 + (z̄ − z̄C)

√
π/(NbA′C) tanα

)2
, if z̄ > z̄C,

(23)

with Nb the number of beamlets, A′E the initial area per beamlet (or acceleration grid hole area),

and A′C = A′E
(
1 + z̄C

√
π/A′E tanα

)2
the individual beamlet area at the coalescence start point z̄C.

The coalescence coordinate z̄C can be obtained as a function of the geometric properties of the grid
and of the divergence angle as z̄C = arctan [(dhc − da)/(2 tanα)]. Finally, the plume divergence
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angle is, in general, a function of the normalized perveance per hole: the evolutions α(Π) found
in both the infinite-apertures simulations and in the experiments of Ref. [32] (shown by the black
and red lines in Fig. 16) have been assumed here.

Eq. 23 shows that the derivative of the plume area dA(z)/dz̄ is discontinuous at z̄C to account
for the fact that the individual beamlets start to overlap there. In the limit of an infinite number
of apertures/beamlets Nb → ∞, and the average beamlet area after point z̄C remains constant,
which is consistent with the infinite-apertures 2D simulations of Sec. 3, where the specular reflection
considered for ions crossing the lateral boundaries is equivalent to assuming a constant beamlet
area.

Using the area variation of Eq. 23 to integrate Eq. 18, the profile φ(z) inside the Debye sheath
and the sheath thickness z̄F are obtained. This magnitude is shown as a function of the normalized
perveance by the solid and dashed red lines in Fig. 5, with the considered α(Π) profile (from
either infinite apertures simulations or from experiments) having only a minor influence. More
importantly, the predicted sheath thickness by the 1D model is in good agreement with that of the
2D and 3D hybrid models, except for low perveances. This disagreement is due to the overfocusing
of the beamlets, whose area at the acceleration grid becomes quite smaller than the acceleration
grid hole area, which is the one assumed in Eq. 23; and it is also due to the strongly non-uniform
radial density profile at the grids exit induced again by the overfocusing, a feature that is not
captured by the 1D nature of the model.

6 Model benchmarking and validation with experiments

In this section, the numerical models for 2D infinite-apertures and 3D finite-apertures setups are
benchmarked one against the other and compared to the semi-analytical 1D model predictions and
experimental data. For a proper comparison, the region around the central hole is considered in
the finite-apertures case.

Figure 14: Comparison of the ion density between the infinite apertures and the finite-apertures
simulation at (a) x = 0 and (b) y = 0, for Π = 0.45. The central hole-pair is considered for the
finite-apertures simulation.
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Fig. 14 compares the ion density of the 2D and 3D approaches at two planes of interest, x = 0
and y = 0, for Π = 0.45. In both planes, the solutions are qualitatively similar. However, there are
also some visible discrepancies. Referring first to the x = 0 plane (subplot (a)), the discrepancies
are explained by the fact that the symmetric boundary condition in a computational domain with
square holes cannot exactly reproduce the hexagonal layout of the finite-apertures simulations,
shown in Fig. 7. Therefore, the beamlets interaction is different in the two cases, with a consequent
visible difference downstream in the ion density map. In the y = 0 plane (subplot (b)), on the other
hand, the symmetric boundary reflection condition of the infinite-apertures simulation reproduces
more accurately the beamlets interaction, so that the observed differences are smaller, and mainly
related to the slight outward deviation of the beamlets surrounding the central one, as observed
in the finite-apertures grid case in Fig. 8 (a). This three-dimensional effect, however, would vanish
quickly for increasing numbers of holes (typical ion thrusters feature hundreds or thousands of
holes).

The two different simulation setups discussed in detail in Secs. 3 and 4 have then been compared
to the 1D semi-analytical model of Sec.5. While the downstream sheath size has already been
compared in Fig. 5, with an overall good agreement, Fig. 15 (a) shows a quantitative comparison
of the profiles, along the central hole centerline, of the ion density and electric potential, obtained
with the three models.

Figure 15: (a) 1D quantitative comparison of the ion density (in black) and electric potential (in
red) for the 2D (dashed line), 3D (dotted line) and 1D (solid thick line) models, for Π = 0.83. (b)
Zoom of the electric potential and density evolution, in the downstream region.

The electric potential match of the infinite and finite-apertures simulations is good, with some-
what larger differences in the ion density (due to the already mentioned reasons). Regarding the
1D model, the evolution of φ inside the sheath is accurate, with the exception of its minimum value
(at the acceleration grid hole center), which is affected by 2D space charge effects that cannot be
reproduced by a 1D model. The ion density predicted by the 1D model also behaves well, falling
along the sheath in spite of the electric potential rise, thanks to the inclusion in the model of a
beamlet divergence angle. Fig. 15 (b) finally shows a zoom of the downstream evolution of electric
potential and density along the beamlet centerline. Both infinite and finite-apertures simulations
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show an increase in the density as we move downstream, which can be attributed to the beamlets
interaction, and is accompanied by a corresponding ambipolar electric potential rise. In fact, this
increment occurs farther downstream in the case of the finite-apertures because, as already shown
in Sec. 4, the interaction between beamlets occurs with a slightly lower angle when compared to the
infinite apertures case. Finally, the 1D model electric potential and ion/electron density remain
roughly constant (slowly decreasing) after the beamlets coalescence with values similar to those of
the numerical simulations. With the additional assumption of a polytropic coefficient γ = 1.2 for
the far plume expansion, the 1D model finally predicts a potential at infinity of -782V.

The infinite and finite-apertures simulations have also been compared with the experiment in
Ref. [32]. As in the finite-apertures simulations, the considered experimental setup consists of a
pair of grids with 19 axially aligned holes in a hexagonal pattern. This setup also includes a set
of Faraday probes located at a distance of 8 cm from the accelerator grid, in the direction of
the plume. The numerical simulations and the experiment are compared in terms of a relevant
performance parameter of the ion grid optics: the divergence angle α of the plume. This is mainly
affected by the net acceleration voltage VN, the normalized perveance per hole Π, and the geometry
of the grids. The divergence angle is typically defined as the slope of the ion current streamtube
that carries 95% of the total ion beam current [28]. An approximation of this angle, which is
generally considered in experimental campaigns and adopted in Ref. [32], is given by:

α = arctan

(
R95 −RB,acc

L

)
, (24)

where R95 represents the radius, from the thruster axis, of the 95% ion current streamline, RB,acc

is the beam radius at the acceleration grid exit, and L is the distance between the acceleration
grid and the measurement plane. The farther out the measurement plane, the more precise Eq. 24
in estimating the local slope of the 95% ion current streamline.

The experimentally measured divergence angle is obtained with Eq. 24, by measuring R95 at
the Faraday probes location (several cm away from the thruster exit) and assuming that RB,acc is
equal to the radius of the acceleration grid. For consistency, the same formula and assumptions are
considered for the computation of the divergence angle from simulation results, although a different
plane is chosen for the computation of R95. In the finite-apertures simulations, the measurement
plane is located 1.5 cm away from the acceleration grid, i.e. at the maximum distance allowed by
the considered simulation domain. In infinite apertures simulations, this plane is located before
the reflection of the ion macro-particles at the lateral boundaries, so that the obtained divergence
angle refers to a single beamlet and does not account for its interaction with the rest. Moreover, in
this latter case, RB,acc refers to the 95% ion current radius of a single beamlet at the acceleration
grid exit plane.

Fig. 16 shows the results of this validation. Both simulation approaches are able to closely
predict the optimal perveance value obtained experimentally, with a relative error of about 7%.
This implies that the evolution with perveance of an individual beamlet divergence is practically
the same as that of the whole ion beam. Therefore, an estimation of the optimal perveance can
be reasonably obtained with a limited computational effort, using the infinite-apertures simulation
setup. The second point to be outlined concerns the values of the divergence angle. Overall, a good
agreement between experiments and simulations can be observed. However, there are some aspects
that are worth further discussion. First, the infinite-apertures divergence angle is lower than the
finite-apertures one. This can be justified by the fact that, in the infinite-apertures, the divergence
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Figure 16: Evolution of the divergence angle α as a function of Π for infinite-apertures simulations
(black line with square markers), finite-apertures simulations (blue line with triangle markers), and
for the experimental campaign (red line with circle markers) of Ref. [32].

angle is computed at a plane where beamlets coalescence has not started yet. Second, regarding the
finite-apertures simulations, the average (over the perveance range) divergence angle is close to the
real one, with an error smaller than 4%, although it is underestimates/overestimates it at low/high
perveance values, with a generally flatter profile This difference might be due to the limited axial
distance considered for the divergence angle estimation in finite-apertures simulations, which is
quite smaller than the measurement plane distance considered in the experiments (8 cm) [32].
Another possible reason is the excessive proximity of the hollow cathode to the grids, in the radial
direction, considered in the simulations. In Sec. 4, the effects of this close position were already
discussed and appeared to be small. However, this might be true only for small divergence angles,
as is the case in Sec. 4, for which the beamlets interaction with the cathode is less important. For
larger divergence angles, the cathode position effects might be more important and contribute to
the trend observed in Fig.16.

7 Conclusions

This paper has described a numerical hybrid model for the simulation of the grid optics of an
ion thruster. While ions and neutrals are modeled as macro-particles of a particle-in-cell sub-
model, both the electron properties and the electric potential are obtained by solving the coupled
equations of electron momentum balance, electric continuity and Poisson’s equations. The model
is also capable, with the use of a thermalized potential, of predicting the electron current density
at the large conductivities of this weakly-collisional electron population, retaining also the effects
of the electron inertia, a clearly novel feature in hybrid simulations of ion optics. Indeed, electron
inertia dominates over collisional effects in certain spatial regions.

Two different simulation setups have been presented, discussed and compared against both a
simplified 1D model and experimental data. The first setup, the infinite-apertures one, features
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a periodic array of interacting beamlets and an infinite neutralizing surface. The second setup,
or finite-apertures setup, features a complete grid assembly with 19 apertures and an external
hollow cathode to simulate the beam neutralization. The comparison performed in this work is
complementary to other similar studies in the literature [18] and it shows that both approaches are
capable of predicting (i) the same optimal perveance, with values very close to the experimental
ones, and (ii) the same charge neutralization distance. Also, the limitations and advantages of the
infinite apertures with respect to the more realistic finite apertures approach are highlighted: the
former features a much smaller computational cost and permits to simulate the main features of
the ion beamlets focusing, although it lacks the capability of predicting with precision the overall
thruster performance and any asymmetry effect induced by the neutralizer. This discussion can
help designers decide which setup to use, depending on their specific needs.

The ion extraction and charge-current neutralization physics have then been investigated. Re-
garding the ion extraction and focusing, this is mainly affected by the operational perveance per
hole of the grids system (for a given set of operational voltages). As already indicated, an optimal
perveance value exists that minimizes the divergence angle of the plume, and hence maximizes
the thrust efficiency. The simulations have also shown that, in the plume formation process, the
ion beamlets become circularly shaped very soon after the grid exit, in spite of the square shape
of the considered apertures, supporting recent numerical and experimental works [26] that have
found no significant differences in the emitted plasma plume between grid assemblies with square
and circular holes. Therefore, the manufacturing of ion optics with new composite materials which
benefit from square holes designs may be employed in future thrusters without incurring in large
performance losses.

Regarding the physics of neutralization, on the other hand, different conclusions have been
obtained for what concerns the neutralization of electric charge and neutralization of current. In
fact, it is found that, while the current neutralization and the electron streamlines are strongly
affected by the cathode position, this has nearly no influence on both the ion trajectories and
the charge neutralization process, which occurs at the same distance from the acceleration grid
irrespectively of the neutralizer position. This is true provided that the neutralizer is sufficiently
close to the thruster to avoid any beam stalling phenomena, and far enough to avoid perturb-
ing the ion extraction. This conclusion is coherent with the predictions of the one-dimensional
model in which the extension of the plasma sheath next to the acceleration grid (over which the
charge neutralization is achieved) depends only on ion density and potential difference between
the neutralizer and the acceleration grid, but not on the distance between the acceleration grid
and the current neutralization plane. Moreover, regarding the radial position of the cathode, finite
apertures simulations have shown that, if this is placed too close (radially) to the grids, it might
influence electrostatically the plume expansion and produce some asymmetries affecting the thrust
vector direction, and hence the overall performance.

Finally, the inclusion of the electron inertia in the model has the overall effect of smoothing
the spatial gradients of the electron current density and reducing the curvature of the electron
streamlines. The inertial force contribution in the electron momentum balance is of the same
order as the collisional force, and in some downstream regions, it is even larger. However, given
the boundary conditions imposed on the electron current at the simulation boundaries, the inertial
effects on the electron current density and streamlines are generally moderate, with more significant
variations observed in the 3D scenario with a lateral neutralizer. A larger effect is observed in the
shape of the thermalized potential map, whose absolute variations are nevertheless negligible with
respect to the pressure gradient force. For this reason, both the ion trajectories and the plasma
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density are practically not affected by the inclusion of the electron inertia.

Appendix: Numerical schemes for the partial differential
equations

As seen in Sec. 2, given the explicit dependence of the electron density on the unknown electric
potential, ne = ne(φ,Φ), Eq. 4 becomes a non-linear differential equation in φ. The electron
density is also dependent on the thermalized potential, Φ, which is assumed to be known here.
This equation is solved numerically by using finite differences to discretize the non-linear Poisson’s
equation. If φl is the unknown potential at the lth mesh node, then the lth non-linear system
equation can be written as:

fl =
∑

m∈mesh

Almφm +
e

ε0

(
n∗e,l − ne,l(φl,Φl)

)
= 0, (25)

where the summation applies to all inner mesh nodes in the domain, with n∗e,l being the known
(from PIC) quasineutral electron density at node l, and Alm being the (l,m) element of the sparse
coefficients matrix. Then, Eq. 25 is solved with an iterative Newton-Raphson’s method, by first
linearizing the equation around the current solution of the electric potential φ(k), where k refers
to the iteration step. For the first simulation step, an initial estimate φ(0) is obtained from the
quasineutral electric potential, while for the rest of the simulation, the previous time step solution
is used as first estimate. The linearization starts with the evaluation of the Jacobian matrix of the
non-linear system, at the iteration step k, as:

J
(k)
lm =

∂fl
∂φm

]
φ=φ(k)

, (26)

and then, the electric potential correction ∆φ(k) is obtained, by solving the linearized system:∑
m∈mesh

J
(k)
lm ∆φ(k)

m = −f (k)
l . (27)

The updated electric potential, which is used in the next iteration step k+ 1, is given by φ
(k+1)
l =

φ
(k)
l +∆φ

(k)
l . Then, the Jacobian matrix is recomputed and, subsequently, the new electric potential

correction is found. This iterative scheme is repeated until convergence, defined in terms of the
maximum absolute value of the non linear function f , is achieved.

The numerical solution of Eq. 7, on the other hand, assumes that ne and hence σe are known
from the solution of the non linear Poisson’s equation. Then, an iterative approach is followed
again to solve the partial differential equation, given its coupling with Eq. 8 through jiner. The
discretization of Eq. 7 is again carried out with a finite differences method that yields, for the lth

inner node and kth iteration: ∑
m∈mesh

BlmΦ(k)
m = R

(k)

l (28)

where Blm are the finite differences coefficients of the differential operator on the left hand side of

Eq. 7, and R
(k)
l represents the right hand side at node l, thus including the inertial current density.
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In the following, for the sake of clarity, we shall omit the subindex l referring to a specific node of
the domain.

The way to solve iteratively the problem is the following: an effective inertial current density

jiner,eff is used in Eq.7. In the first iteration step, j
(0)
iner,eff = 0. Then, with the solution of the

thermalized potential, Φ(k), the full electron inertial current density is evaluated with Eq. 9, and

used to update j
(k+1)
iner,eff :

j
(k+1)
iner,eff =

(Nacc − 1)j
(k)
iner,eff

Nacc
+

j
(k+1)
iner

Nacc
, (29)

where Nacc is a user’s defined number that controls how fast jiner,eff adapts its value along the

iteration process. The iteration loop continues by plugging j
(k+1)
iner,eff in R(k+1) and solving for Φ(k+1)

until convergence is reached, i.e., until the maximum difference
∣∣Φ(k+1) − Φ(k)

∣∣ is smaller than a
user’s defined threshold. The progressive inclusion of the inertial current density is necessary to
achieve a good convergence of the solver, since the inertial term can be the dominant term in Eq. 2
in certain regions of the simulation domain, especially where the radius of curvature of the electron
streamlines happens to be very small.

The purpose here was to assess the relevance of electron inertia effects rather than develop-
ing an efficient solution method for the electron inertia. The iterative explicit scheme described
above has made the job but it is highly-time consuming, being the number of iterations needed
for convergence in the order of 103. Thus, a practical inclusion of inertia effects would require
developing computationally-efficient implicit discretization schemes, which consider the electron
inertia directly in the left-hand side coefficients matrix.
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