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I. Introduction

The increasing use of electric thrusters onboard modern satellites for a wide range of space missions
has made essential to understand and predict any integration issues such as the damage caused by the
plasma plume-S/C interaction through ion back-scattering and direct sputtering on onboard sensors or solar
panels.1,2 Thus, the simulation of electric thruster plumes is becoming extremely important for assessing
those issues early in the design process. Besides, new applications such as the ion beam shepherd (IBS)3–6

concept, whose aim is to relocate a debris by gradually pushing it with an electric thruster plume to a
different orbit are currently under investigation and development.

Plasma plumes generated by electric thrusters such as GITs or Hall effect thrusters (HET)7,8 are weakly
collisional with very different dynamics of ions and electrons. The latter are the major responsible for the
self-consistent electric field and are strongly affected by the presence of an external magnetic field while
massflow and momentum are mostly due to ions. As it is shown in the present work, two different regions
can be distinguished along the plasma plume expansion:9,10 a ‘near region’ extending from the thruster
exit up to few thruster radii downstream, where CEX collisions11,12 between ions and neutrals, plasma
quasineutralization and the presence of the applied electric and magnetic fields produce a non-homogeneous
plasma with non-negligible 3D effects in the plume, and a ‘far region’ where, in general, a smoother and
more rarefied plasma plume profile expands axisymmetrically. Both near and far regions of unmagnetized
plumes are studied in this paper.

In order to numerically simulate such plasma plumes, hybrid PIC-fluid codes13–24 represent a good
compromise between fully kinetic models (including Boltzmann equation solvers in 6-dimensinal phase-
space25,26 and full PIC codes27,28) and multi-fluid codes,9,10,29–32 as they allow to achieve a reasonably
good accuracy in the physics description, while maintaining a moderate computational cost. In such codes,
the ion and neutral species are treated as macro-particles and their corresponding macroscopic magnitudes
are obtained at dedicated mesh nodes through a particle weighting process, while the electrons are modeled as
a fluid with the corresponding conservation equations (continuity, momentum and energy). The EP2 research
group has been active in this research field for over 10 years, as it has been involved in the development of
2D Hall Effect thruster simulation hybrid codes such as HPHall233 and HallMA,34 both of them based on
the original code HPHall.35

Recently, the group has started the development of two new hybrid codes. The first is a Cartesian 3D
(x,y,z) code named EP2PLUS (Extensible Parallel Plasma PLUme Simulator) devoted to the simulation of
electric thruster plasma plumes and their interaction with objects including the S/C and, possibly, a debris
object.23 A first version of this code36 has already been finalized within the European Union funded project
LEOSWEEP.37 The second is a 2D (z,r) code under development which represents a versatile multi-thruster
discharge simulation platform for simulating plasma physics inside and in the near plume of different plasma
thrusters such as HETs, high efficient multistage plasma thrusters (HEMPT), helicon plasma thrusters
(HPT) and electron cyclotron resonance accelerators (ECRA).38 This new code replaces the aforementioned
HET codes incorporating improved algorithms and extending their capabilities in both the PIC and the
electron-fluid sides. Besides, it can be used for 2D simulations of plasma plumes as it is shown in the present
work.

Considering an unmagnetized GIT plasma plume as the benchmark case, the aim of this manuscript is to
compare both codes focusing on the PIC algorithms, which have seen important improvements with respect
to previous codes. Innovations on the treatment of the heavy species are focused on improving the population
control and PIC statistics in order to reduce numerical noise. Moreover, new collision algorithms based on
either Monte Carlo Collisions (MCC) or Direct Simulation Monte Carlo (DSMC) have been implemented
to treat the effect of CEX collisions, especially important in the near plume region, contributing to the ion
backscattering and sputtering on the external thruster walls. Regarding the electron fluid model, a simple
polytropic closure for the electrons is considered here, as this is a particularly good assumption for HET and
GIT plumes, for which several experiments have indicated that the electron thermodynamics can be well
approximated with a polytropic law.39 Besides, a comparison of the computational cost of the two codes is
provided.

Section II describes the overall structure and main algorithms of both 2D and 3D codes, including the
quasineutral fluid closure. Simulation results are presented in Sec. III. Finally the conclusions are drawn in
Sec. IV.
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II. 2D and 3D hybrid codes

A. Overall structure and main simulation loop

Both 2D and 3D codes are modular and share the same overall architecture, data types, structure, paral-
lelization logic (Open MP) and input/ouput interfaces, including common baseline modules and dedicated
subroutines whenever possible.23,38 As depicted in Fig. 1, the two central modules of both hybrid simula-
tors are the PIC module and the electron module. The former, taking as inputs the electric potential φ and
the electron temperature Te, propagates the heavy species (neutrals and ions) one PIC time step forward
obtaining the plasma density n and particle fluxes ~g. The latter, knowing those values from the PIC module
and applying quasineutrality, solves for the electric potential and the electron temperature, thus closing the
loop. Concerning the electron module of the 2D code, a new two-dimensional description of the plasma
is considered by solving the electron-fluid equations in the magnetic reference system (defined through the
local parallel and perpendicular directions to the magnetic field lines, and the azimuthal direction).38,40

However, as commented in Sec. I, for the analysis of unmagnetized plasma thrusters plumes (and therefore
for the results included in this paper), both codes make use of a simplified polytropic electron closure of the
electrons:

pe = nTe;
Te
Te0

=

(
n

n0

)γ−1

, (1)

where γ is the constant polytropic coefficient, and n0, Te0 are the plasma density and electron temperature
at a reference node where φ = 0, being φ the electric potential. Neglecting inertial terms and using Eq. (1),
the electron momentum equation yields:

eφ

Te0
=


ln
(
n
n0

)
if γ = 1

γ
γ−1

[(
n
n0

)γ−1

− 1

]
if γ > 1

(2)

Ion and neutral macro-particles are grouped into different populations with a dedicated computational
particle list for each of them storing all necessary particle data such as current and previous position and
velocity, elementary particle mass and charge status, and particle weight (or number of elementary particles
represented by each simulation particle). This subdivision of the different species facilitates the population
control during the simulation and the treatment of the various particle collisions between different particle
lists, thus contributing to reduce the PIC associated numerical noise. Both codes use a structured PIC
mesh. In the general case, the 3D PIC mesh is composed of prismatic cells. On the other hand, the 2D mesh
boundaries represent 3D annular surfaces and the quadrilateral cells correspond to 3D annular volumes.
In both cases it is possible to identify a uniform computational mesh featuring squared elements (cubic in
3D case). Every point in the physical domain has unique computational coordinates in the computational
domain. As shown in Fig. 2, considering the 2D case for the sake of simplicity, a given physical point
~x = (z, r) has computational coordinates ~χ = (ξ, η), where ξ ∈ [0, Nξ − 1] and η ∈ [0, Nη − 1] are the
computational coordinates taking integer values at the nodes and Nξ and Nη are the corresponding number
of nodes along each coordinate. The 3D is equivalent with an additional coordinate.

Figure 1 shows the general simulation PIC loop. For each particle population, at the beginning of each
simulation time step the particle collider algorithm carries out all macro-particles collisions (refer to Sec.
II.B). Next, a 3D particle mover algorithm based on Boris’ CYLRAD algorithm41 updates the particles
velocity (vx, vy, vz) and position (x, y, z) taking into account the electro-magnetic fields. In the 2D code the
particles are projected to the 2D (z,r) axisymmetric plane before weighting them to the PIC mesh nodes so
that they are naturally reflected at the axis r = 0, thus avoiding the singularity problem of a 2D cylindrical
particle mover.42

Once the macro-particles of each population have been moved, a crossing check algorithm determines
if the particles have exited the domain. If so, they are stored in a dedicated computational list to be
later removed. On the other hand, all those particles contained in the simulation domain are sorted to
the corresponding PIC mesh cells which are identified as the integer part of the particles computational
coordinates. New particles are injected into the domain through corresponding boundary faces. The values
of the injection particle flux ginj , fluid velocity ~uinj and temperature Tinj are given at the nodes of each
injection face. For each species to be injected, taking into account the generation macro-particle weight at
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Figure 1. Main simulation loop including PIC and electron fluid modules.

the injection cell Wgen (refer to Sec. II.C), the number of macro-particles to be injected in a given time step
is rounded appropriately from the expression

Ninj =
ginj∆S∆t

Wgen
, (3)

where ∆S is the injection face area, ∆t is the PIC time step and ginj is the mean injection flux at
the face center. The injected macro-particles are uniformly distributed along the injection face and their
macro-particle weight is then obtained from the actual injection particle flux interpolated to the particles
random position ginj, p as

Winj =
ginj, p
ginj

Wgen. (4)

Since the injected macro-particles are uniformly distributed along the injection face, an additional cor-
rection on the macro-particle weight is required in the axisymmetric code to cancel out cylindrical effects.
The generation weight in the cell is then considered as the mean injection weight at the center of the in-
jection face, so that the actual injected particle weight is obtained by multiplying Winj in Eq. (4) by the
ratio rp/rinj where rp is the random radial coordinate of the injected particle and rinj is the radius of the
injection face center. On the other hand, the particles injection velocity is obtained from the probability
distribution function43

finj(~v) ∝ v⊥ exp

(
−m|~v − ~uinj |

2

2Tinj

)
, (5)

being v⊥ the macro-particle velocity perpendicular to the injection face. The values ~uinj and Tinj are
interpolated from the injection face nodes to the particle position. A continuous injection is simulated by
advancing each macro-particle along its injection velocity direction through a random fraction of the PIC
time step. Macroscopic magnitudes of a given population are obtained at the PIC mesh nodes through a
weighting algorithm using a first order cloud-in-cell (CIC) shape.44 As an example, the particle density of a
given population is computed at a given PIC mesh node as

n =
1

∆V

∑
p

WpS(~χp) (6)

where the sum is extended to all particles contained in those cells sharing the considered node, ∆V is the
weighting volume associated to the node, Wp is the macro-particle weight and S is the first order weighting
function defined in the computational domain. In the 2D case, for a particular node with computational
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Figure 2. Physical and computational PIC meshes in 2D case.

coordinates ~χn = (ξn, ηn) this function is evaluated considering the particle computational position ~χp =
(ξp, ηp) as

S(~χp) = (1− |ξp − ξn|)(1− |ηp − ηn|). (7)

Cylindrical effects are taken into account in the 2D case by considering the corrected nodal weighting
volumes.45 For a particular node, its associated volume is

∆V =

∫∫
Ω(ξ,η)

2πr(ξ, η)S(ξ, η)

∣∣∣∣∂(z, r)

∂(ξ, η)

∣∣∣∣ (ξ, η)dξdη, (8)

where the integral is performed in the computational domain. The integration domain comprises the
node influence area according to the shape function S. The radial coordinate r(ξ, η) and the Jacobian
|∂(z, r)/∂(ξ, η)| (ξ, η) are conveniently interpolated from the nodes in terms of the function S. For what
concerns the 3D mesh considered here, it is Cartesian with fixed spacing along (x, y, z) coordinates. In this
simplified case, the weighting volume for inner nodes coincides with the physical cell volume.

Finally, the population control algorithm (see Sec. II.C) is called after removing exited particles from
the simulation domain.

B. Macro-particles collisions

Among the large amount of possible collisional processes taking place along the plasma plume, the most
relevant ones and thus considered by both codes are ionization collisions up to second degree (generating
doubly charged ions) and resonant symmetric CEX without momentum exchange.9,11,12,46 A cell-wise
particle collider algorithm is considered for all collisions.

1. Ionization collisions

Based on the particular method developed in HPHall,35 the approach implemented is described for the case
of the ionization process A + e → A+ + 2e. On a given time step ∆t, the total mass of new singly-charged
ions to be generated in a particular cell of volume ∆V is

∆mi = mnnnR01(Te)∆V∆t, (9)

where m is the propellant atom mass, n and nn are the plasma and neutral densities, respectively and
R01(Te) is the ionization rate for the reaction 0 → 1 evaluated at the cell center, which depends on the
electron temperature Te according to the Drawin model47 (Drawin and Bell48 models are used respectively
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for the other ionization reactions considered A+e→ A++ +3e and A+ +e→ A++ +2e). The number of ion
macro-particles to be generated in cell is rounded appropriately from the expression Nion = ∆mi/(mWgen)
being Wgen the generation macro-particle weight corresponding to the current cell and output ion population
(see Sec. II.C). The ion macro-particles velocity is sampled from a Maxwellian distribution with the neutral
mean velocity and temperature in the corresponding cell while particles positions are uniformly distributed
within the cell. Finally, all neutrals in the cell suffer a macro-particle weight reduction proportional to their
current weight, so that the total neutral mass loss in the cell equals ∆mi.

2. CEX collisions

Through resonant symmetric charge-exchange collisions a neutral transfers one or more electrons to an ion.
The CEX collisions considered are:

A+(fast) + A(slow)→ A+(slow) + A(fast) (10)

A++(fast) + A(slow)→ A++(slow) + A(fast) (11)

As shown in Fig. 3, the CEX collisions algorithm samples two input heavy populations (e.g. fast ions
and slow neutrals) and generates the resulting macro-particles in two different output populations (slow ions
and fast neutrals).

Figure 3. CEX collision in a PIC mesh cell showing the sampling of input species (left) and the output
particles generation (right). The input fast ions undergoing the collision are removed from the simulation
while the slow neutrals weights are reduced correspondingly. The output slow ions velocity is sampled from
corresponding Maxwellian distribution of the input slow neutrals with a mean velocity ~un and a temperature
Tn, being the latter responsible for the slow ions thermal velocity ~ω(Tn). The same applies to the output fast
neutrals considering the corresponding input fast ions population.

Input macro-particles pairs (each of them constituted by one fast ion and one slow neutral) are sampled
following an efficient Direct Simulation Monte Carlo (DSMC) method43 so that a given pair collides if
U < pc/p

max
c being U a random uniform number between 0 and 1 and pc the collision probability given by

pc =
1− exp (−σ(vr)nnvr∆t)

Nn
, (12)

where σ(vr) is the collision cross section depending on the relative velocity between the two macro-
particles of the pair vr, and nn and Nn are the input neutral population particle density and number of
macro-particles in cell, respectively. The number of possible input pairs undergoing a collision in a given
cell and time step is limited to pmaxc NiNn with pmaxc = pc(|vrσ(vr)|max) and Ni the number of input ion
macro-particles in cell. The CEX cross section σ(vr) is taken from Miller’s model.11 The new generated
particles in output populations (slow ions and fast neutrals) are uniformly distributed in the cell and have
the corresponding generation macro-particle weight (refer to Sec. II.C). Their velocities are sampled from
a local Maxwellian distribution function with mean velocity and temperature of the corresponding input
population. After generating the output particles, the weight of the heavier particle of each input pair is
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reduced by an amount equal to that of the lighter one, while the lighter macro-particle is removed from the
simulation thus ensuring mass conservation.

It is worth to note here that after generating the output particles in both ionization and CEX collisions,
a macro-particle weight correction similar to that performed by the injection algorithm (see Sec. II.A) is
carried out in the 2D code to cancel out cylindrical effects.

C. Population control

In order to improve the PIC-derived statistics and reduce its associated noise, a minimum number of macro-
particles per cell of each simulated population is needed. On the other hand, this number must be below
a given maximum so as to limit the computational time and memory required by the simulation. The
population control algorithm implemented in both codes maintains the number of macro-particles per cell
of each simulated particle population within a specied range [Nmin, Nmax] in stationary conditions while
minimizing the macro-particle weights dispersion. For each cell and particle population, whenever the
number of macro-particles per cell is out of the above range, it modifies the generation weight Wgen used by
the injection and collisional algorithms (see Secs. II.A, and II.B.1 and II.B.2, respectively) as

Wgen = W
Nc
Ntg

(13)

where Ntg ∈ [Nmin, Nmax] is the desired number of macro-particles per cell and Nc and W are the
current number of macro-particles and average macro-particle weight in cell, respectively. This algorithm
makes Nc tend asymptotically to the desired value Ntg in steady conditions. In order to avoid the generation
of too many particles with negligible macro-particle weight, a minimum generation weight is also set for each
population, which may lead the number of macroparticles per cell to drop below Nmin.

III. Simulations

A. Simulations settings

The plasma plume of the NASA’s NSTAR gridded ion thruster49,50 is simulated by both codes. A 3D
(x, y, z) 2m side cubic domain is considered for the simulation. The equivalent 2D (z, r) domain is a cylinder
with 1m radius and 2m long. The grid spacing and number of nodes along each direction and the main
simulation parameters are listed in Table 1. The thruster injection area is circular with 14 cm radius. In the
3D code, only injection faces with a center distance from the plume axis (axis z) lower than the injection
surface radius are considered. The different particle populations considered in the simulations are listed in
Table 2 including the corresponding subscripts used for identifying their associated magnitudes. Different
particle computational lists are considered for the injected populations and those species which are generated
through collisional processes (ionization and CEX), thus facilitating the population control. Three different
populations are injected. A flat injection density profile is considered for the neutrals, which are injected
with sonic conditions. Singly and doubly charged ions are injected following a Parks-Katz self-similar model
(SSM)9,29 with polytropic coefficient γ = 1.2. The radius of the outermost streamline (enclosing a plasma
tube carrying 95% of the plasma current) is R0 = 14 cm while the corresponding divergence angles (α0)
are 20.5 and 30 deg for singly and doubly charged ions, respectively. A ratio between doubly and singly
charged injected ion currents of 9.1% is considered.49,50 The electron thermodynamics follow the polytropic
closure described in Eqs. (1) and (2) with a polytropic coefficient γ = 1.2 and Te0 = 3.5 eV at the potential
reference node, located at 6 cm downstream the thruster exit plane. In order to reach stationary conditions,
the simulation duration is sufficiently long to let a slow CEX ion of 5 eV cross axially the whole simulation
domain. The time step is set so that, on average, a fast doubly charged ion crosses a maximum of one PIC
mesh cell per simulation step. Regarding the population control algorithm, the target number of macro-
particles per cell for all populations is 500 except for the fast neutrals from CEX collisions, whose value is
set to 100 to limit the computational time. A control range of ±10% of the targeted value is set for each
population.
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Simulation parameter Units Value

3D (x, y, z) mesh number of nodes N/A 201× 201× 101

2D (r, z) mesh number of nodes N/A 101× 101

Grid spacing (∆x = ∆y ≡ ∆r, ∆z ) cm 1, 2

Simulation time step s 3× 10−7

Number of simulation steps N/A 10000

Total simulation time ms 3

Injected Xe profile N/A Flat

Injected Xe velocity m/s 247 (sonic)

Injected Xe temperature eV 0.05

Injected Xe+ profile N/A
SSM with R0 = 14 cm,

α0 = 20.5 deg and γ = 1.2

Injected Xe+ kinetic energy eV 1040

Injected Xe+ temperature eV 0.1

Injected Xe++ profile N/A
SSM with R0 = 14 cm,
α0 = 30 deg and γ = 1.2

Injected Xe++ kinetic energy eV 2080

Injected Xe++ temperature eV 0.2

Electron temperature at the reference
node

eV 3.5

Electron polytropic coefficient N/A 1.2

Table 1. Main simulation parameters.

Pop. subscript Type Origin

i1 Singly charged ions Slow ions generated through ionization and CEX

i2 Singly charged ions Fast injected ions

i3 Doubly charged ions Slow ions generated through ionization and CEX

i4 Doubly charged ions Fast injected ions

n1 Neutrals Slow injected neutrals

n2 Neutrals Fast neutrals generated through CEX

Table 2. Different macro-particles populations considered in the simulations, with a dedicated computational
particle list for each of them.

B. Simulation results

The SSM solution for singly charged ions with the parameters of Table 1 is first compared to the 2D and
3D codes simulation results. In order to reduce the PIC related noise, all macroscopic magnitudes are time-
averaged over 100 simulation time steps. Figure 4(a) shows the ion particle density isocontours. Regarding
the simulation results, the contributions of the singly charged ion populations 1 and 2 are added. Along the
plume centerline, a good agreement between both simulations and the SSM solution is found. In the near
plume region, a low energy CEX ion cloud with non-negligible density is generated. This ion population is
not considered by the non-collisional self-similar model. On the other hand, electric potential isocontours
are depicted in Fig. 4(b). The 2D and 3D codes results feature a larger potential fall along the plume
centerline. The presence of slow ion populations (singly and doubly charged) due to the collisional processes
taking place mainly in the near plume region increases the total plasma density of the reference node. The
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injected doubly charged ions have a larger divergence angle so that, in the far plume, the plasma density is
mainly due to singly charged ions. Therefore, for the same plasma density in the far plume region, the lower
density ratio n/n0 yields a lower electric potential.
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Figure 4. Comparison between 2D (red dashed lines), 3D (blue dot dashed lines) simulation results and
equivalent SSM solution for singly charged ions (black solid lines). (a) Particle density. Contributions of ion
populations 1 and 2 are considered here. (b) Electric potential. The black dot indicates the location of the
potential reference node (at the plume centerline, 6cm downstream from the thruster exit plane).

As shown on Fig. 5(a), both 2D and 3D plasma density isocontour lines match quite well. It is worth
noting that this happens regardless of the differences in the weighting algorithms in cylindrical 2D and 3D
codes. Regarding the total neutral density depicted in figure 5(b), more noisy results are obtained in the
far plume region due to the lower number of particles per cell, as it is usual in PIC simulations. Figures
5(c)-(d) and 5(e)-(f) show, respectively, the particle density and the number of particles per cell for slow
singly and doubly charged ions. In order to limit the number of particles generated and thus reduce the
computational time, a larger minimum generation weight has been considered in the 3D simulation, thus
yielding a lower number of particles per cell. However, apart from the higher noise in the far plume region,
the particle density isocontours from the 3D simulation shown in Figs. 5(c) and 5(e) are in good agreement
with those of the 2D simulation considering a larger number or particles per cell.

Regarding the computational cost, the 2D code completes a total simulation time of 3ms in several hours
while the corresponding computational time is around a day for the 3D code. Table 3 shows the number of
macro-particles per simulated population in stationary conditions.

Population 2D code 3D code

i1 2.0 43.7

i2 0.7 29.7

i3 1.4 7.9

i4 0.7 28.4

n1 0.3 14.4

n2 0.4 14.4

Total 5.5 138.5

Table 3. Number of macro-particles (in millions) of each population in stationary conditions in 2D and 3D
cases.
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Figure 5. Comparison of 2D and 3D simulation results. (a) Plasma particle density. (b) Total neutral particle
density. (c) and (e) Slow singly and doubly charged ions particle density, respectively. (d) and (f) Slow
(generated by CEX collisions) singly and doubly charged ions number of macro-particles per cell, respectively.
Red solid and blue dashed isocontour lines in figures (a), (b), (c) and (e) corresponds to 2D and 3D simulation
results, respectively. In figures (d) and (f) the coloured contour refers to the 2D simulation while the black
solid isocontour lines correspond to the 3D simulation.
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IV. Conclusions

The main characteristics of the new 2D and 3D hybrid PIC-fluid codes under development by the EP2
group have been presented. The main innovations on the PIC segment focused on improving the PIC
statistics have been described including new population control and collisional algorithms to treat the effect
of CEX collisions, especially important in the near plume region, since they contribute to the ion backflow and
induced sputtering on the external thruster walls. Considering a simple quasineutral polytropic closure for
the electrons, the simulation of NASA’s NSTAR GIT plasma plume has been considered as a benchmark case
to show that both 2D and 3D hybrid PIC-fluid codes results are in good agreement. In addition, an expected
deviation from the SSM solution has been found and it is mainly attributed to the non-negligible slow ion
density generated by charge-exchange collisions in the near plume region. The implemented population
control allows to reduce the results noise while limiting the computational cost of the simulation.
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